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Editorial on the Research Topic
Calculation and design of two-dimensional thermoelectric and
piezoelectric materials

Introduction

Two-dimensional (2D) materials have been widely applied in various fields from science
to engineering due to their fascinating physical and chemical properties [1–3]. 2D
thermoelectric/piezoelectric materials could directly convert thermal/mechanical energy
into electrical energy, which could solve the energy problems and relieve environmental
pollution. Though the thermoelectric or piezoelectric properties of a large amount 2D
materials including graphene, hexagonal boron nitride, arsenene, metal carbides and nitrides
(MXenes), and transition metal dichalcogenides (TMDs) have been detailedly investigated,
these performance has not yet met the requirements for commercial applications. Usually,
the thermoelectric/piezoelectric properties could be improved by developing 2D material,
doping, straining engineering, chemical functionalization, etc. [4–7] Furthermore, some
novel physical properties including magnetism, topology, and valley may appear in some 2D
materials. The combination of thermoelectricity/piezoelectricity with other unique
properties may lead to novel device applications or scientific breakthroughs in new
physics. Combining the advantages of thermoelectricity/piezoelectricity with other
unique properties may result in new physical breakthroughs or novel device
applications. Thus, designing and developing novel thermoelectric/piezoelectric materials
is full of significance.

In this Research Topic “Calculation and design of two-dimensional thermoelectric and
piezoelectric materials,” we have collected a total of 13 articles including the recent progress
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in thermoelectricity, magnetism, topology, photocatalysis, and noise
reduction. Next, we briefly summarize the research highlights about
these fascinating studies.

Thermoelectricity

The thermoelectric effect could convert mechanical energy
into electrical energy, thus providing a considerable solution to
address environmental and energy issues. With the help of first-
principles calculations and Boltzmann transport theory, Li et al.
predicted the electronic and thermoelectric properties of
pentagonal PdX2 (X = Se, Te) monolayers (MLs). The
maximum thermoelectric figure of merit (ZT) reaches 6.6 (or
4.4) for p-type (or n-type) PdTe2, which is a potential
thermoelectric candidate. Yin et al. theoretically predicted 2D
TlInSe3 to be a promising thermoelectric material with a high ZT
value of 4.15 at 500 K. Cui et al. explored the thermal properties
of biphenylene by non-equilibrium molecular dynamics
calculations, and they found that the thermal conductivity of
biphenylene is isotropic and sensitive to size and temperature.
The graphene/biphenylene lateral heterojunction possesses an
interface thermal conductance of about 2.84 × 109 WK−1m−2.
Furthermore, the interface thermal conductance could be
obviously tuned by strain.

Magnetism

2D ferromagnetic and antiferromagnetic materials provides
a novel platform for the application of spintronics. Tu et al.
summarized the recent progress of 2D intrinsic Cr-based
ferromagnetic semiconductors from the theoretical
perspective, and showcased the importance of first-principles
calculations in designing new 2D ferromagnetic
semiconductors. Wang et al. summarized the magnetic,
electronic, topological, spin-transport properties, and
potential applications of a series of spin-gapless
semiconductors including 2D oxalate-based metal-organic
frameworks (MOFs), Fe2I2 ML, Cr2X3 (X = S, Se, and Te)
ML, CrGa2Se4 ML, HK Mn-cyanogen lattice, MnNF ML, and
Fe4N2 pentagon crystal. Kang et al. found that Cr2Ge2Te6
switches from semiconductor to metal by adsorption Ti or Fe
atoms, while Cr2Ge2Te6 changes from semiconductor to half-
metal by adsorption of Sc, V, Co., Ni, or Cu atoms. Moreover, the
adsorption of 3d transition metal atoms obviously enhance the
Curie temperature Cr2Ge2Te6. Chen et al. predicted MnSi2N4

ML to be an antiferromagnetic semiconductor, and external
strain could effectively tune its antiferromagnetic coupling.
Furthermore, MnSi2N4 ML shows half-metallic
ferromagnetism when an external magnetic field is applied.
Wang et al. predicted 2D ferromagnetic GdScSi and GdScGe
MLs to possess good dynamical, thermal, and mechanical
stabilities. More excitingly, the Curie temperatures of GdScSi
ML (470 K) and GdScGe ML (495 K) are above room
temperature. Zhang et al. found that Ti and Ge doped 2D SiC
systems are nonmagnetic semiconductors, Sc and Al doped 2D
SiC systems are magnetic metals, and V, Cr, Mn, Fe, Co., and Zn

doped 2D SiC systems are magnetic semiconductors. Yang et al.
summarized the electronic, magnetic, and transport properties
of Mn2CoAl bulk and Mn2CoAl-based films including Mn2CoAl
bulk, Mn2CoAl 001 surface, various types of Mn2CoAl films,
Mn2CoAl/GaAs, MgO/Mn2CoAl/Pd, Mn2CoAl/Ag/Mn2CoAl.

Topology, photocatalysis, and noise
reduction

Yang et al. demonstrated tetragonal Na2Zn2O3 to host charge-
two Dirac point phonons and charge-two Weyl point phonons at
high-symmetry points. Shen et al. prepared a three-dimensional
porous structured ZnO/graphene/graphene oxide/multi-walled
carbon nanotube (ZnO/G/GO/MCNT) composite aerogels and
reported its photocatalytic efficiency for Rhodamine B (RhB)
degradation is 3.3 times higher than that of ZnO. Ren et al.
performed a structural model of a stranding machine to obtain
the first eight orders of inherent frequencies and vibration patterns,
and found that the resonant frequency could be avoided and the
vibration reduction could be achieved by increasing the wall
thickness of the bearing seat.

We hope that this Research Topic could provide guidance for
developing novel thermoelectric, magnetic, topological,
photocatalytic materials, and reducing noise. Finally, we thank to
all the authors, reviewers, and editors who have made contributions
to this Research Topic.
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Properties
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The configurations of 10 types of metal-doped silicon carbide (SiC) systems were
investigated by the first-principles calculations. The dopants include eight types of 3d-
series transition metal atoms, one semi-metal Ge atom, and one other metal Al atom. For all
the metal-doped SiC systems, the steadiest doping sites are fixed at the substituted Si site,
while the Ti-SiC system exhibits themost potent binding activity. The properties of these new
systems vary with the doping atoms. The SiC- and Al-SiC systems convert to magnetic
metals. The Ti- and Ge-SiC systems remain non-magnetic semiconductors, while the V-, Cr-
, Mn-, Fe-, Co-, and Zn-SiC systems turn into magnetic semiconductors with magnetic
moments related to the valence electron number of dopants. Partial charge transfers from
the metal atoms to the adjacent C atoms accompanied the change in the electron-emitting
capacity of the new systems. Thework function achieves theminimumof 3.439 eV in theCo-
SiC system, just 71.6% of the original SiC system. Our analysis indicates that the potent
binding energy of the Ti-SiC system is due to the complete bonding states between the
transition metal Ti and the adjacent C atoms. The magnetism evolution in semiconducting
metal-doped SiC is attributed to the occupationmode of the hybridization orbitals nearby the
Fermi level, which are determined by the coupling of the 3d orbital of transition metal atoms
and the defect states of the vacancy atoms. The adjustable magnetic and electronic
properties of the metal-doped SiC systems provide a flexible method in designing more
suitable SiC-based spintronics and field electron-emitting devices.

Keywords: metal-doped silicon carbide, magnetism, transition metal, hybridization orbitals, work function

INTRODUCTION

Two-dimensional silicon carbide (2D SiC) has become the hot spot (Mélinon et al., 2007; Castelletto
et al., 2014) of 2Dmaterials (Li and Kaner, 2008; Luo et al., 2021; Cui et al., 2022) for the virtues, such
as the high thermal capacity (Hsueh et al., 2011; Chowdhury et al., 2017) and the graphene-like
planar structure (Eddy and Gaskill, 2009; Susi et al., 2017; Ferdous et al., 2019). The high thermal
capability makes 2D SiC competent not only as high-power electronic and optoelectronic devices
(Zhang and Cui, 2022a) but also in high-temperature circumstances and quantum information
processing (Chabi and Kadel, 2020). The two-dimensional structure induces unique optical and
electronic properties which are essential in optoelectronics (Stankovich et al., 2006; Bratschitsch,
2014; Sun et al., 2017a; Cui et al., 2021a; Sun et al., 2021), catalysis (Komsa et al., 2012; Ziletti et al.,
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2015), spintronic devices (Wang et al., 2018; Li et al., 2021),
energy conversion (Pospischil et al., 2014; Cui et al., 2020a; Sun
et al., 2020; Sun and Schwingenschlo€gl, 2020), and gas sensing
(Lin et al., 2013; Kooti et al., 2019; Cui et al., 2020b). The success
in the wet exfoliation of 2D SiC accelerates the further
investigation of the SiC-based system (Chabi et al., 2021).

The previous studies on other 2D materials and dopants
provide many predictive references (He et al., 2010; Tang
et al., 2018; Cui et al., 2020b; Cui et al., 2021b). In non-metal
doped SiC (NM-SiC), the sp2 hybridization orbitals of NM atoms
form more robust coupling interactions, inducing the magnetism
of the systems (Bekaroglu et al., 2010). When the transition metal
(TM) atom is doped in 2D material, the occupation mode of d
hybridization orbitals of TM atoms determines the magnetism of
the systems (Santos et al., 2010; He et al., 2014a; He et al., 2014b;
Sun et al., 2017b; Yuan et al., 2020; Cui et al., 2021c). All these
results indicate that the electronic and magnetic properties of 2D-
SiC can be adjusted by the doping of atoms effectively. Although
SiC systems have been studied while doping some TM and NM
atoms, the discussion on the law of universality is relatively few,

especially the effects of the valence electron number of the dopant
on magnetism are seldom discussed (Luo et al., 2017; Luo and
Shen, 2018; Wu et al., 2019). In this work, the configurations of
10 types of the metal-doped SiC systems were investigated. The
doping atoms include not only eight 3d-series TM atoms but also
one semi-metal atom and one other metal atom. The electronic
and magnetic performances were investigated at the most stable
structures systematically. The high stability in Ti-SiC was
explained by the complete bonding states between the Ti atom
and the neighboring C atoms because of the same valence
electron number with the substituted Si atom. The magnetism
evolution in transition metal-doped SiC was attributed to the
occupation mode of hybridization orbitals nearby the Fermi level.

COMPUTATIONAL DETAILS

The first-principles theory calculations are based on the density
functional theory and executed by the Vienna Ab initio
simulation package (VASP) (Kresse and Furthmüller, 1996)

FIGURE 1 | (A) Top and side views of the crystal structure and (B) the energy band structure of intrinsic 2D SiC.

TABLE 1 | Doping site, binding energy (Eb), charge transfer (C), magnetic moment (Mtotal), and bandgap (Eg) of the metal-doped SiC systems.

Metal style Doping Site Eb (eV) C (e) Mtotal (μB) Eg (eV)

3d-series transition metal Sc SSi −11.341 −1.525 0.512 0
Ti SSi −18.625 −1.534 0 2.583
V SSi −14.723 −1.291 1.003 2.574
Cr SSi −13.293 −1.171 2.003 2.681
Mn SSi −12.783 −1.070 3.001 2.257
Fe SSi −12.014 −0.979 4.509 2.331
Co SSi −4.942 −0.596 5.004 2.572
Zn SSi −5.931 −0.832 1.984 0.112

Other metal Al SSi −11.323 −2.201 0.492 0
Semi-metal Ge SSi −12.411 −1.245 0 2.516
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and Perdew–Burke–Ernzerhof functions (PBE) (Perdew et al.,
1996; Kresse and Joubert, 1999). Projector-augmented wave
(PAW) schemes (Kresse and Joubert, 1999) are employed in
the electron–ion interaction. To expand the Kohn–Sham orbitals,
the cut-off energy for plane-waves basis is set to 550 eV. To
minimize the interaction between the metal atoms, a 4 ×
4×1 supercell with one vacancy atom is selected,
corresponding to a 3.125% doping concentration. To eliminate
the molecular interactions between layers, a vacuum layer of 15 Å
height was constructed along the normal direction of the SiC
plane. The first Brillouin zone was structured with a 3 × 3 ×
1 k-point grid (Grimme et al., 2010). The final stable system is
achieved until all the particles experience enough relaxation, the
Hellmann–Feynman force on each atom is less than 0.01 eV/Å,
and the total energy change is lower than 10–5 eV/atom. The
magnetic and electronic properties of the metal-doped SiC
systems are explored in their steadiest configurations.

RESULTS AND DISCUSSION

Our calculation shows that the pristine SiC exhibits a two-
dimensional planar structure with a lattice parameter of
3.10 Å, as depicted in Figure 1. The 2D SiC system is a direct
band semiconductor with a band gap 2.5 eV, whose band edge of
the conduction band and the valence band are both located at the
K point. These calculation results are similar to those of the other
groups (Luo et al., 2017; Chabi et al., 2021), which demonstrates
the correctness of our method.

The practical application of 2D materials is based on the
structural stability, which is evaluated by the binding energy of
the new system:

Eb � Emetal+ SiC − (ESiC + Emetal), (1)
where Eb represents the binding energy of the metal-doped SiC
system. Emetal+SiC, ESiC, and Emetal denote the energies of the final

FIGURE 2 | Band structures of the metal-doped SiC systems: (A) Sc-SiC, (B) Ti-SiC, (C) V-SiC, (D) Cr-SiC, (E)Mn-SiC, (F) Fe-SiC, (G) Co-SiC, (H) Zn-SiC, (I) Al-
SiC, and (J)Ge-SiC. The green and the pink lines represent the spin-up and the spin-down component of the energy levels, respectively. The Fermi level is shifted to zero.
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metal-doped SiC, the original SiC with one vacancy, and the
doping atom. Negative binding energy indicates that the metal-
doped SiC system is more stable than the original SiC system with
one vacancy. The most possible configuration corresponds to the
structure with the largest binding energy.

In our work, the doping atoms include not only the eight
3d-series transition metal atoms but also one semi-metal Ge,
and one other metal Al atom. The binding energies for metal-
doped SiC system are investigated at the two possible
symmetry sites, the Si-substituted site SSi and the
C-substituted site SC, as depicted in Figure 1A. Our
calculation shows that all the doping atoms exhibit more
powerful bindings when doped at the site SSi, and the systems
with the maximum of binding energies are listed in Table 1.
All these systems exhibit binding energies larger than 4.9 eV,
indicating that these substitutional doping atoms are very
favorable in thermodynamics for the original system with the

vacancy atom. The semi-metal Ge and other metal Al atoms
present weaker bindings with the SiC systems than the TM
atoms do. The binding energy achieves the maximum of
18.625 eV in the Ti-SiC system, presenting a monotonous
decrease with the increase in the atomic number from the 3d-
series TM atom Ti to Co. The most robust binding in the Ti-
SiC system is because the Ti atom substitutes the Si atom with
the same number of valence electrons and reconstructs the
complete bonding states with the adjacent C atoms. Potent
coupling forms between the 3d hybridization orbital of Ti
atoms and the neighboring defect states of C atoms. As the
electron number of the dopant increases, the energy of the
TM-SiC system decreases, and the coupling degree of the
hybridization orbitals nearby the Fermi energy level reduces,
diminishing the binding energy of the corresponding system,
which agrees with the results in 4d TM atom-doped graphene
(Santos et al., 2010). The larger binding energy of 12.411 eV

FIGURE 3 | Evolution of the occupationmode of the hybridization orbitals nearby the Fermi level for the transitionmetal-doped SiC systems. The purple double lines
represent the electronic states with E-symmetry, while the short line point represents the electronic states with A-symmetry. The green and the orange arrows denote the
spin-up and the spin-down components, respectively. The distances between the lines reflect the energy variation between the energy levels.

FIGURE 4 | Spin-polarized charge density of the metal-doped SiC system. The green and the pink areas represent the spin-up and the spin-down regions,
respectively. The isovalue is set to 0.001 e/Å3.
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in Ge-SiC is also attributed to the complete metal-carbon
bonding states, while the less binding energy relative to Ti-
SiC is due to the lower orbital hybridization degree in Ge-SiC.

Figure 2 illustrates the energy band structures of the
10 metal-doped SiC systems. All these energy band
structures are similar to those of the original SiC system,
with several impurity energy levels appearing in the forbidden
band. In the Al- and Sc-SiC systems, the spin-up and spin-
down components of the SiC energy levels intersect with the
Fermi level, and the corresponding Al- and Sc-SiC systems
turn into the magnetic metals. Considering the energy levels
intersected by the Fermi level are the hybridization result of
the impurity levels and the vacancy states of C atoms, the Cr-,
Fe- and Co-SiC systems remain the properties of
semiconductors. The corresponding bandgaps are
calibrated by the nearest electronic states above and below
those impurity energy levels. The metal-doped SiC system
exhibit an adjustable band gap: 2.583 eV (Ti), 2.574 eV (V),
2.681 eV (Cr), 2.257 eV (Mn), 2.331 eV (Fe), 2.572 eV (Co),

0.112 eV (Zn), and 2.516 eV (Ge), respectively. Among them,
the Ge- and Ti-SiC systems are still non-magnetization for the
consistency of the spin-up and the spin-down components of
energy levels, while the other 3d-series transition metal-doped
SiC systems exhibit the behaviors of magnetic semiconductors
for the asymmetry in the spin-up and the spin-down
components of energy levels, as shown in the V-, Cr-, Mn-,
Fe-, Co-, and Zn-SiC systems.

To estimate the magnetism of TM-SiC roughly, a
hybridization orbital model of E.J.G. Santos (Santos et al.,
2010; Sun et al., 2017b) was employed based on the energy
band structure. Considering that the energy of 4s orbitals of
metal atoms is much higher than the Fermi level, the contribution
of 4s orbitals is neglected. When the 3d-series transition metal is
doped in SiC, the 3d orbitals of TM atoms split into one A and
two twofold-degenerate E levels, while the p orbitals of the
vacancy C atom split and form two A and one twofold-
degenerate E levels. Magnetic coupling occurs between the
electron states of 3d TM atoms and the localized defect states

FIGURE 5 | Charge density difference of the metal-doped SiC system. The green and the pink areas represent the loss and the obtained charge, respectively. The
isovalue is set to 0.001 e/Å3.
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of the C atom. Based on A or E irreducible representations, the
coupling just occurs under the same irreducible representation.
The corresponding band structures of TM-SiC are schemed in
Figure 3, where the energy values are calibrated by the first-
principles calculations and orbital theory. It can be seen that the
energy of systems decreases with the valence electron number,
accompanying the change in the energy variation between energy
levels. Electrons occupy the energy levels from low-energy to
high-energy gradually, while the hybridization orbitals are filled
based on the Hund’s rule. When Ti atom is injected, the four
valence electrons of the Ti atom form complete bonding states
with the defect states of the C atoms, and the corresponding Ti-
SiC exhibits no magnetism. With the increase in the valence
electron number along the 3d Ti atom to Co atom, the electrons
of TM atoms fill the hybridization orbital with the same spinned
direction, and the magnetism moments increase with the valence
electron number. When all the hybridization orbitals are
occupied with the same spin-polarized charge, the system
presents the largest magnetism, as depicted in Co-SiC. With
the further increase in the valence electron number, the
remaining electrons start to fill these hybridization orbitals
with an opposite spinned direction, and the magnetism of
system decreases, as shown in the Zn-SiC system. The
occupation mode of the hybridization orbitals nearby the
Fermi level determines the magnetism of the TM-SiC system.
Based on this simple principle, the magnetism moments of the
transition metal-doped SiC can be acquired roughly, about 0 μB
(Ti), 1 μB (V), 2 μB (Cr), 3 μB (Mn), 4 μB (Fe), 5 μB (Co), and
2 μB (Zn).

The spin-polarized charge distributions near the metal atom
are calculated, as illustrated in Figure 4. It can be seen that the
three surrounding C atoms of the TM atom-doped SiC make
equal contribution to the spin-polarized charge distribution. In
the Sc- and Al-SiC systems, the spinned-polarized charge density

exhibits a long-range distribution, even the atoms far away make
a strong contribution, similar to the results shown in the GeC
adsorbed by the F or Cl atom (Zhang and Cui, 2022b). However,
Fe atom makes a decisive effect on the spin-polarized charge
distributions of Fe-SiC, and the contributions of the adjacent C
atoms are hard to be seen. In the V-, Cr-, Mn-, and Co-SiC
systems, the TM atoms make more dominant effects than the
adjacent C atoms. The magnetic moments of the metallic Sc- and
Al-SiC systems are further calculated 0.512 μB (Sc) and 0.492 μB
(Al), while the magnetic moments in semiconducting TM-SiC are
0 μB (Ti), 1.003 μB (V), 2.003 μB (Cr), 3.001 μB (Mn), 4.509 μB
(Fe), 5.004 μB (Co), and 1.984 μB (Zn), respectively. Although
there is a 0.5 μB variation in the Fe-SiC system, the magnetic
moments of the other six TM-SiC systems are consistent with the
forecasting results in Figure 3 as well, which demonstrates the
validity of the hybridization orbital model.

To investigate the change in the electronic properties of metal-
atom–doped SiC, the charge transfer between doping and the
adjacent atoms is studied. The charge density difference (CDD) of
metal-doped SiC is calculated by the Bader charges (Henkelman
et al., 2006; Sanville et al., 2007),

Δρ � ρTotal − (ρSiC+ρNM), (2)
where Δρ is the difference in the charge density, ρTotal, ρSiC, and
ρNM represent the charge densities of the metal-doped SiC, the
pristine SiC, and the metal atom, respectively.

The charge density difference of metal-doped SiC is illustrated
in Figure 5. It can be seen that the metal atoms act as charge
donors, transferring some charges to the adjacent C atoms. The
charge transfers are F02D1−.525|e| (Sc), F02D1−.534|e| (Ti),
F02D1−.291|e| (V), F02D1−.171|e| (Cr), F02D1−.070|e| (Mn),
F02D0−.979|e| (Fe), F02D0−.596|e| (Co), F02D0−.832|e| (Zn),
F02D2−.202|e| (Al), and F02D1−.245|e| (Ge), respectively. New
metal-carbon bonds are formed to achieve the stability of the
metal-doped SiC systems. The systems with semiconducting
properties (the V-, Cr-, Mn-, Fe-, Co-, Zn, and Ge-SiC
systems) exhibit relatively weak transfer charges than those
with the metallic properties (the Sc- and Al-SiC systems).
Among the semiconducting doped SiC systems, the most
robust metal-carbon bonds are formed in the Ti-SiC system
for the larger binding energy than the others, while Co-SiC
exhibits weaker metal-carbon bonds for the smaller binding
energy.

The formation of the new metal-carbon bonds induces the
change in the systemwork function, leading to the variation in the
electron-emitting capacity. A weakmetal-carbon bond indicates a
smaller work function and a stronger electron-emitting capacity.
The work functions of the conventional 2D field electron
emission devices are about several eV (Yu et al., 2009; Jiao
et al., 2012; Cai et al., 2014; Soo et al., 2014), such as 4.50 eV
(phosphorene), 4.60 eV (graphene), 4.90 eV (boron nitride), and
5.15 eV (MoS2). In our work, the calculated work function of the
pristine SiC is 4.80 eV, while the metal-doped SiC systems change
from 3.439 to 5.158 eV, as depicted in Figure 6. Although the
work function increases in the Al- and Zn-SiC systems, it
decreases in the Sc-, Ti-,V-, Cr-, Mn-, Fe-, Co-, and Ge-SiC

FIGURE 6 | Work function of the intrinsic SiC and metal-doped SiC
systems.
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systems. The minimum work function of 3.439 eV is in the Co-
SiC system, just 71.16% of the pristine SiC. The adjustment on the
work function causing by metal dopants expands the application
of the SiC-based system in the field emission devices.

CONCLUSION

We investigated the structural, electronic, and magnetic
performances of 10 metal-doped SiC systems. The doping
metal atoms include eight 3d-series transition metals, one
semi-metal Ge, and one other metal Al atom. Our calculations
indicate that the steadiest doping sites for all metal-doped SiC
systems are located at the substituted Si site. Ti-SiC presents the
most stable configuration for the largest binding energy.
Although the Ti- and Ge-SiC systems remain nonmagnetic
semiconductors, the Sc- and Al-SiC systems convert to
magnetic metals, and the V-, Cr-, Mn-, Fe-, Co-, and Zn-SiC
systems turn into magnetic semiconductors whose magnetic
moments are related to the valence electron number of
dopants. With the doping of the metal atoms, particle charge
transfers from the metal atoms to the adjacent C atoms, causing
the variation in the work function. Except for the increase in the
Zn- and Al-SiC systems, the work function of the other metal-
doped SiC systems decreases and achieves the minimum of
3.439 eV in the Co-SiC system, just 71.6% of the original SiC
system. Our analysis indicates that the intense binding energy in

the Ti-SiC system is due to the complete bonding states between
the transition metal Ti and the adjacent C atoms. The magnetism
in 3d TM-SiC is attributed to the occupation mode of the
hybridization orbitals contributed by the coupling of 3d
orbitals of the TM atom and the defect states of the vacancy.
The adjustment on the electronic and magnetic performances by
metal atoms extends the applications of SiC, especially in the
design of field emission and spin electronic devices.
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Preparation and characterization
of ZnO/graphene/graphene
oxide/multi-walled carbon
nanotube composite aerogels
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ZnO/Graphene (G)/Graphene Oxide (GO)/Multi-walled Carbon Nanotube

(MCNT) composite aerogels with a three-dimensional porous structure were

prepared by the sol-gel method under average temperature and alkaline

conditions, combined with freeze-drying process and heat treatment

process. The photocatalytic degradation of Rhodamine B (RhB) was mainly

studied. The scanning electron microscope (SEM) test results showed that the

morphology uniformity of the ZnO/G/GO/MCNT composite aerogel was

significantly enhanced, which effectively solving the agglomeration problem

of MCNT and ZnO. The photocatalytic degradation test results of RhB show that

due to the synergistic effect of physical adsorption and photocatalytic

degradation, the total degradation efficiency of RhB by ZnO/G/GO/MCNT

could reach 86.8%, which is 3.3 times higher than that of ZnO. In addition,

the synergistic effect of ZnO and G effectively hinders the recombination of

photo-generated electron-hole pairs and enhances photocatalytic activity. The

ZnO/G/GO/MCNT composite aerogel can be applied in the visible light catalytic

degradation of water pollution.

KEYWORDS

ZnO, graphene, multi-walled carbon nanotube, aerogels, photocatalytic

Introduction

In recent years, with the rapid economic development and the increasing

environmental pollution (Cui et al., 2020), the management of organic pollutants in

water bodies has attracted great concern (Tang et al., 2022). Traditional methods of

treating organic contaminants in wastewater include physical adsorption (Cui et al.,

2022a; Das et al., 2022; Wang et al., 2022), chemical oxidation (Li et al., 2021; Yan et al.,

2021; Zhang et al., 2021), and biological degradation (Sun K et al., 2021; Marciano et al.,

2021; Zou et al., 2021). Compared with traditional methods, photocatalytic technology, as

a new “green sustainable technology,” features the advantages of environmental
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protection, high efficiency, low energy consumption (Shen et al.,

2016), no secondary pollution, and a wide range of applications,

etc. It has rapidly emerged as a research hotspot for academics

and industry in various countries. Meanwhile, many methods of

photocatalyst surface modification modification such as

adsorption, doping, and compounding have also emerged (Cui

et al., 2019; Zhang and Cui, 2022).

The photocatalytic oxidation reaction uses semiconductors,

such as titanium oxide (TiO2) (Gopinath et al., 2020; Li et al.,

2020), zinc oxide (ZnO) (Kegel et al., 2018), vanadium oxide

(VO2) (Zhu et al., 2018), molybdenum disulphide (MoS2) (Yin

et al., 2018; Sun and Schwingenschlo€gl, 2021a), etc., as catalysts

(Sun and Schwingenschlögl, 2020). Under light irradiation, the

electrons in the valence band (VB) of the semiconductor are

excited and shifted to the conduction band (CB). The holes in the

VB capture electrons from the hydroxyl groups in the

surrounding environment, generating free radicals with strong

oxidizing properties (Sun and Schwingenschlögl, 2021b; Shen

et al., 2022a). The free radicals degrade the organic matter

adhering to the surface of the semiconductor into carbon

dioxide and water, thus achieving efficient purification of

organic pollutants (Sun M.et al., 2021).

ZnO is the II-VI direct bandgap novel inorganic

semiconductor material (Shen et al., 2022a). It has high

photocatalytic activity (Yang et al., 2004; Sun C et al. 2018),

cheap availability, and abundant reserves. So its application

(Wang et al., 2018) for efficient photocatalysis (Yan et al.,

2017) is one of the hottest research topics at present.

However, due to the small size effect, ZnO can achieve high

photocatalytic efficiency only at the nanoscale size. For nanoscale

ZnO, it has a large specific surface area and high specific surface

energy, and it is easy to agglomerate by itself. It has a strong

surface polarity, which makes it difficult to disperse uniformly in

the medium, resulting in few active sites for the photocatalytic

oxidation of ZnO. In addition, ZnO exhibits the characteristics of

a wide bandgap, whose bandgap is about 3.37 eV at room

temperature (Shen et al., 2022b). As a result, it has poor

electrical conductivity and a tendency to compound photo-

generated electron-hole pairs, resulting in low quantum

efficiency and a narrow response range to the solar spectrum.

Moreover, although using metals or organic materials as loading

materials for ZnO may compensate for these deficiencies, photo

corrosion effects cause the loading materials to decompose and

the shedding of catalytic particles, which may result in secondary

pollution to the environment. These factors significantly limit the

photocatalytic performance of ZnO. Therefore, solving the

problems of complex dispersion, poor electrical conductivity,

low solar light utilization, and severe photo corrosion of

nanoscale ZnO is the challenge to achieve a significant

increase in ZnO photocatalytic efficiency and improved

cycling stability.

Graphene oxide (GO) has a high specific area. Its surface is

rich in hydrophilic functional groups, and GO has a good affinity

for dye molecules. So it is easy to achieve uniform dispersion of

GO and adsorption of organic dye molecules dissolved in water.

Removal of hydrophilic functional groups from the surface of

GO, thereby reducing GO to graphene (G), can improve the

electrical conductivity of the material.

It is reported that using G as a carrier for ZnO can improve its

photocatalytic properties. Due to the good electrical conductivity

of G, it creates a shallow potential Schottky barrier at the contact

interface between ZnO and G. This reduces the compounding of

photo-generated carriers in ZnO, thus improving the

photocatalytic performance of ZnO. Sun et al. (2019)

compounded ZnO with G. They found that this compound

enabled photo-generated charge carrier transfer and effectively

hindered electron-hole pair recombination, degrading 95.9% of

methylene blue dye under UV irradiation conditions for 60 min.

Pant et al. (2013) prepared Ag/ZnO/Reduced Graphene Oxide

(RGO) composites, they found that it has suitable photocatalytic

and antibacterial activities. The efficiency of perfect recovery and

recycling of the catalyst after the reaction remains unchanged. In

addition, Ahmad et al. (2018) combined nickel oxide and RGO to

enhance the photocatalytic activity of the metal oxides. The

formation of P-N heterojunctions and the strong interaction

between nickel oxide and RGO dictated a high separation

efficiency of photo-generated electrons and holes, enhancing

the photodegradation activity of methylene blue dyes.

However, the methods reported in these studies require UV

light to achieve the photocatalytic reaction, indicating the need

for severe conditions of use. Efficient photocatalytic reactions

under visible light require more in-depth research.

Aerogels are nanomaterials with micro, mesoporous and

microporous multilevel fractal network structures (Shen et al.,

2019), which also can provide a good support skeleton for

semiconductors. Besides, it can provide a special contact

TABLE 1 The chemical reagent for preparing the sample.

Reagent name Chemical formula Specification

Zinc acetate dihydrate C4H6O4Zn·2H2O Analysis pure

Sodium hydroxide NaOH Analysis pure

Multi-walled Carbon Nanotubes (MCNT) C >95wt%
Graphene Oxide (GO) — >98wt%
Rhodamine B (RhB) C28H31ClN2O4 Analysis pure
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interface for photocatalytic reactions and accelerate the diffusion

of photoelectrons in water (Li and Zhang, 2022).

Here, we have developed a method for assembling ZnO, G,

GO, and Multi-Walled Carbon Nanotube (MCNT) into

composite aerogels with a three-part porous structure. The

composite material allows the nano-ZnO to be uniformly

dispersed in water, reducing the compounding of photo-

generated carriers in the ZnO, enhancing the electrical

conductivity, and enabling efficient photocatalytic reactions to

be developed under visible light conditions.

Experimental

Materials

The reagents used in this paper include Zinc acetate

dihydrate, sodium hydroxide (NaOH), and Rhodamine B

(RhB), which are all analytically pure and purchased from

Sinopharm Chemical Reagent Co. Ltd., MCNT and GO are

purchased from Suzhou Tanfeng Graphene Technology Co.

Ltd., as shown in Table 1.

Preparation of composite aerogels

The preparation process of ZnO/G/GO/MCNT composite

aerogel is shown in Figure 1. GO aqueous solution, MCNT

aqueous solution, zinc acetate dihydrate solution, and distilled

water mixed well at room temperature and pressure. Then, add

NaOH solution in 4 equal parts, once at an interval of 1 min,

5–10 ml each time, with a drop acceleration rate of 5–10 drops

per second, stirring continuously at room temperature to make

the alkali fully react with the mixed solution. And precursor sols

were obtained. The precursor sols were vacuum filtered to

achieve hydrogels. Next, the hydrogel is placed in a freeze

dryer for 1–2 h to ice entirely, then vacuum freeze-dried for

24 h to produce a Zn(OH)2/GO/MCNT composite aerogel.

FIGURE 1
The preparation process of ZnO/G/GO/MCNT composite aerogel.

TABLE 2 The raw material ratio of aerogel.

Sample # 6 mg/ml MCNT (ml) 6 mg/ml GO (ml) 1 mol/L C4H6O4Zn (ml) 1 mol/L NaOH (ml)

1 0 0 2.5 4 × 0.625

2 40 0 2.5 4 × 0.625

3 20 40 2.5 4 × 0.625
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Finally, the Zn(OH)2/GO/MCNT composite aerogel is heat-

treated in a thermostat or tube furnace for 1.5 h at 145°C. The

Zn(OH)2 decomposes to ZnO, while GO is partially restored to

G, obtaining ZnO/G/GO/MCNT composite aerogel.

To accurately describe the properties of ZnO/G/GO/MCNT

composite aerogels, Different sample ratios are shown in Table 2.

ZnO (sample #1), ZnO/MCNT composite aerogel (sample #2),

and ZnO/G/GO/MCNT composite aerogel (sample #3).

FIGURE 2
The TG and DTA curves of ZnO (sample #1) before (A) and after (B) 1.5 h heat treatment.

FIGURE 3
SEM of ZnO (sample A) at magnifications of (A) 1,000 and (B) 20,000 times. SEM of ZnO/G/GO/MCNT composite aerogel (sample C) at a
multiplicity of (C) 1,000 and (D) 20,000 times.
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Characterization

The micrograph of samples was characterized by a scanning

electron microscope (SEM, Japan Electronics Corporation, JSM-

6700F). X-ray diffractometer (XRD, Shimadzu Japan, XRD-

7000) was used to describe the internal atomic or molecular

structure of samples. TG-DTA curve of the material using a

comprehensive thermal analyzer (Beijing Hengjiu, HCT-3). UV-

Visible spectrophotometer (Unico, United States, UV-2355) is

used to measure the absorbance of samples at wavelengths

between 200 and 800 nm.

The wavelength-absorbance curve is plotted, and the

absorption edge is estimated by the tangent method. Using

monochromatic light of 200–800 nm to irradiate the

composite material, obtaining the light absorption of

composite material at different wavelengths. The bandgap (Eg)

is calculated as follows (Sauer et al., 2002):

Eg � hc

λm
(1)

where h, c, and λm denote Planck’s constant, speed of light in a

vacuum, and maximum wavelength of absorbed light,

respectively. λm can be estimated from the UV-Vis absorption

spectrum. The absorption efficiency of composite aerogels for

sunlight can be obtained by calculating the proportion of

wavelengths less than λm in the solar range.

The photocatalytic activity of the resulting composite

aerogel was investigated by the rapid degradation of RhB

under visible light radiation. Firstly, 20 mg of the samples

were added into a 100 ml range quartz beaker, and add 50 ml

of RhB staining solution at a concentration of 10 mg/L.

Secondly, by the water bath method, maintain a speed of

1,000 r/min at 30°C with a heated magnetic mixer to mix well.

At the same time, the dark reaction under shade for 30 min to

reach adsorption equilibrium. After that, 5 ml of solution

from the dark reaction system was taken with a pipette for

testing. Then, it was switched on a 350 W xenon cold light

source for light reaction, and the light source 13.5 cm from

the bottom of the beaker. 5 ml of solution is removed from

the photoreaction system every 5 min with a pipette for

testing. After six extractions, the test samples were

centrifuged, and the absorbance of the supernatant was

measured.

According to the Beer-Lambert law, the absorbance (A) of

a dye solution is proportional to its concentration. In addition,

the dye removal rates (D) are computed as follows (Cui et al.,

2022b):

FIGURE 4
XRD images of ZnO (sample #1) and ZnO/G/GO/MCNT
composite aerogel (sample #3). The green vertical line represents
the peak position corresponding to the ZnO standard XRD
standard card.

FIGURE 5
(A) The UV-Vis spectrum and (B) the relation between Kubelka-Munk function and photon energy of ZnO (sample #1) and ZnO/G/GO/MCNT
composite aerogel (sample #3).
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D � (1 − C

C0
) × 100% � (1 − At

A0
) × 100% (2)

where C0, C, A0, and At represent the initial concentration of the

fuel solution, the concentration of the dye solution after

tminutes, the initial absorbance of the dye solution, and the

absorbance of the dye solution after tminutes, respectively. The

value of At/A0 can be calculated from the relative absorption

intensity of the UV-Vis absorption spectrum.

The photocatalytic degradation process of dyes mainly

consists of mass transfer and photocatalytic reactions. The

kinetic constants of photocatalytic reaction degradation are

described by the Langmuir–Hinshelwood model as follows

(Sauer et al., 2002):

R � −dC
dt

� κKC

1 + KC
(3)

where R, κ, K, and C represent the total reaction rate of the dye at

time t, the Langmuir rate constant, the equilibrium constant for

the adsorption and desorption of the paint on the catalyst, and

the concentration of the dye at time t, respectively. The Eq 3 can

be simplified to a primary reaction kinetic model when the

concentration of the paint is relatively low. The calculation is

as follows (Cui et al., 2022b):

FIGURE 6
Experimental results of photocatalytic degradation of RhB by (A) ZnO (sample #1) and by (B) ZnO/G/GO/MCNT composite aerogel (sample #3).

FIGURE 7
(A) RhB degradation curve and (B) reaction kinetic curve under visible light for ZnO (sample #1), ZnO/MCNT composite aerogel (sample #2),
and ZnO/G/GO/MCNT composite aerogel (sample #3).
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ln
C0

C
� κKt � kappt (4)

where kapp indicates the primary reaction rate constant. Linear fit

of ln (C0/C) and t, and the slope is kapp, which can be used to

characterize the photocatalytic reaction efficiency quantitatively.

Results and discussion

Morphology and compositional
characterization

To accurately describe the thermal decomposition of

Zn(OH)2, the Thermogravimetry (TG) and Temperature

difference (DTA) curves of sample #1 before and after heat

treatment are shown in Figures 2A,B, respectively. From

Figure 2A, It can be observed that an endothermic peak

appears at 124°C, which is mainly due to the absorption of

heat by the thermal decomposition of Zn(OH)2, and the

overall weight of the sample is decreasing. From Figure 2B,

No vigorous endothermic or exothermic peaks were observed

in the range of 0–150°C. Altuntasoglu et al. (2010) performed

TG-DTA analysis on Zn(OH)2. They found an endothermic peak

appeared at 134°C, and the final decomposition product was

ZnO. Related reports are consistent with our results. Therefore, it

proved that Zn(OH)2 in the Zn(OH)2/GO/MCNT composite

aerogel could be converted entirely into ZnO after heat treatment

at 145°C.

The Scanning Electron Microscope (SEM) of sample #1 is

shown in Figures 3A,B, respectively. Figure 3C,D exhibit the SEM

of sample #3, respectively. By Figures 3A,C, it can be observed

that the morphology uniformity of sample #3 was enhanced after

adding graphene and Multi-walled carbon nanotubes. The dense

adhesion of Multi-walled carbon nanotubes and ZnO particles to

graphene sheets was observed under the SEM graph of Figures

3B,C, and ZnO/G/GO/MCNT composite aerogel (sample #3)

effectively solved the clustering problem of ZnO.

The XRD patterns of samples #1 and #3 are shown in

Figure 4. The test range is 2θ = 25–90°. It can be observed

that sample #3 has prominent narrow characteristic peaks at

31.42°, 34.2°, and 36.04°. Compared with the ZnO standard card,

it is found that the corresponding crystal planes are (100), (002),

and (101). In addition, broad characteristic peaks appear at

47.62°, 55.72°, 62.72°, and 67.58°, corresponding to the (102),

(110), (103), and 112) crystal planes, respectively. It is verified

that Z (OH)2, in sample #3, has been completely converted into

ZnO. It is consistent with the results of the TG-DTA analysis.

Optical absorption and photocatalytic
degradation of RhB

To demonstrate the change in the response range of the

ZnO/G/GO/MCNT composite aerogel to the solar spectrum,

we further studied the UV-Vis absorption spectra of sample

#1 and sample #3, which are shown in Figure 5A. The relation

between the Kubelka-Munk function and photon energy is

shown in Figure 5B. For sample #1, the tangent (extrapolation

method) calculates that the absorption edge is around

396 nm. For sample #3, its absorption edge is at 416 nm.

Meanwhile, the band gap of samples #1 and #3 are calculated

to be 3.135 and 2.984 eV, respectively. The reduction of the

band gap may be due to the adsorption between different

materials (Sun M et al., 2018; Cui et al., 2021a; Cui et al.,

2021b). This will improve the photocatalytic degradation of

pollutants by the composite material under visible light

conditions.

The photocatalytic efficiency is the focus of our inquiry (Cui

et al., 2022b). Sample #3 was subjected to photocatalytic

experiments, and its photocatalytic activity was evaluated by

comparing its photocatalytic degradation rate to RhB. The

experimental results are shown in Figure 6B. −30–0 min is

the dark reaction stage, and the light reaction starts from

0 min. To reach the experimental results, the same

photocatalytic efficiency experiment was applied to sample

#1 (Figure 6A). For sample #3, photocatalytic experiments

proved that RhB achieved efficient degradation after 30 min

of visible light irradiation.

The reaction curves and photocatalytic kinetics curves of

different samples are depicted in Figures 7A,B, respectively. The

results indicated that RhB adhered to the sample surface by

adsorption within 30 min of the dark reaction phase until the

adsorption and desorption reached equilibrium. At this stage, it

mainly relies on the van der Waals forces between molecules to

reach equilibrium quickly, and the adsorption or desorption

process is physical adsorption. Besides, compared with sample

FIGURE 8
Reaction kinetic constant histogram for ZnO (sample #1),
ZnO/MCNT composite aerogel (sample #2), and ZnO/G/GO/
MCNT composite aerogel (sample #3).
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#1, the physical adsorption is enhanced due to the introduction of

MCNT, G, and GO. In the photoreaction stage, after 30 min, the

degradation efficiency of ZnO (sample #1) was only 26.3%, and

the degradation effect was the worst. The degradation efficiency

of ZnO/MCNT composite aerogel (sample #2) was 70.8%, and

the degradation effect was good. The degradation efficiency of

ZnO/G/GO/MCNT composite aerogel (sample #3) is as high as

86.8%, and the degradation effect is the best. Cui et al. (2022b)

reported a degradation rate of 99.4% at 90 min for g-C3N4/MoS2
composites. Similar results can be obtained based on the trend of

our results. In addition, it can be observed from Figure 7B that

the degradation rate of sample #3 accelerates from the

photoreaction for 10 min, and it is also the fastest overall

among all samples. Figure 8 more intuitively compares the

kinetic reaction constants of each sample. It can be observed

that the reaction kinetic constant of ZnO/G/GO/MCNT (sample

#3) is 0.02497, which is larger than that of ZnO (0.00718, sample

#1) and ZnO/MCNT composite aerogel (0.00706, sample #2). In

conclusion, compared with single ZnO, the physical adsorption

effect, photocatalytic degradation efficiency, and photocatalytic

degradation rate of the ZnO/G/GO/MCNT composite aerogels

were significantly improved. And it have higher application

value.

Conclusion

ZnO/G/GO/MCNT composite aerogels with a three-

dimensional porous structure were prepared by the sol-gel

method under average temperature and alkaline conditions,

combined with a freeze-drying and heat treatment process. The

photocatalytic degradation of RhB was mainly investigated. The

SEM test results show that themorphology uniformity of the ZnO/

G/GO/MCNT composite aerogel is significantly enhanced,

effectively solving the agglomeration problem of MCNT and

ZnO. TG-DTA analysis and XRD pattern showed that

Zn(OH)2 was wholly decomposed into ZnO after heat

treatment. The physical adsorption capacity of ZnO/G/GO/

MCNT for RhB is significantly improved. And its total

degradation efficiency can reach 86.8%, which is 3.3 times

higher than that of ZnO (26.3%), indicating that the ZnO/G/

GO/MCNT composite aerogels have high photocatalytic activity.

In addition, the synergistic effect of ZnO and G can also enable

photogenerated carrier transfer to hinder electron-hole pair

recombination, enhancing the photocatalytic activity effectively.

Therefore, the ZnO/G/GO/MCNT composite aerogel can be

applied in the visible light catalytic degradation of water pollution.
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Two-dimensional spin-gapless
semiconductors: A mini-review

Jianhua Wang and Dandan Wang*

School of Physical Science and Technology, Southwest University, Chongqing, China

In the past decade, two-dimensional (2D) materials and spintronic materials

have been rapidly developing in recent years. 2D spin-gapless semiconductors

(SGSs) are a novel class of ferromagnetic 2D spintronic materials with possible

high Curie temperature, 100% spin-polarization, possible one-dimensional or

zero-dimensional topological signatures, and other exciting spin transport

properties. In this mini-review, we summarize a series of ideal 2D SGSs in

the last 3 years, including 2D oxalate-based metal-organic frameworks, 2D

single-layer Fe2I2, 2D Cr2X3 (X = S, Se, and Te) monolayer with the honeycomb

kagome (HK) lattice, 2D CrGa2Se4 monolayer, 2D HK Mn–cyanogen lattice, 2D

MnNF monolayer, and 2D Fe4N2 pentagon crystal. The mini-review also

discusses the unique magnetic, electronic, topological, and spin-transport

properties and the possible application of these 2D SGSs. The mini-review

can be regarded as an improved understanding of the current state of 2D SGSs

in recent 3 years.

KEYWORDS

two-dimensional material systems, spin-gapless materials, Dirac point, nodal line, spin
transport properties

1 Introduction

Due to their unique physical and chemical characteristics induced by low-

dimensionality and electronic constraints, as well as their potential applications in

spintronics, high-temperature ferromagnetic two-dimensional (2D) materials (Lee

et al., 2010; Li and Yang, 2014; Wang et al., 2016a; Zhou et al., 2016; Ashton et al.,

2017; Benmansour et al., 2017; Gong and Zhang, 2019; Kim et al., 2019; Zhou et al.,

2019; Chen et al., 2020; Torelli et al., 2020; Xu et al., 2020; Zhang et al., 2021a; Tang

et al., 2021; Miao and Sun, 2022) have attracted a great deal of attention in recent

years. Nevertheless, the majority of prepared 2D materials that resemble graphene are

not magnetic (Wang et al., 2012; Liu and Zhou, 2019), magnetic ordering has not been

observed in the 2D material family for more than 10 years since the discovery of

graphene (Hashimoto et al., 2004; Novoselov et al., 2004; Huang et al., 2017) in 2004.

Recently, only some intriguing 2D magnetic materials, such as CrI3 (Huang et al.,

2017), CrGeTe3 (Gong et al., 2017; Wang et al., 2018a), Fe3GeTe2 (Deng et al., 2018a;

Fei et al., 2018), VSe2 (Bonilla et al., 2018) and CrTe2 (Sun et al., 2020a), have been

experimentally realized. Furthermore, it should be noticed that, the 2D magnetic

material is far from the actual spintronic application at room temperature due to the

low Curie temperature Tc and low spin polarization. Thus, it is significant and urgent
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to develop ferromagnetic 2D materials with high spin-

polarization and Tc via theory and experiment.

Among different types of 2D ferromagnetic materials, 2D

spin-gapless semiconductors (SGSs) (Li et al., 2009; Zhang et al.,

2015; Gao et al., 2016; Zhu and Li, 2016; Wang et al., 2017a; He

et al., 2017; Lei et al., 2017; Wang, 2017; Deng et al., 2018b; Wang

et al., 2018b; Wu et al., 2020a; Yang et al., 2020a; Wu et al., 2020b;

Deng et al., 2020; Feng et al., 2020; Li et al., 2020; Nadeem et al.,

2020; Rani et al., 2020;Wang et al., 2020; Yue et al., 2020; Şaşıoğlu

et al., 2020; Feng et al., 2021; Phong and Nguyen, 2022) are ideal

candidates for high-efficient spintronic devices. Wang (Wang,

2008) first proposed the concept of SGSs in 2008, and the SGSs

can be viewed as a bridge to connect the magnetic

semiconductors (Haas, 1970; Dietl, 2010; Sato et al., 2010)

and half-metals (Wang et al., 2016b; Wang et al., 2017b;

Wang et al., 2017c; Liu et al., 2017; Wang et al., 2018c; Han

et al., 2019;Wang et al., 2019; Yang et al., 2020b; Tang et al., 2021;

Yang et al., 2021). It is well known that the SGSs (Wang et al.,

2018b) can host parabolic and linear dispersion between energy

and momentum (see Figure 1A–H). Moreover, SGSs (Wang,

2017) can be categorized into four different types depending on

the touching types of the valence band maximum (VBM) and the

conduction band minimum (CBM) in both spin directions. We

take the SGSs with parabolic dispersion as examples to introduce

the above four types (see Figure 1A–D). In Figure 1A, one finds

the CBM and VBM touch each other at the Fermi level (FL) in the

spin-up (SU) channel, whereas a semiconducting gap appears in

the spin-down (SD) channel. The VBM in the SD channel

touches the FL. Figure 1B shows the semiconducting gaps in

both spin channels. However, the VBM in the SU channel

FIGURE 1
(A–H) Different SGSs. (I–J) Top and side views of the TM2(C2O4)3 structure. The calculated band structures (BSs) of Ni2(C2O4)3 (K–N) and
Re2(C2O4)3 (O–R)with different methods. M and Cm of Ni2(C2O4)3 (S) and Re2(C2O4)3 (T) as a function of temperature. (I–T) Reproduced from (Xing
et al., 2022) with permission from RSC publishing (U) BS of the Fe2I2 monolayer. (V) 3D plot of Dirac point (W) Magnetic anisotropy and magnetic
moment of the Fe2I2 as a function of biaxial strain. (X) and (Y) atom-resolved BSs without and with SOC. (Z) Edge states of 2D Fe2I2 (U–Z)
Reproduced from (Sun et al., 2020b) with permission from RSC publishing.
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touches the CBM in the SD channel, forming an indirect zero-

gap state. The case of Figure 1C is similar to that of Figure 1B.

However, the CBM touches the FL in the SD channel. Figure 1D

is the standard form of SGSs with parabolic dispersion: a zero-

gap in the SU channel and a semiconducting gap in the SD

channel. Similarly, the cases of SGSs with linear dispersion are

listed in Figure 1E–H. Note that, for cases I, III and IV (see

Figures 1A,C, D, E, G, F), depending on how the VBM and CBM

touch each other, the zero-gap in one spin channel can be direct

(VBM and CBM touch each other at the same k point) or indirect

(they touch each other at different k points) (Wang et al., 2020).

SGSs may host the following advantages: 1) the excitation

of electrons from the valence band to the conduction band

requires only a tiny amount of energy. 2) the excited carriers

(electrons and holes) can be fully spin-polarized (S-P)

simultaneously. 3) one can use the Hall effect to separate

the 100% S-P electrons and holes. 4) for the case II SGSs (See

Figure 1B and Figure 1F), one can control the gate voltage to

manipulate the SU and SD electrons and holes. 5) researchers

proposed nodal point SGSs and nodal line SGSs in 2D and 3D

materials, which can be excellent candidates for studying the

relationship between topological and spintronics. For

example, Dirac SGSs may induce low energy consumption

and ultrafast transport because of their unique linear band

dispersion. Hence, Dirac SGSs can cohost 100% spin-

polarization and linear Dirac point at the FL.

Although there were several reviews on the research topic

of SGSs, these articles (Wang, 2017; Wang et al., 2020; Yue

et al., 2020) all focused on SGSs from 2008 to 2020. To our best

knowledge, other researchers have not reviewed the recent

advances in 2D SGSs from 2020 to 2022. From 2020 to 2022, a

series of ideal 2D SGSs are proposed via first-principles

calculations, and the related novel properties are also

investigated. Therefore, for spintronics and topology, a

mini-review of 2D SGSs seems necessary. It is noteworthy

that Dirac SGSs and nodal line SGSs are new cross concepts in

spintronics and topology. Although in almost all the reported

2D (2D) materials, the twofold degenerate nodal points in

their band structures are misused as “Dirac points” due to a

historical issue (Yang, 2016). The correct naming of these

nodal points should be “Weyl”, and then each twofold

degenerate point is described by the Weyl model in 2D.

This review follows the common practice of using “Dirac

point” SGSs in 2D materials.

In this review, we divided 2D SGSs into four classes: 2D

SGSs with direct band crossing points at high-symmetry (H-S)

points and along the H-S paths, 2D SGSs with indirect zero-

gap states, and 2D SGSs with zero-gap nodal ring states. Note

that this is the first time to review SGSs based on classification

as mentioned above.

Herein, we will review the most recent investigations of 2D

SGSs from 2020 to 2022. Section 2 introduces the proposed 2D

SGSs with band crossing points at the H-S point. Section 3

introduces the proposed 2D SGSs with band crossing points

along the H-S paths and their unique behaviors. Section 3

reviews 2D SGSs with indirect zero-gap states and their

possible application. Section 4 introduces the case of 2D

SGSs with zero-gap nodal ring states. Section 5 is the

conclusion.

2 2D SGSs with band crossing points at
H-S points

In 2022, Xing et al. (Xing et al., 2022) proposed a family of

2D oxalate-based metal-organic frameworks (MOFs) that

possed the SGS characteristic. Figures 1I,J show the

structure and reciprocal lattice of a 2D MOF TM2(C2O4)3
with a honeycomb-kagome (HK) lattice. Figure 1K–R show

the electronic BSs of Ni2(C2O4)3 and Re2(C2O4)3 calculated by

different methods along the Γ-M-K-Γ high symmetry paths.

Without SOC, the valence band and conduction band in one

spin channel touch the FL at the K point, and the other spin

channel has a semiconducting band gap of 1 eV (see

Figure 1K, O). Meanwhile, spin-gapless Dirac points with

linear dispersion appear at the FL in one spin channel,

which is beneficial for dissipationless spin transport. The

influence of SOC on the Dirac point at the K H-S point is

considered, and the results are shown in Figure 1L, P. One

finds that the SOC triggers a band gap of about 7.6 meV in

Ni2(C2O4)3 and 143 meV in Re2(C2O4)3, respectively.

Compared with Ni2(C2O4)3, the SOC-induced gap of

Re2(C2O4)3 is more significant than that of Ni2(C2O4)3
because the relative atomic mass of the Re atom is heavier

than that of the Ni atom, and the Dirac point of Re2(C2O4)3
only contributes the d orbital of Re atom. Figure 1M, Q show

the BSs calculated by the HSE06 method, and Figure 1N, R

show the BSs calculated by the GGA + U method. One finds

that the spin-gapless Dirac point is still maintained at the K

point under both HSE06 and GGA + U methods.

With the PBE functional, the calculated Fermi velocity

(vF) values (Xing et al., 2022) are up to 2.0 × 105 m s−1 and

1.86 × 105 m s−1 for Ni2(C2O4)3 and Re2(C2O4)3, respectively.

When using the HSE06 functional, the obtained vF values are

relatively higher, up to 2.78 × 105 m s−1 and 2.58 × 105 m s−1

for Ni2(C2O4)3 and Re2(C2O4)3, respectively. As seen in

Figure 1S, T, M and Cm exhibit a sudden change at a

temperature of 208 K for Ni2(C2O4)3 and 34 K for

Re2(C2O4)3, respectively. Note that the ultimate goals of

spintronic or electronic devices in the future are ultra-fast

transmission and extremely low energy consumption. The

massless charge should ideally be fully S-P, and the (effective)

mass of electrons or holes should be eliminated. Therefore, a

class of magnetic materials called 2D SGSs with Dirac points

at high symmetry points can be considered ideal for the use of

next-generation spintronics (Wang et al., 2018b).
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FIGURE 2
(A) The relationship between the MAE and strain. (B–D) BS of the Cr2X3 monolayers calculated with different methods. (E) The Cr2S3 device
model. (F) The spin-resolved current-voltage curves for the PC and the APC of the device. (A–F) Reproduced from (Feng et al., 2021) with permission
from AIP publishing. (G) Schematics for the FM and AFM states of the CrGa2Se4monolayer. (H) Energy difference with respect to the ground state for
T-I, T-II and T-III configurations. (I) The simulated Curie temperature (J) The calculated BSs by the HSE06 method. (G–J) Reproduced from
(Chen et al., 2021) with permission from RSC publishing. (K) The schematic diagram of NRSGSs. Reproduced from (Zhang et al., 2020b) with
permission from APS. (L–N) Structures of 2D HKMn-cyanogen lattice, 2D MnNFmonolayer, and 2D Fe4N2 pentagon crystal, respectively. (O–Q) 3D
plot of the gapless NR states in 2D HK Mn–cyanogen lattice, 2D MnNF monolayer, and 2D Fe4N2 pentagon crystal, respectively. (L–Q) Reproduced
from (Zhang et al., 2018; Hu et al., 2019; Zhang et al., 2021b) with permission from RSC and ACS publishing.
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3 2D SGSs with band crossing points along
the H-S paths

3.1 Example 1: 2D single-layer Fe2I2
In 2020, Sun, Ma, and Kioussis (Sun et al., 2020b) proposed

single-layer Fe2I2, with space group P4/nmm (nop. 129) and

calculated lattice constants a = b = 3.81 Å, is a 2D SGS. The

calculated BSs for single-layer Fe2I2 without SOC and with GGA

+ U are shown in Figure 1U. One finds that the SU bands show a

semiconducting behavior, whereas the SD bands show a zero-gap

behavior. Two gapless band crossing points appear at the FL in

the SD channel. Unlike the gapless point at the H-S point in

Ni2(C2O4)3 and Re2(C2O4)3, the gapless points in Fe2I2 are along

the H-S paths. As shown in Figure 1U, the gapless points appear

along the Y-Γ-X H-S paths. The 3D plot of these gapless points

(named as Dirac points in Ref. (Sun et al., 2020b)) is shown in

Figure 1V. The obtained vF with the help of GGA + U and

HSE06 is 4.66 × 105 m s−1 and 6.39 × 105 m s−1, respectively. As

we all know, the massless Dirac fermions will lead to low effective

masses and high carrier mobility. Further, as shown in

Figure 1W, single-layer Fe2I2 undergoes a spin reorientation

transition to an in-plane magnetization orientation beyond

-4% compressive strain. As shown in Figure 1X, one finds

that the SD bands arise from the Fe-d orbital, whereas the SU

bands are from the I-p orbital. Hence, the Fe-d orbital contributes

solely to the Dirac points at the FL. When SOC is added,

significant band gaps (~301 meV) appear along the Y-Γ-X H-S

paths (see Figure 1Y) and a nonzero Chern number (|C| = 2). The

edge states for the single-layer Fe2I2 are shown in Figure 1Z; one

finds that two chiral topologically protected gapless edge states,

which are consistent with the obtained |C| = 2. The SOC induces

a physics nature transition from Driac SGS to quantum

anomalous Hall (QAH) state in single-layer Fe2I2.

3.2 Example 2: 2D Cr2X3 monolayer with
the HK lattice

In 2021, Feng, Liu, and Gao (Feng et al., 2021) proposed the

spin-gapless semiconducting states in 2D Cr2X3 monolayers (X = S,

Se, and Te) via first-principle calculations. The estimated Curie

temperatures for these three monolayers are about 420, 480, and

510 K, respectively. The S-P BSs and the calculated MAE for these

three monolayers are collected in Figures 2B–D. One finds these

three monolayers belong to 2D SGSs with zero-gap Dirac points

along the H-S paths, i.e., K-Γ-M. As shown in Figure 2A one finds

that the MAEs for these three monolayers increase with the

increasing tensile strains from 1% to 5%. Unfortunately, the SGS

behaviors in Cr2Te3 at the FL are destroyed within HSE06. For the

Cr2S3 and Cr2Se3, the Dirac points along the K-Γ-M paths are still

maintained within PBE and HSE06. The effect of SOC to the Dirac

points is also examined by Feng, Liu, and Gao (Feng et al., 2021);

they stated that the SOC effect is weak for the proposed monolayers.

Feng, Liu, and Gao (Feng et al., 2021) also studied the

nonequilibrium spin transport properties of monolayer Cr2S3,

and the device model is shown in Figure 2E. From Figure 2F, for

the APC in both spin directions, one finds the values of spin-

currents are extremely small. For the PC, one finds the spin-

current of the PC-spin down can be neglected, whereas the spin-

current of PC-spin up increased at first and then decreased with

the increase of voltage form 0.0 V–1.0 V. The maximum value of

spin current of PC-spin up appears at about+/-0.35 V. Hence, the

device model in Figure 2E should host a perfect spin filtering

effect (Chen et al., 2019; Zhang et al., 2020a; Han et al., 2022).

4 2D SGSs with indirect zero-gap states

In 2021, Chen et al. (Chen et al., 2021) predicted a 2D spin

gapless ferromagnetic semiconductor of CrGa2Se4 monolayer with

indirect zero-gap state. As shown in Figures 2G,H, one finds that the

magnetic ground state is the FM state with a T-I configuration. It can

be seen from Figure 2I that the Curie temperature of the CrGa2Se4
monolayer is about 220 K. Chen et al. calculated the BSs of the

CrGa2Se4 monolayer with HSE06 functional. The results are

collected in Figure 2J. At first glance, one finds that the

CrGa2Se4 monolayer is a ferromagnetic semiconductor. The

bands in SU and SD channels host semiconducting gaps of

0.36 eV and 1.36 eV, respectively. Interestingly, the lowest

conduction band state in the SD channel touches the FL, and the

highest valence band states in the SU channel touch the FL, forming

an indirect zero-gap state. Hence, the CrGa2Se4 monolayer can also

be seen as an SGS with an indirect spin-gapless semiconducting

state.

Wewould like to point out that the indirect zero gap states occur

because the two spin components at different k points accidentally

have their extreme values at the FL. Therefore, in general, they are

not protected from the symmetry of systems due to the indirect band

touching. However, the SGSs with indirect band touching usually

host bipolar magnetic behavior. That is, by changing the sign of the

applied gate voltage, one can achieve the electrical manipulation of

spin-polarization orientation in SGSs (with indirect band touching).

5 2D SGSs with zero-gap nodal ring states

Compared to the Dirac SGSs with single or multiple nodal point

states, Zhang et al. (Zhang et al., 2018) proposed a new class of 2D

SGSs with a gapless nodal ring (NR) in the momentum space and

100% spin polarization. That is, the SGSs, with a one-dimensional

topological signature, have zero-gap band crossing points that form

a line in the momentum space. Typically, they are named as

NRSGSs. The schematic diagram of NRSGSs is shown in

Figure 2K. One finds that the SU channel shows a zero-gap NR

state in the momentum space and the SD channel shows a

semiconducting state.
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To this date, 2D HK Mn–cyanogen lattice (Zhang et al., 2018),

2D MnNF monolayer (Hu et al., 2019), and 2D Fe4N2 pentagon

crystal (Zhang et al., 2021b) are proposed to be 2D NR SGSs. The

structural model and the 3D plot of the gapless NR state in one spin

channel are shown in Figure 2L–Q. We would like to point out that

the gapless NR state in one spin channel may suffer sizable SOC-

induced gaps. Hence, searching for NRSGSs with light elements to

reduce the value of SOC-induced gaps.

6 Conclusion and remarks

In this mini-review, we introduced a series of ideal 2D SGSs,

including 2D SGSs with band-crossing points at H-S points or along

the H-S paths, 2D SGSs with S-P NR states, and 2D SGSs with

indirect zero-gap states.

The Dirac SGSs with band-crossing points at H-S points or along

the H-S paths show massless fermions around the FL, ideal

dissipation-less properties, and 100% spin-polarization.

Furthermore, the band crossing points may not isolate in the

momentum space and form an NR in 2D SGSs. The NRSGSs will

exhibit more intensive nonlinear electromagnetic responses than a

single Dirac point. It should be noted that the 2D SGSs are hopped to

host a high Curie temperature and a robust FM state at room

temperature. Finally, a major challenge for 2D SGSs is that no 2D

SGSs has been experimentally realized. The reason is that the 2DSGSs

are monolayer materials, and they are hard to synthesize. Moreover,

somemonolayermaterials are not stable in the ambient environment.

Thus, new nanotechnology is needed for fabricating 2D

monolayer SGSs.
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Ideal phononic charge-two
nodal point and long nontrivial
surface arcs in Na2Zn2O3

Ying Yang*

College of Physics and Electronic Engineering, Chongqing Normal University, Chongqing, China

Recently, there has been significant interest in exploring the chiral quasiparticles

in phonons, which describe the atomic lattice vibrations in solids. In this work,

using first-principle calculation, we select a realistic material Na2Zn2O3 as an

example to demonstrate that it is an ideal candidate with charge-two Dirac

point phonons and charge-twoWeyl point phonons at high-symmetry points A

and Γ, respectively. The phononic charge-two nodal points in Na2Zn2O3 are

visible and almost ideal. That is, there are no other phonon bands nearby.

Moreover, nontrivial phononic surface arcs span the whole surface Brillouin

zone. Such clean and long nontrivial arc-shaped phononic surface states

benefit the experimental detection. The current work is hoped to guide the

investigations of chiral nodal points in phononic systems.

KEYWORDS

topological phonons, DFPT calculation, Dirac point, weyl point, phonons

Introduction

It is well known that the chiral quasiparticles could exist in spinless systems, such as

the phononic system and classical elastic waves in macroscopic artificial phononic

crystals. Recently, there has been great interest in exploring topological quasiparticles

in phonons [1], which describe the atomic lattice vibrations in solids. So far, a number of

materials hosting Weyl point phonons [2–10], Dirac point phonons [11, 12], triple

degenerate nodal point phonons [13, 14], sixfold degenerate nodal point phonons [15,

16], nodal line phonons [17–30] and nodal surfaces phonons [31–33] have been

discovered. Compared with chiral fermions in electronic systems, chiral phonons exist

without spin-orbital coupling.

Let us come to review the recent advances in chiral nodal point phonons as follows: In

2018, Zhang et al. [2] identified a class of crystalline materials of MSi (M = Fe, Co, Mn, Re,

Ru) exhibiting double Weyl phonons, and they named the topological points as ‘spin-1

Weyl point’ at the Brillouin zone (BZ) center and “charge-2 Dirac point” at the zone

corner. Motivated by Zhang et al.’s recent theoretical work [2], Huang et al. [4] measured

the phonon dispersion in parity-breaking FeSi using inelastic x-ray scattering and

confirmed the double Weyl phonons in experiments. Moreover, based on first-

principle calculation and symmetry analysis, Liu et al. [5] defined a new type of Weyl

phonons with Chern numbers of ±4. They [5] also proposed that BiIrSe and Li3CuS2 are

candidate materials with charge-four Weyl phonons. In 2020, Wang et al. [9] proposed a
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symmetry-protected topological triangular Weyl complex

composed of one double Weyl point and two single Weyl

points. They [9] also stated that the unique triangular Weyl

complex could be observed in the phonon dispersion of α−SiO2.

In 2022, Ding et al. [34] predicted that BaZnO2 is an ideal

material candidate with type-III charge-two Weyl point

phonons. BaZnO2 can support double-helicoid phonon

surface states covering the entire Brillouin zone (001) surface.

Besides trigonal BaZnO2, they [34] stated that some other

candidate materials, including tetragonal MgTiO4, trigonal

Li2GeF6, hexagonal CaSO4, and cubic Li10B14Cl2O25, can host

the type-III charge-two Weyl point phonons.

In this work, we propose a realistic material Na2Zn2O3 [35] is

an ideal system with chiral phonons, i.e., charge-two Dirac point

phonons and charge-two Weyl point phonons at A and Γ high-

symmetry points, respectively. More interestingly, the nontrivial

phonon surface arcs are very long, clean, and span over the whole

surface BZ. Na2Zn2O3 phonons should be an excellent platform

to investigate the coexistence of charge-two Dirac and Weyl

points in spinless systems. Also, our results can be extended to

other bosonic systems.

Approach

We perform the first-principle calculations based on the

density functional theory (DFT) [36]. The generalized

gradient approximation (GGA) [37] with

Perdew–Burke–Ernzerhof (PBE) [38] realization was adopted

for the exchanged correlation potential. The phonon spectra of

Na2Zn2O3 is calculated by using the 2 × 2×1 supercell as

implemented in Phonopy code. The pre-process and post-

process were performed in the PHONOPY package using

density functional perturbation theory (DFPT) [39]. The

cutoff energy for the plane wave was 600 eV, and the

Brillouin zone is sampled using converged 5 × 5×3 Γ-centered

k-mesh grids. To study the topological properties of nontrivial

band crossings in the phonon spectrum, we calculate its

corresponding surface states and constant frequency slices

using the WANNIERTOOLS package [40].

Results and discussion

Figure 1A shows the crystal structure of tetragonal Na2Zn2O3

with the P43212 space group. Na1+ is bonded in a 4-coordinate

geometry to four O2- atoms. Zn2+ is bonded to four O2- atoms to

form a mixture of corner and edge-sharing ZnO4 tetrahedra.

There are two inequivalent O2- sites. In the first O2- site, O2- is

bonded in a 4-coordinate geometry to two equivalent Na1+ and

two equivalent Zn2+ atoms. In the second O2- site, O2- is bonded

FIGURE 1
(A) Crystal structure of tetragonal Na2Zn2O3 with P43212 space group. (B) Three-dimensional BZ and selected symmetry paths.

FIGURE 2
Phonon dispersion of tetragonal Na2Zn2O3 with P43212 along
Γ-X-M-Γ-Z-R-A-Z-X-R-M-A high-symmetry paths. The charge-
two Weyl point (C-2 WP) and charge-two Dirac point (C-2 DP) at
high-symmetry points Γ and A, are highlighted by red circles.
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FIGURE 3
The bulk BZ and the corresponding (001) surface BZ. (B) Three-dimensional plot of the phonon bands around the charge-two Dirac point (C-
2 DP) at (A). (C) Projected spectrum on the (001) surface, and (D) the corresponding constant frequency slice at 16.20 THz.

FIGURE 4
(A) The bulk BZ and the corresponding (001) surface BZ. (B) Three-dimensional plot of the phonon bands around the charge-twoWeyl point (C-
2 WP) at Γ. (C) Projected spectrum on the (001) surface, and (D) the corresponding constant frequency slice at 15.79 THz.
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to three equivalent Na1+ and three equivalent Zn2+ atoms to form

distorted edge-sharing ONa3Zn3 octahedra. The calculated lattice

constants for tetragonal Na2Zn2O3 are a = b = 6.262 Å, c =

9.507 Å, closing to the experimental data a = b = 6.181 Å, c =

9.447 Å. The Na atoms locate at 8b Wyckoff position, O atoms

locate at 8b and 4a Wyckoff positions, and the Zn locates at 8b

Wyckoff position.

Based the 3D BZ and the selected high-symmetry paths in

Figure 1B, the phonon dispersion of Na2Zn2O3 along Γ-X-M-Γ-
Z-R-A-Z-X-R-M-A high-symmetry paths are shown in

Figure 2. From Figure 2, one finds that there is no

imaginary frequency, demonstrating the dynamical stability

of material Na2Zn2O3. Moreover, one finds that all the phonon

bands along A-M-R-X-M and Z-R-A-Z paths are twofold

degeneracy, and two twofold degenerate bands cross at A

high-symmetry point, forming a fourfold degenerate Dirac

point. Moreover, one finds that multiple Dirac points appear

at high-symmetry point A with different frequencies,

suggesting these Dirac points are symmetry-enforced and

must appear at A high point. It is worth noting that the

three-dimensional charge-two Dirac points may be hidden

in rambling branches; thus, their topological features are

invisible. We only focus on the Dirac point at about 16 THz

(highlighted by the red circle). The three-dimensional plot of

the phonon bands around the Dirac point are shown in

Figure 3B. From Figure 3B, one finds that the Dirac point at

A point has fourfold degeneracy. It should be noted that the

Dirac point at A point is a charge-two Dirac point, which is a

zero-dimensional fourfold band degeneracy with a topological

charge |C| = 2. From Figure 3B, the charge-two Dirac point at A

features a linear dispersion along any momentum-space

direction. Dirac point can be considered as a combination of

two charge-one Weyl points with opposite topological charge.

Hence, the charge-two Dirac point contains two charge-one

Weyl points with the same topological charge.

In Figure 3C, we show the projected spectrum on the (001)

surface for Na2Zn2O3. Obviously, clean phononic surface states

can be found from the projection of the charge-two Dirac point.

Moreover, the (001) surface states further display linear

dispersions of the charge-two Dirac point, showing

consistency with the three-dimensional plot of the phonon

band in Figure 3B. Figure 3D shows the corresponding

constant frequency slice at 16.20 THz. Indeed, one could

observe that two arcs emanate from the projections of each

Dirac point, indicating the charge of the Dirac point should equal

2. More interestingly, the surface arcs are nontrivial due to the

chirality. The surface arcs (marked by white arrows) are very long

and span over the whole surface BZ.

Next, we discuss the charge-twoWeyl point at Γ high-symmetry

point around 15.8 THz. From Figure 2, one finds that there exists a

twofold degenerate Weyl point at Γ point. Such Weyl point is a

charge-two Weyl point, a zero-dimensional twofold band

degeneracy with a topological charge |C| = 2. As shown in

Figure 4B, one finds that the charge-two Weyl point features a

linear dispersion along kz direction and a quadratic energy splitting

in the plane (kx-ky plane) normal to the kz direction. Here, the

phonon spectrum is plotted in Figure 4C, in which one can observe

the nontrivial surface states arising from the projections of the

charge-two Weyl point at point. The isofrequency (001) surfaces at

15.79 THz are exhibited in Figure 4D.We can see that two branches

of surface arcs start at �A. These long surface arcs exhibit a double-

helicoid nature and span over the whole surface BZ. Note that all the

arcs exhibited in Figure 4D are topological nontrivial, greatly

facilitating the experimental detection and further applications.

Conclusion

In summary, we propose a realistic material, tetragonal

Na2Zn2O3 with P43212 space group, which hosts symmetry-

enforced charge-two Dirac point phonons and charge-two

Weyl point phonons with unique long and nontrivial surface

arcs. Our work uncovers the appearance of the chiral Dirac and

Weyl points in the spinless system. In addition, we provide an

ideal candidate who possesses chiral Dirac and Weyl points at

high-symmetry points, leading to the formation of long and

nontrivial surface arcs. Our work provides a good idea for

detecting chiral phonons in realistic materials.
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Mini-review of interesting
properties in Mn2CoAl bulk and
films

Ying Yang*

College of Physics and Electronic Engineering, Chongqing Normal University, Chongqing, China

Heusler compounds exhibit many interesting properties, such as high

thermopower, magnetocaloric properties, and even topological insulator

states. Heusler Mn2CoAl alloy has been experimentally and theoretically

proposed as a promising spin-gapless semiconductor with novel electronic,

magnetic, spintronic, transport, and topological properties. Furthermore, the

spin-gapless semiconducting-like behaviors are also predicted in Mn2CoAl

films by measuring the transport and magnetic properties. This mini-review

systematically summarizes the interesting properties of Mn2CoAl bulk and

Mn2CoAl-based films. This mini-review is hoped to guide further

experimental investigations and applications in the particular scientific

community.

KEYWORDS

Mn2CoAl, spin-gapless materials, Heusler, DFT, density functional theory, film,
substrate system

Introduction

On the one side, in 2008, Liu et al. (2008) investigated the structural, electronic, and

magnetic properties of Mn2CoZ (Z = Al, Si, Ge, Sn, and Sb) alloys with Hg2CuTi-type

structure with the help of first-principles calculations, and they stated that all the Mn2CoZ

alloys belong to ferrimagnetic half-metals (Fang et al., 2002; Dowben and Skomski, 2004;

Müller et al., 2009; Ashton et al., 2017). It is noteworthy that the spin-gapless

semiconducting state of Mn2CoAl has not been mentioned by Liu et al. (2008).

Moreover, Liu et al. (2008) stated that the Mn2CoZ (Z = Al, Si, Ge, Sn, and Sb)

alloys follow the Slater-Pauling rule Mt =NV−24 (Mt denotes the total magnetic

moment and the NV is the valence electrons in both spin channels). Then, Liu et al.

(2008) successfully synthesized the Hg2CuTi-type Mn2CoZ alloys, in which the two Mn

atoms exhibit different magnetic behaviors. In the same year, Xing et al. (2008) also

proposed the half-metallic ferrimagnetism of the Heusler alloys Mn2CoZ (Z = Al, Ga, Si,

Ge) using the first-principles plane-wave pseudopotential method. Moreover, they (Xing

et al., 2008) pointed out that the half-metallic states in Mn2CoZ can maintain in a large

range of lattice constants, reflecting robust half-metallic behaviors. In 2011, Meinert,

Schmalhorst, and Reiss (Meinert et al., 2011) studied the complex magnetic interactions

between the constituents and the Curie temperatures using first-principles calculations.

Surprisingly, the Curie temperatures of Mn2CoAl/Ga/In are all above 800 K.
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On the other side, in 2008, Wang, (2008) proposed the

concept of a spin-gapless semiconductor. The spin-gapless

semiconductor is a new class of zero-gap materials. Spin-

gapless semiconductors for practical use should feature 1)

completely spin polarized carriers; 2) high mobility of

carriers; 3) zero or negligibly small excitation energy of

electrons from the valence to the conduction band; 4) easy

switching between electron and hole modes by tuning the Fermi

level, owing to the ambipolar nature of the band gap (For type II

spin-gapless semiconductors). Wang, (2008) proposed that by

introducing magnetic ions into the parent nonmagnetic gapless

compounds, such as PbPdO2, the spin-gapless semiconducting

state can appear. Based on his work, a series of spin-gapless

semiconductors (Li et al., 2009; Gao et al., 2015; Wang et al.,

2016a; Galanakis et al., 2016; Gao et al., 2016; He et al., 2017;

Wang, 2017; Deng et al., 2018a; Huang et al., 2019a; Nadeem

et al., 2020; Yue et al., 2020; Yang et al., 2021) with parabolic or

linear dispersion between energy and momentum are proposed.

More interestingly, topological signatures, such as Dirac point

and nodal line states, can be found in spin-gapless

semiconductors. For example, He et al. (2017) proposed that

NiCl3 monolayer is a near-room-temperature Dirac spin-

gapless semiconductor when the spin-orbital coupling (SOC)

is absent. When SOC is added, it becomes an intrinsic Chern

insulator with a large non-trivial band gap of ~24 meV, at

which the quantum anomalous Hall effect could be observed. In

2018, Zhang et al. (2018) proposed the nodal ring spin-gapless

semiconducting state in a 2D HK lattice via first-principle

calculations. In 2022, Ding et al. (2022) summarized almost

all the predicted nodal ring/line spin-gapless semiconductors in

2D and 3Dmaterials (Guan et al., 2013; Li and Yang, 2013; Ding

and Wang, 2015; Wang et al., 2016b; Rasool et al., 2016; Wang

et al., 2017c; Liu et al., 2017; Deng et al., 2018b; Wang et al.,

2018; Huang et al., 2019b; Wu et al., 2020b; Guo et al., 2020; Li

et al., 2021; Wang et al., 2021; Ji et al., 2022; Wu et al., 2022) in

the past 3 years. Remarkably, they (Ding et al., 2022) also

provided three valuable suggestions for the future theoretical

design of nodal ring/line spin-gapless semiconductors.

Moreover, some quaternary Heusler SGSs (Bainsla et al.,

2015; Rani et al., 2019) have been prepared, and their

interesting gapless behavior has been confirmed. For the

verification of the spin-gapless semiconducting property,

their specific transport behavior has been widely measured

and accepted as strong evidence.

In 2013, the spin-gapless semiconducting state in Mn2CoAl

has been experimentally confirmed by Ouardi et al. (2013a)

according to the transport behaviors. They reported that

Mn2CoAl with robust spin polarization is a promising

material for room-temperature semiconductor spintronics. In

this mini-review, the properties of Mn2CoAl bulk, Mn2CoAl

[001] surface, Mn2CoAl/GaAs heterostructures, Mn2CoAl/Ag/

Mn2CoAl current-perpendicular-to-plane spin valves, MgO/

Mn2CoAl/Pd trilayers, and various types of Mn2CoAl films

are reviewed in details. This mini-review aims to provide an

improved understanding of the properties for Mn2CoAl that

have been reported in the last 14 years.

Structural, electronic, elastic, and
thermodynamic properties for
Mn2CoAl bulk

The crystal structure of the Heusler alloys can be viewed as a

cubic structure with four interpenetrating f.c.c. Sublattices A, B,

C, D (see Figure 1A). Normally, full-Heusler alloys X2YZ can

host two types of structures (XA and L21 type structures). As

shown in Figure 1A, we exhibited the XA type and L21 type

Mn2CoAl. MnMnCoAl and MnCoMnAl represent the XA type

Mn2CoAl and L21 type Mn2CoAl, respectively. As mentioned

above, Liu et al. (2008) have determined that the crystal structure

of Heusler Mn2CoAl should be XA type (i.e., Hg2CuTi) instead of

L21. We would like to point out that other researchers have

widely investigated the competition between XA and L21 atomic

ordering in full Heusler alloys (Wang et al., 2017a; Wang et al.,

2017b; Han et al., 2019a; Han et al., 2019b; Wu et al., 2019; Wu

et al., 2020a) in recent years.

Based on the determined XA structure, the spin-polarized

band structures for Mn2CoAl are exhibited in Figure 1B.

Obviously, in the minority-spin channel, a direct band gap

can be found around the Fermi level, whereas, in the majority-

spin channel, an indirect zero-band gap can be observed. Note

that, such band structures allow for tunable spin transport.

Mn2CoAl hosts a high Curie temperature of ~720 K and a

total Mt of 2 μB. In 2015, Chen et al. (2015) investigated the

spin-gapless semiconducting states and the dynamical

stability of Mn2CoAl, and they found that the spin-gapless

semiconducting states and the dynamical stability can

maintain with a pressure less than 25 GPa. The calculated

elastic modulus, shear modulus, Yong’s modulus, and Pugh’s

ration for Mn2CoAl under equilibrium lattice constants are

185.778, 77.782, 204.768 GPa, and 2.39, respectively. Moreover,

with the help of the quasiharmonic Debye model, the pressure

and temperature dependences of normalized volume V/V0,

bulk modulus B, thermal expansivity, Gruneisen parameter,

heat capacity, and Debye temperature are evaluated by Chen

et al. (2015) for Mn2CoAl up to 25 GPa. The above-listed data

can be viewed as a reference for the follow-up experimental

studies.

Conditions for spin-gapless
semiconducting behavior in Mn2CoAl
bulk

In 2014, Galanakis et al. (2014) examined the conditions for

the spin-gapless semiconducting state in Mn2CoAl via first-
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principle calculations. They (Galanakis et al., 2014) showed that

the spin-gapless semiconducting states in Mn2CoAl can be kept

by applying the tetragonalization of the lattice. However, the

spin-gapless semiconducting states in Mn2CoAl are

disappeared by considering the atomic swaps. Swapping the

atoms induces a physics nature transition from a spin-gapless

semiconducting state to a half-metallic state (as shown in

Figure 1C). Furthermore, they (Galanakis et al., 2014) also

pointed out that the appearance of Co-surplus will lead to half-

metallic states.

Experimentally verified for the spin-
gapless semiconducting behavior in
Mn2CoAl bulk

In 2013, the transport measurements of Mn2CoAl bulk were

performed by Ouardi et al. (Ouardi et al., 2013b; Ouardi et al.,

2019) via a physical properties measurement system. They pointed

out that Mn2CoAl bulk hosts a nonmetallic resistivity (see

Figure 1D). Note that the resistivity of Mn2CoAl bulk is two

orders of magnitude higher than that of Co2FeSi metal. From

FIGURE 1
(A) Crystal structures of XA and L21 type Mn2CoAl. (B) Band structures of XA Mn2CoAl. (C) The density of states of Mn2CoAl by considering
atomic swaps. (D) Measured resistivity, S(T), and n for Mn2CoAl sample under different temperatures. (E) Schematic diagrams of spin-gapless
semiconductor (SGS)/semiconductor (SC) spin injection scheme and the calculated room temperature conductivities for half-metal Co2MnSi, spin-
gapless semiconductor Mn2CoAl, and semiconductor GaAs. (F) The (001) Mn2CoAl surface with Co-Mn and Al-Mn terminated surfaces.
Reproduced from Refs. (Ouardi et al., 2013a; Li and Jin, 2013; Galanakis et al., 2014; Xu et al., 2019) with permissions.
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Figure 1D, one finds that the carrier concentration (n) is

temperature independent, and the Seebeck coefficient (S(T)) is

vanishing. The reason for the appearance of a vanishing S(T) is the

compensation of the electron and hole. Note that the temperature-

independent n is a main feature for the gapless systems.

Combining the transport and magnetic properties, one can

conclude that Mn2CoAl bulk should be a spin-gapless

semiconductor. Ouardi et al. (Ouardi et al., 2013b; Ouardi

et al., 2019) also reported the magnetoresistance results and

the anomalous Hall conductivity of Mn2CoAl bulk, suggesting

Mn2CoAl is a novel spintronic material.

Note that the transport and magnetic properties cannot be

viewed as the only criteria to judge the spin-gapless

semiconducting states in Heusler alloys. The microstructure

observations (Xu et al., 2019) should also be considered to

validate the spin-gapless semiconducting states in Heusler alloys.

New spin injection scheme based on
Mn2CoAl

Spin injection efficiency based on conventional and/or half-

metallic ferromagnets/semiconductors is greatly limited by the

Schmidt barrier due to conductivity mismatch. In 2015, Xu et al.

(2019) proposed that the spin-gapless semiconductor, such as

Mn2CoAl, can be used to replace the conventional and/or half-

metallic ferromagnets and form a spin-gapless semiconductor/

semiconductor heterostructure (as shown in Figure 1E).

From Figure 1E, we listed the calculated room temperature

conductivities for half-metal Co2MnSi, spin-gapless

semiconductor Mn2CoAl, and semiconductor GaAs. The

figure shows that the conductivity of spin-gapless

semiconductor Mn2CoAl is much lower than that of half-

metal Co2MnSi. More importantly, the conductivity of spin-

gapless semiconductor Mn2CoAl is very close to that of

semiconductor GaAs. Hence, using spin-gapless

semiconductors as the magnetic injectors can reduce the

conductive mismatch and enhance the spin injection efficiency.

We would like to point out that the thermodynamic stability,

magnetism, and half metallicity of Mn2CoAl/GaAs (0 0 1)

interface have been studied by Feng et al. (Feng et al., 2015a)

via first principle calculations in 2015. In this same year, Feng

et al. (Feng et al., 2015b) studied the effect of disorder on the

electronic and magnetic properties of Mn2CoAl/GaAs

heterostructures from theory.

Electronic structures, magnetism,
and half-metallicity for [001]
Mn2CoAl surface

In 2013, Li and Jin (2013) studied the electronic, magnetic,

and half-metallic properties of the Mn2CoAl [001] surface by

first-principles calculation. As shown in Figure 1F, two types of

surface terminations, i.e., AlMn terminated and CoMn

terminated surfaces, are considered by Li and Jin (2013). They

Li and Jin (2013) reported that the AlMn-terminated Mn2CoAl

surface hosts half-metallic behavior, whereas the CoMn-

terminated Mn2CoAl surface does not have the half-metallic

behavior.

In 2018, Meng et al. (Wei et al., 2018) investigated the

interfacial electronic, magnetic, and spin transport properties of

Mn2CoAl/Ag/Mn2CoAl current-perpendicular-to-plane spin

valves. Interestingly, they (Wei et al., 2018) pointed out that

the MnCoT-terminated interface enjoys the largest interface

spin polarization of 78% and magnetoresistance ratio of

2,886%.

Experimental Mn2CoAl based films

To this date, some investigations are performed on

Mn2CoAl-based films in the experiment. Hence, this section

reviews some interesting properties focusing on the Mn2CoAl-

based films. In 2018, Arima et al. (2018) studied the electronic

structures and the anomalous Hall conductivity of Si-substituted

Mn2CoAl epitaxial films. Based on the calculated density of states

in Figure 2A, one finds that the spin-gapless semiconducting-like

behavior can be maintained in Mn2CoAl1-xSix with x < 0.2.

Mn2CoAl1-xSix films (0 ≤ x ≤ 0.3) were grown on MgAl2O4 (100)

substrates by molecular beam epitaxy. We collect the θ-2θ x-ray

diffraction of the Mn2CoAl1-xSix films in Figure 2B. Arima et al.

(2018) stated that the electrical conductivity of Mn2CoAl0.8Si0.2
film is 2340 S/cm, which is closes to that of Mn2CoAl bulk

(2440 S/cm).

In 2013, Jamer et al. (2013) prepared Mn2CoAl films on

GaAs (001) substrates using molecular beam epitaxy. From

Figure 2C, one finds the low-temperature resistivity of a

69 nm thick Mn2CoAl film is about 220 μΩcm, and a

metallic-like behavior at low temperatures. They (Jamer et al.,

2014) also reported that the Mn2CoAl films on GaAs (001)

substrates exhibited varying amounts of disorder under

different annealing temperatures, resulting in the magnetism

changing. As the annealing temperature increases, the Mt

increases.

In 2014, Xu et al. (2014) prepared Mn2CoAl films on the

thermally oxidized Si substrates by magnetron sputtering

deposition. They found that the films host a

semiconducting-like resistivity and linear magnetoresistance

in the whole region (see Figure 2D). Xu et al. (2014) also

reported the unusually low anomalous Hall conductivity,

saturation magnetization (1.94 μB at 5 K), and the Curie

temperature (~550 K). Usually, the results mentioned above

are the transport signatures of spin-gapless semiconductors. In

2018, Chen et al. (2018) prepared Mn2CoAl films on MgO

(001) substrates using molecular beam epitaxy. Their electro-
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and magneto-transport results showed that the Mn2CoAl hosts

spin gapless semiconducting mechanisms at low temperatures.

In 2017, Ludbrook and the collaborators (Ludbrook et al.,

2017) showed that the MgO/Mn2CoAl/Pd trilayers could

exhibit a novel topological Hall effect in temperatures

between 3 K and 280 K. The topological Hall effect is

evidence of skyrmions.

Summary

In this mini-review, the electronic, magnetic, and transport

properties of Mn2CoAl bulk, Mn2CoAl [001] surface, Mn2CoAl/

GaAs heterostructures, Mn2CoAl/Ag/Mn2CoAl current-

perpendicular-to-plane spin valves, MgO/Mn2CoAl/Pd

trilayers, and various types of Mn2CoAl films (with MgAl2O4,

GaAs, MgO, and thermally oxidized Si substrates) are reviewed

in details. A new spin injection scheme based on Mn2CoAl and

normal semiconductors is also summarized in this mini-review.
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Based on the successful fabrication of PdSe2 monolayers, the electronic and

thermoelectric properties of pentagonal PdX2 (X = Se, Te) monolayers were

investigated via first-principles calculations and the Boltzmann transport theory.

The results showed that the PdX2 monolayer exhibits an indirect bandgap at the

Perdew–Burke–Ernzerhof level, as well as electronic and thermoelectric

anisotropy in the transmission directions. In the PdTe2 monolayer, P-doping

owing to weak electron–phonon coupling is the main reason for the excellent

electronic properties of the material. The low phonon velocity and short

phonon lifetime decreased the thermal conductivity (κl) of penta-PdTe2. In

particular, the thermal conductivity of PdTe2 along the x and y transmission

directions was 0.41 and 0.83 Wm−1K−1, respectively. Owing to the anisotropy of

κl and electronic structures along the transmission direction of PdX2, an

anisotropic thermoelectric quality factor ZT appeared in PdX2. The excellent

electronic properties and low lattice thermal conductivity (κl) achieved a high ZT

of the penta-PdTe2 monolayer, whereas the maximum ZT of the p- and n-type

PdTe2 reached 6.6 and 4.4, respectively. Thus, the results indicate PdTe2 as a

promising thermoelectric candidate.

KEYWORDS

two-dimensional material, thermoelectric material, transport property, first-principles
calculation, electronic structure

1 Introduction

Currently, the energy crisis is the greatest challenge facing the world today, and

requires the rapid acquisition of technological alternatives to traditional energy sources

(Tan et al., 2016; Yang et al., 2018). Based on the Seebeck and Peltier effects,

thermoelectric materials can convert thermal and electrical energy, thereby providing

an initial solution to address this problem (He and Tritt, 2017). We use the thermoelectric

quality factor ZT (Zhao et al., 2016; Snyder and Snyder, 2017) to measure the conversion

efficiency of a thermoelectric material, expressed as:
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ZT � S2σT
κ

, (1)

where S, σ, T, and κ are the Seebeck coefficient, electrical

conductivity, absolute temperature, and thermal conductivity,

respectively. The overall thermal conductivity (κ) is generated by

the combined effect of the lattice (κl) and electronic (κe) thermal

conductivity. Thus, a material with excellent electrical heating

should achieve exceptional electrical properties [high Seebeck

coefficient S, electronic conductivity σ, and power factor (PF) =

S2σ] and thermal properties (low thermal conductivity κ). In

addition, electrical conductivity is counter-correlated to S and

directly proportional to κe (Jonson and Mahan, 1980),

demonstrating the tradeoff in thermoelectric materials with a

good ZT.

Low-dimensional materials can achieve local quantum

pegging and polarization owing to the changes in their

coordination environment and, thus, work well as

thermoelectric materials (Dresselhaus et al., 2007). In

particular, two-dimensional (2D) materials (Buscema et al.,

2013; Kumar and Schwingenschlogl, 2015; Hong et al., 2016a;

Gu et al., 2016; Yoshida et al., 2016; Hippalgaonkar et al., 2017;

Hu et al., 2017; Huang et al., 2019; Zhu et al., 2019), especially

transition metal dichalcogenides (TMDs) (Hippalgaonkar et al.,

2017; Marfoua and Hong, 2019; Ding et al., 2020; Patel et al.,

2020; Tao et al., 2020; Bilc et al., 2021; Wang et al., 2021), have

garnered extensive attention owing to their thermoelectric

properties. TMDs exhibit various crystal structures, mainly the

H (p-6 m2) and T (p-3m1) phases, which are experimentally

found to have good thermal conductivity and low ZT (Yan et al.,

2014; Hong et al., 2016b; Ma et al., 2016; Zhang et al., 2017). After

the discovery of pentagonal graphene (Zhang et al., 2015), the

low symmetry of the pentagonal composition has elevated the

study of 2D electrothermal materials, such as pentagonal Y2N4

(Y = Pd, Ni or Pt), pentagonal Y2C (Y = Sb, As, P) and

pentasilene (Tian et al., 2016; Liu et al., 2018a; Naseri et al.,

2018; Gao et al., 2019; Gao and Wang, 2020; Liu et al., 2020; Liu

et al., 2021). The discovery of the good structural stability and

high carrier mobility of monoclinic pentagonal PdS2 by Wang

et al. (2015) led researchers to conduct extensive studies on the

various properties and potential applications of pentaco-MY2

(M = Pd, Pt; Y = Te, Se ) (Oyedele et al., 2017; Sun et al., 2018; Lan

et al., 2019; Zhao et al., 2020; Raval et al., 2021; Tao et al., 2021).

Lan et al. (2019) demonstrated that the κl along the x-(y-)

transport direction for PdTe2, PdSe2, and PdS2 are 1.42 (5.90),

2.91 (6.62), and 4.34 (12.48) Wm−1K−1, respectively. The

maximum p-type ZT of penta-PdX2 (X = S, Se, Te) along the

x-direction are 0.85, 1.18, and 2.42, respectively, demonstrating

the potential of penta-PdX2 monolayers as thermoelectric

materials. However, penta-PdTe2 monolayers have not yet

been synthesized experimentally. In particular, although

several studies have investigated the thermoelectric properties

of pristine penta-PdX2, the conclusion are conflicting, and the

principal discussions are controversial. Therefore, a systematic

and detailed investigation should be conducted on the electronic

and thermoelectric properties of pristine penta-PdX2 (X =

Se, Te).

In this study, we systematically investigated the electronic

and thermoelectric transport properties of monolayer pentagonal

PdSe2 and PdTe2 by combining first-principles calculations and

the Boltzmann transport theory. PdX2 exhibited the

characteristics of an indirect bandgap semiconductor. The

results show that the thermoelectric performance parameters

of the penta-PdX2 (X = Se, Te) monolayers, such as thermal

conductivity, relaxation time, carrier mobility, and ZT, show

strong anisotropy in the x and y directions due to their specific

structural characteristics. Compared with PdSe2, the heavier

atomic mass and weaker chemical bonds of PdTe2 achieved a

lower κl and higher ZT.

2 Computational details

All calculations were performed based on the density

functional theory with the projector-augmented plane wave

method used in the Vienna ab initio simulation package

(VASP) (Blöchl, 1994; Kresse and Furthmüller, 1996). The

electron exchange-correlation energy was described by GGA-

PBE (Perdew et al., 1996) and the cut-off energy was set to 500 eV

(Monkhorst and Pack, 1976). The structural optimization was

performed until the energy change per atom was less than

10–5 eV, the forces on atoms were less than 10–4 eV Å−1, all

the stress components were less than 0.02 GPa, and there was a

maximum displacement of 5.0 × 10−4�A. The k-point meshes

were set as 12 × 11 × 1 to ensure the energy convergence. We took

a 20 Å thick vacuum slab insertion to model the periodic

structure of the monolayers. We used the Boltzmann

transport equation based on the relaxation time

approximation to calculate the thermoelectric transport

coefficients (Madsen and Singh, 2006).

κl is mainly dominated by anharmonic phonon–phonon

scattering. According to the Boltzmann–Peierls theory and the

relaxation time approximation, κl is computed by (Yue et al.,

2022):

καβL (T) � 1
NqΩ

∑
q,j
Cq,j(T)υαq,jυβq,jτq,j(T) (2)

whereNq is the number of wave vectors,Ω is the unit cell volume,

α and β are Cartesian coordinate directions, Cq,j is the specific

heat capacity of the jth phonon branch at the crystal momentum

q, υq,j is the phonon group velocity obtained from the harmonic

phonon frequency, and τq,j is the phonon lifetime. The harmonic

phonon frequency was calculated by constructing a 4 × 4 ×

1 supercell based on the finite displacement method, as

implemented in the Phonopy package (Togo et al., 2008). The
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anharmonic third-order interatomic force constants (3rd-IFCs)

were computed by constructing a 4 × 4 × 1 supercell with the

cutoff value of the fifth nearest neighbor. By combining the 2nd-

IFCs and 3rd-IFCs, κl was obtained through the ShengBTE code

(Li et al., 2014).

3 Results and discussion

3.1 Structural models and electronic
properties

The penta-PdX2 monolayer with the P21/c space group (No.

14) consists entirely of pentagons. The schematic crystal

structures of pentagonal PdX2 (X = Se, Te) are shown in

Figure 1A. The diagram shows that the Pd atom is linked to

four X-atoms, and that the adjacent X-atoms are connected to

each other to form an anisotropic pentagonal structure. The

anisotropy of pentagonal structure determines the anisotropy of

the electron and transport properties. After structural

optimization, the lattice parameter a (b) of penta-PdSe2 and

penta-PdTe2 are 5.71 (5.90) and 6.14 (6.44) Å, respectively, which

are consistent with previous theoretical calculations (Bardeen

and Shockley, 1950) (see Table 1).

To determine the electronic properties of the PdSe2 and

PdTe2 monolayers, we calculated the respective energy band

structures and electronic density of states (DOS), as shown in

Figure 1, Supplementary Figure S1 of the Supporting Information

(SI). All materials exhibited semiconducting band structures with

indirect bandgaps for the penta-PdSe2 (1.31 eV) and PdTe2
(1.26 eV) monolayers. Combined with the partial DOS

(Supplementary Figure S1 of SI), the conduction and valence

bands weremainly composed of Pd_d and X_p orbitals. In penta-

PdSe2, the valence band maximum (VBM) and conduction band

minimum (CBM) occurred in the Γ-X and Γ-S paths,

respectively, as shown in Figure 1B. In penta-PdTe2, the CBM

values were close to the degenerate minima in the Γ-Y and Γ-X
paths with a difference of 2 meV only.

3.2 Electronic transport properties

The carrier mobility can be calculated using the deformation

potential theory, which is based on the electron–acoustic phonon

scattering mechanism, and can be expressed as follows (Bardeen

and Shockley, 1950):

μ2D � eħ3C2D

kBTm*mdE2
l

(3)

where ħ, kB, T, and m* are the reduced Planck constant,

Boltzmann constant, temperature, and effective mass along

the transport direction, respectively. md is the average effective

mass, decided by the effective masses along the x and y transport

FIGURE 1
(A) Schematic of the top and side view of the penta-PdSe2monolayer; the unit cells aremarked by the black line. (B) Band structure of the PdSe2
and (C) PdTe2 monolayers. The horizontal line indicates the Fermi level. The high symmetry k points are: Γ(0 0 0), X (0.5 0 0), M (0.5 0.5 0), Y (0 0.5 0),
and S (0.39 0.5 0).

TABLE 1 Lattice parameters (a ,b), the thickness of monolayer
materials (h), and bandgap (Eg) at the PBE level.

Materials a (Å) b (Å) h (Å) PdSe(Te) (Å) Eg (eV)

PdSe2 5.71 5.90 1.52 2.46 1.31

PdTe2 6.14 6.44 1.70 2.63 1.26
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directions. C2D represent the elastic modulus, which can be

expressed as C2D � 1
s0

z2E
z( l

l0
)2, where E, l, l0, and S0 are the total

energy, lattice constant after and before deformation, and area of

the unit cell, respectively. By fitting the band-edge curve, we can

obtained the deformation potential constant El.

The parameters calculated at 300 K are listed in Table 2 and

include the effective mass neutrality, the elastic modulus, the

deformation potential and the carrier mobility. As Table 2 shows,

the anisotropy of the PdSe2 and PdTe2 structures causes them to

exhibit anisotropy in all of the above parameters. In the

x-direction, the effective mass of the holes was smaller than

that of the electrons, particularly for the PdSe2 monolayers,

which is in good agreement with their dispersive band

structures (Figure 1). In the y-direction, the effective mass of

the electrons (0.51) of PdSe2 was smaller than that of the holes

(1.41), whereas the opposite results were found in the PdTe2
monolayers. The deformation potential of the holes in the

monolayer materials was smaller than that of the electrons in

both directions, which reflects the lower scattering rate due to the

hole–acoustic phonon interaction and larger carrier mobility. As

listed in Table 1, the penta-PdX2 monolayer exhibited high hole

mobility at 300 K. For p-type doping, the small potential constant

along the y transport direction indicates high hole mobility. The

hole mobilities along the x(y) directions were 620 (1230) and

1063 (1817) cm2 V−1 s−1 for the PdSe2 and PdTe2 monolayers,

respectively which mark them as showing a great advantage in

electron transport.

The relaxation time can be obtained using the following

equation:

τ � m*μ
e

(4)

The temperature-dependent relaxation times of electrons

and holes along the x and y transport directions is shown in

Figure 2. In agreement with our predictions, the relaxation times

also exhibit significant anisotropy, and the holes lifetime

(Figure 2A) was significantly longer than that of the electrons

because of the weaker hole phonon scattering (Figure 2B). The

results demonstrated that the individual anisotropy of the

TABLE 2 Calculated deformation potential (El), elastic constant (C2D), effective mass of carrier (m*), average effective mass (md), carrier mobility (μ),
relaxation time (τ) of the electron (e) and hole (h) along different directions (D) at 300 K, and average Debye temperatureθD (K).

Carrier D C2D El m* md μ τ(fs) θD

PdSe2 h x 2.34 1.22 0.81 1.07 619.88 285.86 63

y 3.83 0.84 1.41 1.07 1229.46 986.97

e x 2.34 3.32 14.68 2.74 1.80 15.07

y 3.83 3.73 0.51 2.74 67.32 19.55

PdTe2 h x 1.44 1.01 0.54 0.84 1063.47 326.95 45

y 3.18 0.74 1.30 0.84 1817.26 1345.03

e x 1.44 2.09 0.87 1.12 115.61 57.27

y 3.18 1.80 1.44 1.12 207.96 170.49

FIGURE 2
Relaxation time of the (A) holes and (B) electrons of the PdSe2 and PdTe2 monolayer along the x and y transport directions.
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relaxation times was mainly due to differences in the effective

masses in x and y transport directions. Among all p-type

candidates, The PbTe2 monolayer had the largest amount of

relaxation time variation with temperature along the y-direction,

which is mainly due to the smallest potential constant El and

average effective mass m* at the VBM.

The calculated S and σ/τ along the x and y transport directions

at 300 K as functions of the carrier concentration (n) of the PdSe2
and PdTe2 monolayer are plotted in Supplementary Figures S2, S3

of SI, respectively. With increasing n, S decreased while σ/τ

increased. The transmission coefficients S and σ can be treated

with the degenerate-doped single parabolic model, where S and σ
were expressed as:

S2D � 2π3k2BT

3eh2n
m* (5)

σ � ne2τ
m*

(6)

In the single parabolic band, S decreased as n increased,

whereas σ linearly increased with n. Compared with p-type

doping (Figure 3A), the S of n-type doping was higher for a

fixed n (1013 cm−2). This is because the electron effective mass lies

at the edge of conduction band. The isoenergy surfaces enabled

analysis of the shape of the electron band. The isoenergy surfaces

of the PdX2 monolayer were plotted (Figure 4), and the results

suggested that a single pocket appear only in the Γ-X path for

p-type doping, whereas multiple degenerate isoenergy pockets

occurs for n-type doping. These results are consistent with

previous reports on the significant enhancement of S owing to

multiple degenerate bands at the band extrema (Xing et al., 2016;

Huang et al., 2021). In p-type doping, the two-pocket properties

(Figure 1C) increased S for PdTe2 in penta-PdX2 at room

temperature. S decreased from PdSe2 to PdTe2 at

temperatures above 600 K, which can be ascribed to the dual

polarization effect caused by the reduced bandgap. Meanwhile, a

larger hole’s effective mass increased S along the y-direction for

the PdSe2 and PdTe2 monolayers. The electrical conductivity

during the relaxation time is inversely proportional to S, (as

shown in Figure 3A and C) of the SI. In addition, the higher

carrier pocket degeneracy and effective mass favor a higher S for

FIGURE 3
(A,C) Calculated Seebeck coefficient of penta-PdSe2 and penta-PdTe2 as a function of temperature and electrical conductivity. (B,D) Function
of the carrier concentration at 300 K along the x and y directions under p-type (top panels) and n-type (bottom panels) doping.
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n-type doping. Among them, n-type doped PdTe2 obtained the

largest S in the x- or y-direction.

Electrical conductivity was determined based on the

relaxation time τ. Figures 3B,D show the electrical

conductivities of the PdSe2 and PdTe2 monolayers at 300 K in

p-type and n-type doping. The p-type electrical conductivity was

higher than the n-type electrical conductivity because of the

higher carrier mobility and longer carrier lifetime. In p-type

doping, the electrical conductivity along the y-direction was

larger than that along the x-direction, although the effective

mass of the holes in the y-direction was higher. Similar behavior

was observed for n-type doping. This trend is mainly attributed

to the significantly larger elastic constant in the y-direction,

which increased τ in all temperature ranges.

PF is used to evaluate the ability of a material to convert

electrical energy. The determined PF in this study is plotted in

Figure 5. A higher electrical conductivity combined with a

suitable S achieved a higher PF for p-type doping. In

particular, for PdTe2, the highest PF during p-type and

n-type doping at 300 K reached 300 mWmK−2 along the

y-direction (Figure 5A) and 90 mW mK−2 (Figure 5B),

respectively.

3.3 Thermal transport properties

We analyzed the thermal transport properties of the PdX2 (X =

Se, Te) monolayer based on the harmonic and anharmonic effects.

Phonon spectra were obtained from the harmonic interatomic force

constants, as shown in Supplementary Figure S4 of SI. Heavier

elements and a small force constant have lower vibration

frequency. The maximum phonon vibrational frequency gradually

decreased from the PdSe2 to PdTe2 monolayers, indicating the

suppressed phonon vibrations and shift of the optical branches

toward lower energies, thereby achieving strong interactions

between the phonon modes and decreasing κl. Using the

harmonic (2nd) and anharmonic (3rd) interatomic force constants,

κl of the PdSe2 and PdTe2 monolayers were obtained, as shown in

Figure 6A. In general, κl decreased with increasing temperature owing

to the low-frequency phonons (Figure 6B) and demonstrate

FIGURE 4
Constant energy surface of (A) penta-PdSe2 and (B) penta-
PdTe2. The top images denote the highest valence with the energy
of 0.1 eV less than the VBM, and the bottom images denote the
lowest conduction band with the energy of 0.1 eV more than
the CBM.

FIGURE 5
Calculated (A) p-type and (B) n-type power factor (σS2) of penta-PdSe2 and penta-PdTe2 as a function of the carrier concentration at 300 K
along the x- (solid lines) and y- (dotted lines) directions.
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anisotropy along different directions. At 300 K, the calculated κl was

3.99 (10.58) and 0.41 (0.83) Wm−1K−1 for PdSe2 and PdTe2,

respectively, along the x(y) transport directions. These results are

comparable to other thermoelectric materials with superior

thermoelectric properties, such as monolayer SnSe (3Wm−1K−1)

(Zhang et al., 2016), bulk SnSe (0.62Wm−1K−1) (Xiao et al., 2016),

Ge4Se3Te (1.6Wm−1K−1) (Huang et al., 2021), silicene

(2.86Wm−1K−1) (Peng et al., 2016), germanene (2.4Wm−1K−1)

(Peng et al., 2017), and GeSe (2.63Wm−1K−1) (Liu et al., 2018b).

Therefore, κe is a vital factor in the ZT evaluation owing to the low κl.

To analyze κl, we obtained the phonon group velocity and

lifetime. The lower thermal conductivity is mainly attributed

to the decreasing phonon velocity from PdSe2 to PdTe2, as

shown in Figure 6C. Compared to the PdSe2 monolayer, the

PdTe2 monolayer exhibited a shorter phonon lifetime, as

shown in Figure 6D, indicating that the PdTe2 monolayer

exhibits a considerably higher scattering rate and anharmonic

feature, which can also be obtained from the phonon spectra.

The scattering probability of the emission and absorption

processes can be described by the frequency-dependent

scattering phase space. The scattering phase spaces of the

emission and absorption processes at 300 K are shown in

Supplementary Figure S5 in the SI. The suppressed

phonons increased the scattering phase space and enhanced

the anharmonic feature, resulting in decreased thermal

conductivity from PdSe2 to PdTe2 in the low-frequency

region.

To further analyze the anharmonic feature, the difference in

the charge density was computed as:

Δρ � ρMX2 − ρM − ρX2 (7)

where ρMX2, ρM, and ρX2 are the total charge density, charge

density of the metal atoms, and chalcogen atoms, respectively.

Lower charge density was accumulated on the Pd–Te bonds of

PdTe2, compared to PdSe2, suggesting that penta-PdTe2 was

significantly softer than PdSe2 with a strong anharmonic effect, as

shown in Figure 7. Furthermore, the average acoustic Debye

temperature (θD) was evaluated using the formula:

FIGURE 6
(A) Lattice thermal conductivity as a function of temperature, (B) phonon contributions toward the total lattice thermal conductivity, (C) phonon
velocity, and (D) phonon lifetime of the penta-PdSe2 and penta-PdTe2 monolayers.
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1

θ3D
� 1
3
(

1

θ3ZA
+ 1

θ3TA
+ 1

θ3LA
) (8)

where θi (i = ZA, TA, LA) is obtained by θi � hvi,max/kB, where h,

kB, and vi,max are the Planck constant, Boltzmann constant, and

the maximal phonon frequency of the ith acoustic phonon mode,

respectively. The θD values of the PdSe2 and PdTe2 monolayers

were 63 and 45 K, respectively. The lowDebye temperature is due

to the weak interatomic bonding of the PdTe2 monolayer, which

suggested more phonons could participate in the scattering

process, thereby reducing κl.

3.4 Quality factor

The dimensionless thermoelectric ZT was analyzed. κe was

calculated using the Wiedemann–Franz law (Jonson and Mahan,

1980):

FIGURE 7
Difference of the charge density of the (A) penta-PdSe2 and (B) penta-PdTe2 monolayers, respectively. The red and green regions denote the
charge accumulation and depletion, respectively. The charge density isosurfaces were set to 0.05 eÅ−3.

FIGURE 8
Figure of merit ZT of the penta-PdSe2 and penta-PdTe2 monolayers under (A) p-type and (B) n-type doping as a function of the carrier
concentration at 300 K along the x and y directions.
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κe � LσT (9)
where L is the Lorenza number (L = 2.45 × 10–8 WΩK−2). κe of the

PdSe2 and PdTe2 monolayers at 300 K are shown in

Supplementary Figure S6 of the SI, which was similar to κl. κe
in the y-direction was larger than that in the x-direction owing to

the high electronic conductivity in the y-direction. The larger κe
and κl in the y-direction also prove that the thermoelectric

properties were worse along the y-direction than along the

x-direction.

The ZT values for p- and n-type doping of the monolayer

materials at 300 K along the x and y directions are plotted in

Figure 8. The ZT values of the p-type-doped PdSe2 and PdTe2
monolayers were larger than those with n-type doping because

of the higher electronic conductivity. Owing to the smaller κl
and higher PF, the PdTe2 monolayer obtained the largest ZT

values, regardless of the doping type. In particular, the

calculated ZT of the p-type- and n-type-doped PdTe2
monolayers along the x- (y-) direction were 5.2 (6.6) and

2.1 (4.4), demonstrating PdTe2 as a promising thermoelectric

candidate.

4 Conclusion

In this study, we systematically investigated the electronic

structures, electronic transport, and thermal transport

properties of pentagonal PdX2 (X = Se, Te) monolayers

using first-principles calculations and with Boltzmann

transport theory. The PdSe2 and PdTe2 monolayer

semiconductors had bandgaps of 1.31 and 1.26 eV,

respectively. The anisotropic crystal structure of penta-PdX2

(X = Se, Te) achieved anisotropic transport properties. At the

optimized doping concentration, the PdSe2 and PdTe2
monolayers with p-type and n-type doping along the x- (y-)

directions obtained PF of up to 30 (120) and 70 (300)

mWm−1 K−2, and 1 (7) and 9 (88) mWm−1 K−2, respectively.

The shorter phonon lifetime of penta- PdX2 decreased κl. In

particular, the κl values were 3.99 (10.58) and 0.41 (0.83)

Wm−1K−1 for PdSe2 and PdTe2 along the x- (y-) direction at

300 K, respectively. Owing to its smaller phonon group velocity

and larger scattering space, PdTe2 exhibited lower thermal

conductivity. The reasonable PF and low κl imply that the

optimal ZT values of p-type and n-type-doped PdTe2 along the

y-direction at the optimal doping concentrations of 6.6 and 4.4,

respectively, indicating that the PdTe2 monolayer is a

thermoelectric material with excellent properties.
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Two-dimensional (2D) material is the promising for next-generation

information technology. The recently discovered intrinsic magnetic crystals

have simulated a renaissance in 2D spintronics, which provides an ideal platform

for exploring novel physical phenomena. However, current experimental trial-

and-error methods in discovering new spintronic material are still very

expensive and challenging. In contrast, based on well-developed first-

principles calculations, computationally designing the spintronic materials

provides a more efficient way for exploring new ferromagnetic (FM)

materials and understanding the nature of magnetic properties. Several

predictions, such as CrI3 monolayer, CrGeTe3 bilayer, CrSBr monolayer,

FeCl2 monolayer, and Fe3GeTe2 monolayer have been confirmed by

experiments, showing the great performance of computational approaches.

This minireview article attempts to give a brief of discovering intrinsic 2D

spintronics from theoretical aspect, and in particular, we emphasize roles

played by calculation based on first-principles methods in designing 2D FM

materials and devices. The current challenges and proposals on future

developments of 2D spintronics are also discussed.

KEYWORDS

two-dimensional, ferromaganetism, semiconductor, first-principal calculations, 2D
spintronics

1 Introduction

Due to non-volatility, lower energy consumption, and faster information operation

compared to controlling a charge current, spintronic devices that use the spin of an

electron for information processing have attracted worldwide interest [1–7]. Just as

graphene, TMS2 (TM = Mo, W), and black P revolutionized condensed matter, the

introduction of 2D van der Waals (vdW) magnetic materials promises to open new
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horizons in materials science and enable the potential

development of spintrons [8–11]. In fact, 2D magnetism has

been studied for decades but only recently they have been

experimentally verified. The recent exciting 2D ferromagnetic

breakthroughs, such as CrI3 monolayer, Fe3GeTe2 monolayer,

CrGeTe3 bilayer, and CrSBr monolayer exfoliated from their

vdW bulk, have promoted research into new magnetic properties

and creative concepts [1,2,11–17].

Traditional trial and error experiments have no clear goals

and guidelines, and face the fundamental challenges of long time

and high cost. Computational simulations are an important first

step in exploring possible applications of new materials. It not

only can predict new 2D materials, but also suggest possible

routes for their synthesis. Many interesting cases have been

confirmed by experiment, such as the growth of borophene,

ferroelectricity in SnTe. Compared to other computational

methods, the first-principles approach, which is an effective

method to study new materials, is the most widely used tool

in designing new materials, requiring very few fundamental

physical constants and atomic position coordinates. In fact,

the rapid development of 2D FM materials benefits from

theoretical simulation. From the theoretical point of view,

magnetic anisotropy, which can improve the stability of

magnetic information, can break the Mermin-Wagner

theoryopening the door for 2D long-range FM materials.

Firstly, ultra-thin VSe2 had been predicted to be intrinsic

ferromagnetism theoretically in 2012, and has been confirmed

by recent experiment [18–21]. The recent star ferromagnetic

CrGeTe3 bilayer, CrI3 monolayer, CrSBr monolayer, FeCl2
monolayer, and Fe3GeTe2 monolayer were also first predicted

theoretically [22–26], and they have recently been experimentally

made [1,2,11,14,15], which show the strong power of first-

principles calculations in designing these spintronics materials.

This minireview will summarize recent progress of 2D

intrinsic FMSs in theoretical side and show the importance of

first-principles calculations in designing new materials. Firstly,

we give the reason why ferromagnetic order exists in 2D space

theoretically. Then, we summarized the discovery processes and

magnetic properties of recent landscape of several 2D

ferromagnetic semiconductors, using 2D CrI3, CrSBr, and

CrGeTe3 as the examples, respectively. Finally, we highlight

the problems existing in the designed 2D FM materials and

suggest possible directions for further development of

computational simulations.

2 Results and discussion

2.1 Importance of MAE in low dimensional
magnetic materials

Theoretically, spontaneous FM order takes place in three-

dimensional (3D) system for isotropic Heisenberg model at finite

temperatures, but is completely prohibited by the thermal

fluctuations in 2D isotropic Heisenberg model according to

the Mermin–Wagner (M-W) theorem. For 2D isotropic

Heisenberg ferromagnet, due to the absence of a spin wave

excitation gap, the diverging Bose-Einstein statistics at zero

energy, and the abrupt onset of magnon density of states

(DOS), there will be plenty of excitations of magnons at

nonzero temperatures, which would cause the long-range spin

ordering to collapse and giant magnon excitations (Figure 1A).

However, the presence of uniaxial magnetocrystalline anisotropy

(UMA) can open up the magnon excitation gap, which resists the

thermal agitations (Figure 1B). This removes theM-W restriction

by breaking the continuous rotational symmetry of the

Hamiltonian and leads to the finite Curie temperature (TC)

[6]. As the materials evolves from 2D to 3D, the density of

states (DOS) spectrum of magnon has changed from a step

function to a gradually increasing function with zero DOS at the

threshold of excitation (Figures 1C,D). As a result, in 3D system,

UMA is not the prerequisite for the existence of long-range FM

order at finite temperature. As a result, MA is important in 2D

magnets, which not only effects magnetic properties, but also is

necessary to stabilize magnetic order in the 2D space limit.

The previous works show that the sizable MAE mainly arises

from the strong SOC [27–30]. In addition to the SOC

contribution, the shape anisotropy caused by the dipolar

interaction also contributes to the MAE [24,31]. It is worth

mentioning that the quantitative microscopic origin of MA is

still an open question and the 2D magnetic materials usually

possess small MAE (below meV), which is difficult to be

measured directly. Therefore, it is in longing need of careful

examination andmore theoretical efforts will be spent to discover

effective strategy to enhancing the MAE or searching new 2D FM

materials with sizeable MAE.

2.2 Prediction of 2D magnetism

Magnetism usually originates from the spin of unpaired

electrons in partially filled d or f orbitals. According to

characteristics of electronic structures, the FM materials can

be clearly classified into three types: ferromagnetic

semiconductors (FMS), ferromagnetic metals (FMM) (Figure

1G), and ferromagnetic half-metals (FHM) (Figure 1F). Based

on the easy magnetization directions, there are three forms of

Heisenberg, XY, and Ising ferromagnet, respectively, as shown in

Figure 1H. The Heisenberg ferromagnet has no MA; the XY

ferromagnet possesses an easy magnetization plane, in which

spin can rotate freely in the whole plane; and the Ising

ferromagnet exhibits an out-of-plane easy axis.

FMS (Figure 1E), both spin-up and spin-down channels with

semiconducting gaps, combines the advantages and properties of

both semiconductors and magnets, which can be applied for spin

injection, spin manipulation, and spin detection [32]. The history
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of the discovery of the typical 2D FMS, CrI3 monolayer

(Figure 1I), illustrates the power of first-principles

calculations, and shows the intimate interaction between

experiment and theory, which greatly accelerates the discovery

of new materials. The layered vdW bulk CrI3 possesses Ising

ferromagnetism below the TC of 61 K with strong UMA [33]. Its

monolayer was first predicted to be intrinsic FMS with TC of 95 K

by using Monte Carlo (MC) simulations and large MAE (685

μeV/Cr), and could be easily exfoliated from the bulk crystals

[34]. The other theoretical work showed the its TC was 107 K and

can be further increased to 293 K by hole doping [22]. By lithium

atom adsorption, the CrI3 monolayer can be switched from

semiconducting to half-metallicity, which can further enhance

the ferromagnetism of CrI3 sheets [35]. Excitingly, 2 years later,

this CrI3 monolayer was exfoliated from its layered bulk

successfully, and its intrinsic long-range ferromagnetic order

was also confirmed by scanning magneto-optic Kerr

microscopy with the TC of 45 K (Figure 1J) [1], which

provides an ideal platform for the application of 2D

spintronics. For CrI3 bilayer, the first-principles calculations

show that it is interlayer antiferromagnetically coupled [36],

and further theoretical study shows that the stacking order

defines the antiferromagnetic (AFM) coupling, [37]. This

result was confirmed by recent experiment [38], and the

magnetic order of CrI3 bilayers can further transfer from

AFM to FM order by electric fields [39] and pressure [40]. In

FIGURE 1
(A–D) Spin wave excitations in ferromagnets of different dimensionalities Reproduced with permission [6]. Copyright©2019 American
Association for the Advancement of Science (AAAS). (E–G) Schematic DOS for three types of ferromagnetic semiconductor, half-metal, and metal
materials. (H) Spin symmetries of MA for Heisenberg model, XY model, and Ising model, respectively. Reproduced with permission.
Copyright©2020 John Wiley and Sons Australia. (I) The structure of CrI3 monolayer. (J) Polar MOKE signal for a CrI3 monolayer. Reproduced
with permission [1]. Copyright©2017 Springer Nature.
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addition, the isostructure vdW layered CrBr3 and CrCl3 also have

FM ordering, and the previous predicted CrBr3 monolayer and

CrCl3 bilayer has been confirmed by recent experiments (Figures

2A–C) [12,13,41], showing the accuracy and efficiency of

computational predictions.

Another typical 2D FMS is CrXY3 (X = Si, Ge, and Sn; Y = S,

Se, and Te). In 2014, Yang’s group demonstrates the possibility of

2D intrinsic FMSs by exfoliating layered crystals of CrMTe3 (M =

Si, Ge) through first-principles calculations, and the 2D FM order

can persist up to 35.7 K (CrSiTe3) or 57.2 K (CrGeTe3) based on

classical Heisenberg model in MC simulations [23]. Then,

Sivadas et al. show that CrSiTe3 monolayer is an

antiferromagnet (AFM) with a zigzag spin texture contrary to

other studies, whereas CrGeTe3 is a FMS with a TC of 106 K

based on Heisenberg model. Zhuang et al. have performed

accurate hybrid density functional methods to predict that

CrSnTe3 monolayer is a FMS and the calculated TC is about

170 K, which is higher than those of CrGeTe3 (130 K) and

CrSiTe3 (90 K) monolayers based on Ising model [42, 43].

After that, Gong et al. confirmed the intrinsic long-range FM

order in pristine 2D CrGeTe3 bilayer via scanning magneto-optic

Kerr microscopy and the measured TC is about 30 K (Figure 2D)

FIGURE 2
(A) Normalized temperature-dependent dc resistance of CrX3 (X = I, Br, and Cl) at constant current of 0.1 nA. Insets show schematics of the
spin-dependent tunnel barrier for AFM and FM interlayer coupling. MCD measurements on CrBr3. (B) Low-temperature MCD vs B⊥ and (C)
temperature-dependent normalized MCD at zero field (MCD↑(↓) (T) = MCD↑(↓),5K)for 1L, 2L, and 3L CrBr3. Reproduced with permission [41].
Copyright©2018 National Academy of Sciences. (D) Experimental (blue squares) and theoretical (red circles) field dependence of TC in samples
of various thickness. Reproducedwith permission [2]. Copyright©2017 Springer Nature. (E) The structure of CrSBrmonolayer and (F) evolution of spin
magnetic moment with respect to temperature of CrSX (X = Cr, S, and Br) monolayers. Reproduced with permission [25], Copyright©2018 Royal
Society of Chemistry. (G) Atomic force microscopy image of an exfoliated flake of varying thicknesses from one to seven layers for CrSBr and (H)
square roots of the average SHG intensities of monolayer CrSBr as a function of temperature. Reproduced with permission [11].
Copyright©2018 American Chemical Society.
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[2]. Although the value of calculated TC for CrGeTe3 is higher

than that of experiment, the first-principles method is still an

important tool to fuel the discovery of novel 2D FM materials

and guide experimental understanding. Unfortunately, CrGeTe3
monolayer was not still confirmed, and the nature of magnetism

in this monolayer needs more effort to be paid.

A class of 2D magnetic materials, CrMN (M = O, S, Se, and

Te; N = Cl, Br, and I) will crystakize in the space group Pmmn,

which has a vdW layered structure in the z-axis direction. As

early as in 2018, our group shows that the FMS CrSX (X = Cl,

Br, and I) monolayers possess high hole mobilities

(103 cm2V−1s−1) and TC (150–170 K) (Figures 2E,F), which

are competitive candidates for next-generation spintronics

and electronics [25]. Then, Wang et al. have extensively

explored the ferromagnetic properties of CrCX (C = S, Se,

and Te; X = Cl, Br, and I) monolayers and found that they

show extremely large anisotropy [26]. Recently, Millimeter-

size CrSBr single crystals were grown by chemical vapor

transport from Cr and S2Br2 [11] and was confirmed to be

a layered vdW A-type AFM with a bulk Néel temperature (TN)

of 132 K [25,26,44]. Interestingly, CrSBr monolayer was easily

exfoliated from its bulk and the experiment value of TC is

about 146 K (Figures 2G,H) [11], which is in good agreement

with what we predicted. Besides, several other 2D Cr-based

semiconductors such as CrOCl, CrOBr [45], CrOF [46],

Cr2I3X3 (X = Br, and Cl) [47], Cr2O3 [48], were also

predicted to possess robust FM order. Although the rapid

development of theoretical work has generated a lot of very

important results, the presently demonstrated 2D FMSs are

still rare and more efforts should be paid to searching or

designing interesting materials.

3 Conclusion and outlook

2D FM materials have received widespread attention and

form the basis for next-generation nanoscale spintronics. Based

on the first-principles simulations, plenty of theoretical efforts

have been devoted to designing low-dimensional FM materials,

and some of them have been confirmed later by experiment,

which has promoted the rapid development of 2D magnetism

field. Several interesting cases including 2D ferromagnetic

semiconductors have been discussed in this minireview,

showing the strong power of first-principles methods. The

comparison between simulation and experiment proves the

accuracy and efficiency of the calculation and prediction. As

an important tool, first-principles calculations will remain a key

component of designing materials, providing guidance for the

development of spintronics. It should be emphasized that

although great recent successes have been made, the study of

2Dmagnetism is still in its infancy, and searching for high 2D TC
intrinsic ferromagnetism is still a current hotspot. Several key

challenges are still needed to be overcome in the future as follow:

(1). Designing new members of 2D FM materials with high

TC, large out-of-plane MAE, and easy experimental

accessibility. On one hand, the types of 2D FM materials

confirmed experimentally are rather limited, and should be

enriched further. On the other hand, the present 2D FM

materials suffer the problem of low TC and small MAE, greatly

limit their application scope. One need to investigate the

factors that affect Curie temperature (such as the exchange

interaction and the magnetic anisotropy), and then find

appropriate strategies to increase TC. Synthesizable 2D FM

materials with high temperature TC and sizable MAE are still

highly desirable.

(2). Improving the accuracy of theoretical prediction. Due to

limitations of standard DFT theory, close cooperation

between theory and experiment is needed to combine the

advantages of both to accelerate the discovery and synthesis of

2D FMmaterials. For example, the predicted TC with the Ising

model and mean field theory are usually overestimated

compared with experiment values [49]. MC simulation

based on Heisenberg model appears to be more reliable in

the accurate prediction of TC, which is also very important to

model new systems for practical applications.

(3). Making full use of rapid development of the 2D database.

To take the advantage of the established database, high-

throughput method [50–53] and machine learning [54–56]

models need to be developed to reduce the number of required

objective function evaluations (first-principles calculations)

and avoid the amount of computational cost. These methods

offer new tools for designing new 2D FM materials to

overcome the challenges in the practical application of

information technologies.
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Recently, biphenylene was successfully synthesized as a novel allotrope of

carbon. In this investigation, non-equilibrium molecular dynamics calculations

are conducted to explore the intrinsic thermal properties of biphenylene. The

isotropic thermal conductivity of biphenylene is obtained, which is also sensitive

to size and temperature. Furthermore, the graphene/biphenylene lateral

heterostructure is constructed to possess an interfacial thermal conductance

of about 2.84 × 109 W K−1 m−2. The external tensile strain can induce a redshift of

the vibrational density of states of pristine graphene and biphenylene, and the

improved overlap also results in an enhanced heat flux in the biphenylene/

graphene heterostructure. Our approach can provide theoretical guidance to

design a thermal management device based on graphene and biphenylene.

KEYWORDS

biphenylene, thermal conductivity, biphenylene/graphene heterostructure, interfacial
thermal conductance, strain effect

Introduction

After the graphene was prepared by the Geim using a mechanical stripping method

[1]; two-dimensional (2D) materials attract extensive attention because of their novel

performance and promising applications [2–8]. Specifically, transition metal

dichalcogenides (TMDs) and transition metal carbides or carbonitrides (MXene) have

also been proposed to rise rapidly [9–12]. Their unique layered structure endows unusual

physical and chemical properties, such as high mechanical strength [13] and excellent

thermal [14], magnetic [4], and optical performance [15]. For example, when GeC

changes from an indirect band gap to a direct band gap, it can maintain structural stability

under high pressure [16]. Interestingly, the band gap of arsenene can be changed under

OPEN ACCESS

EDITED BY

Guangzhao Wang,
Yangtze Normal University, China

REVIEWED BY

Chengyong Zhong,
Chongqing Normal University, China
Tang Yong,
Huanghuai University, China

*CORRESPONDENCE

Jianping Li,
szyljp0170@szpt.edu.cn

SPECIALTY SECTION

This article was submitted to Physical
Chemistry and Chemical Physics,
a section of the journal
Frontiers in Physics

RECEIVED 31 October 2022
ACCEPTED 14 November 2022
PUBLISHED 25 November 2022

CITATION

Cui Q, Ren K, Zheng R, Zhang Q, Yu L
and Li J (2022), Tunable thermal
properties of the biphenylene and the
lateral heterostructure formed with
graphene: A molecular
dynamics investigation.
Front. Phys. 10:1085367.
doi: 10.3389/fphy.2022.1085367

COPYRIGHT

© 2022 Cui, Ren, Zheng, Zhang, Yu and
Li. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 25 November 2022
DOI 10.3389/fphy.2022.1085367

63

https://www.frontiersin.org/articles/10.3389/fphy.2022.1085367/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1085367/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1085367/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1085367/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1085367/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1085367&domain=pdf&date_stamp=2022-11-25
mailto:szyljp0170@szpt.edu.cn
https://doi.org/10.3389/fphy.2022.1085367
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1085367


the effect of stress. Research studies found a novel phenomenon,

especially for folded arsenene: when 6% stress is applied, the gap

of arsenene will be closed [17].

Thermal behaviors of 2D materials act as critical factors in heat

dissipation when used as nano-devices, and the heat transport will

directly determine the efficiency [18, 19]. Thus, research on the

thermal properties of 2D materials has become a hotspot. For

example, Balandin et al. measured the thermal conductivity of a

suspended graphenemonolayer in a room-temperature environment

for the first time using the Raman method [20]. The measurement

results show that its thermal conductivity is much higher than that of

diamond and graphite block, reaching about 4,840–5,300Wm−1 K−1.

Cai et al. obtained the thermal conductivity of the suspended

graphene monolayer using the same method and simultaneously

measured the Raman laser absorption of graphene using a laser

power meter [21]. The results demonstrate that the thermal

conductivity of the graphene monolayer grown by chemical vapor

deposition (CVD) was about 2,500–3,100Wm−1 K−1 and

1,200–1,400Wm−1 K−1, at the temperatures 350 K and 500 K,

respectively. Interestingly, when two different layered materials

form a lateral heterostructure, the phonons can scatter when

passing through the interface, resulting in interfacial thermal

conductance [22]. For example, topological defects can improve

the interfacial thermal conductance of graphene/h-BN from

6.42 × 109WK−1 m−2 to 7.09 × 109WK−1 m−2 [23]. The

interfacial thermal conductance of the black phosphorene

heterostructure can be reduced using a nanophononic structure

[24]. In addition, the covalent interface of the lateral

heterostructure can evidently induce a temperature drop, which is

a critical factor for interfacial thermal conductance [25]. Recently, a

novel non-benzenoid carbon allotrope was prepared [26], named

biphenylene, which shows metallic characteristics [26]. It is an anti-

aromatic compound and possesses tunable magnetic properties [27].

In addition, the maximum Young’s modulus of biphenylene is

obtained as 259.7 N/m, and its ultra-high melting point is up to

4,500 K, showing strong mechanical and high stability performance

[28]. In addition, biphenylene has been reported to be a candidate

material for fuel cells [29].

In this work, the thermal conductivity of biphenylene is

addressed using molecular dynamics calculations. Then, the

size and temperature dependence of the thermal conductivity

of biphenylene are addressed. Importantly, the biphenylene/

graphene heterostructure is constructed, and interfacial

thermal conductance is investigated. In addition, the stain-

tunable interfacial thermal conductance of the biphenylene/

graphene heterostructure is studied, and the vibrational

density of states is further explored.

Computational methods

In our simulations, the LAMMPS package was used for all the

molecular dynamics (MD) calculations [30]. The interaction

between the C atoms was described by the Tersoff potential

[3]. The time step was set as 0.5 fs and NPT (isothermal and

isobaric), NVT, and NVE (isovolumetric and isoenergetic)

ensembles were conducted for 500 ps in the MD simulations

to obtain an equilibrium state for the system. Moreover,

Newton’s equations were reflected in the integrated velocity.

The Verlet algorithm was used to show the atomic motion.

The temperature and energy of the studied system were

monitored, and they also present a convergence, further

showing a steady state. In the calculations for the phonon

spectra of the system, the density functional perturbation

theory (DFPT) within the PHONOPY code was used [31, 32].

Results and discussion

In order to investigate the heat transfer characteristics

along the x direction, the nanoribbon of the biphenylene

monolayer is constructed along x, as shown in Figure 1.

Two ends of biphenylene are fixed and hot and cold baths

are used by Nosé–Hoover reservoirs next to the two ends.

Thus, the heat current induced by such a temperature gradient

is obtained along the x direction. The size dependence of

thermal conductivity was considered by setting the width (in

the y direction) of the biphenylene nanoribbon to about 50 Å,

while the length (L, in the x direction) is variable by 411.1,

616.5, 822.8, 1,027.8, and 1,233.4 Å. Similarly, the thermal

conductivity of the biphenylene monolayer along the y

direction is also calculated using the nanoribbon with the

width (in the x direction) of the biphenylene nanoribbon

about 50 Å, while the length (in the y direction) is variable

by 409.1, 614.0, 818.3, 1,022.8, and 1,227.0 Å.

The thermal conductivity κ of pure biphenylene is obtained

by Fourier’s calculation of

κ � J

S · dT/dL, (1)

where J is the heat flux and T and S are the temperature and the

cross-sectional area of the heat flux, respectively [33].

Importantly, dT/dL is obtained by the fitting of the linear

region. In addition, we calculate the heat flux (J) using the

non-equilibrium molecular dynamics (NEMD) method [30]:

J � 1
V
⎡⎢⎢⎣∑

N

i

εivi + 1
2

∑
N

ij,i ≠ j

(Fij · vi)rij

+1
6

∑
N

ijk,i ≠ j ≠ k

(Fijk · vi)(rij + rjk)⎤⎥⎥⎦, (2)

where εi is the energy of the atoms I, while vi represents the

velocity of the atom. rij is used to decide the distance between i

and j. Fij and Fijk are the two-body and three-body forces,

respectively. V is the volume of the studied system. The

thermal conductivity of the biphenylene monolayer is shown
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in Figure 2A with the length ranging from 40 nm to 120 nm at

300 K in the x and y directions. One can see that the biphenylene

monolayer reveals isotropic thermal conductivity, which is

enhanced as the length increases, but it will not increase at a

certain length of about 100 nm. In addition, we obtain the

maximum thermal conductivity of about 52.82 Wm−1 K−1 and

50.97 Wm−1 K−1 in the x and y directions, respectively. In

contrast, the thermal conductivity of the biphenylene

monolayer can be decreased by increasing the temperature, as

shown in Figure 2B, in both x and y directions. In addition, there

is a decent linear relationship between temperature and thermal

conductivity. It is worth noting that the thermal conductivity of

biphenylene in the x direction is higher than that in the y

direction, which is contributed by the higher group velocity in

the x direction because the acoustic branches in the x direction

are steeper than those in the y direction, as shown in Figure 2C.

Then, we construct the lateral heterostructure by biphenylene

and graphene with the length and width as 613.7 and 47.5 Å,

respectively, as shown in Figure 3A, where the interface is

denoted by the blue dashed line. To investigate the interface

properties of biphenylene and graphene, the potential drop (ΔV)
is calculated as shown in Figure 3B. The obtained potential drop

of the biphenylene/graphene interface is 0.326 eV, which is

important to induce a built-in electric field enhancing the

migration of the charges [10]. Then, the stability of the

biphenylene/graphene lateral heterostructure is calculated by

the phonon spectrum, as shown in Figure 3C. One can see

that an imaginary frequency exists in the phonon spectrum of

the biphenylene/graphene lateral heterostructure, suggesting the

stability of the structure. To explore the thermal performance of

the biphenylene/graphene lateral heterostructure, the NEMD

method is also used to obtain the heat flux of the calculated

FIGURE 1
Schematic diagram of heat transfer in the biphenylene monolayer.

FIGURE 2
Thermal conductivity of the biphenylene monolayer by different (A) lengths and (B) temperatures; (C) phonon scattering spectrum of the
biphenylene monolayer along the x and y directions.
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FIGURE 3
(A) Schematic of heat transfer in the biphenylene/graphene lateral heterostructure; (B) potential drop and (C) phonon scattering spectrum of
the interface.

FIGURE 4
Temperature distribution of the biphenylene/graphene lateral heterostructure at (A) 200 K, (B) 250 K, (C) 300 K, and (D) 350 K.
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system. Similarly, hot and cold baths are fixed on biphenylene

and graphene, respectively, by Nosé–Hoover reservoirs as shown

in Figure 3A. Thus, the heat flux is transferred from graphene to

biphenylene. After crossing the interface, the interfacial thermal

conductance of the biphenylene/graphene lateral heterostructure

is further explored by

λ � J

ΔT, (3)

where ΔT is the temperature difference across the biphenylene/

graphene interface. In addition, a free boundary condition was

set in the y-direction and z-direction to build such a nanoribbon

structure for the biphenylene/graphene lateral heterostructure.

The system temperature is decided by the average temperature of

the hot and cold baths.

The temperature difference of the biphenylene/graphene lateral

heterostructure under different temperatures is shown in Figure 4.

Evidently, a large temperature difference is induced across the

interface. The obtained temperature difference of the biphenylene/

graphene lateral heterostructure at 300 K is about 11.02 K. In

addition, the heat flux is calculated as 3.13 × 1010Wm−2; thus,

the interfacial thermal conductance of the biphenylene/graphene

lateral heterostructure is about 2.84 × 109WK−1 m−2. Such a

pronounced temperature drop resulted in phonon scattering

across the interface. In addition, the calculated interfacial thermal

conductance of the biphenylene/graphene heterostructure is higher

than that of other graphene-based lateral heterostructures such as

graphene/BN (about 1.2 × 109WK−1 m−2) [34], graphene/metal

(about 2.50 × 108WK−1 m−2) [35], graphene/phosphorene (about

2.49 × 108WK−1 m−2) [36], and graphene/MoS2 (about 2.49 ×

108WK−1 m−2) [37].

Strain engineering is a popular method to tune the

properties of the 2D materials, such as electronic [38],

thermal [39], and thermoelectric [40] performances. In

general, the thermal conductivity of 2D materials can be

reduced because of the suppressed phonon group velocity

and the improved anharmonicity under external tensile

strain, which is reported by graphene [41, 42]. Thus, we

further investigate the response of the thermal transport of

the biphenylene/graphene lateral heterostructure on external

tensile stress along the x direction. We can see that the heat

flux of the biphenylene/graphene heterostructure is increased

while the interfacial thermal conductance is decreased by the

strain, as shown in Figure 5A and Figure 5B, respectively. To

FIGURE 5
(A)Heat flux, (B) interfacial thermal conductance, and (C) VDOS of the biphenylene/graphene lateral heterostructure under external strain along
the x direction.
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clarify the intrinsic mechanism of the strain-dependent

thermal transport in the biphenylene/graphene

heterostructure, the vibrational density of states (VDOS) of

pristine graphene and biphenylene is calculated, which is

defined as follows [43]:

VDOS(ω) � 1
���
2π

√ ∫
∞

0
eiωtC(t)dt, (4)

where ω and C(t) demonstrate the angular frequency and the

velocity auto-correlation function, respectively. In the

calculations of the total VDOS, C(t) is obtained by

C(t) �〈∑
N

j�1
�vj(0) · �vj(t)〉, (5)

where �vj(t) represents the velocity of atom j, and the ensemble

average is described by 〈 〉. The obtained VDOS in the x direction
and the total VDOS are shown in Figures 5C,D, respectively. It is

worth emphasizing that the increase in strain can result in a

redshift for both graphene and biphenylene. In addition, the

calculated value of the overlap (S) of the total VDOS for graphene

and biphenylene increases from 0.7062 to 0.8392 with strain from

1% to 4% along the x direction, which also explains the enhanced

heat flow by the strain in the biphenylene/graphene

heterostructure.

Conclusion

In conclusion, the non-equilibrium molecular dynamics

calculations in this work demonstrate that biphenylene possesses

isotropic thermal transport characteristics. The thermal conductivity

of biphenylene can be improved by length along the heat flux but

reduced by increasing the temperature. The graphene/biphenylene

heterostructure presents interfacial thermal conductance of about

2.84 × 109WK−1 m−2. In addition, the interfacial thermal

conductance of the biphenylene/graphene heterostructure is found

to be dependent on strain, and the enhanced heat flux by the strain

results from the larger overlap of the VDOS between graphene and

biphenylene.
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Electrical and magnetic
properties of antiferromagnetic
semiconductor MnSi2N4

monolayer
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Two-dimensional antiferromagnetic semiconductors have triggered significant

attention due to their unique physical properties and broad application. Based

on first-principles calculations, a novel two-dimensional (2D) antiferromagnetic

material MnSi2N4 monolayer is predicted. The calculation results show that the

two-dimensional MnSi2N4 prefers an antiferromagnetic state with a small band

gap of 0.26 eV. MnSi2N4 has strong antiferromagnetic coupling which can be

effectively tuned under strain. Interestingly, the MnSi2N4 monolayer exhibits a

half-metallic ferromagnetic properties under an external magnetic field, in

which the spin-up electronic state displays a metallic property, while the

spin-down electronic state exhibits a semiconducting characteristic.

Therefore, 100% spin polarization can be achieved. Two-dimensional

MnSi2N4 monolayer has potential application in the field of high-density

information storage and spintronic devices.

KEYWORDS

two-dimensional materials, antiferromagnetic semiconductor, half metals, electronic
properties, biaxial strain

Introduction

In 2004, the successfully prepared graphene opened a new era of two-dimensional

materials (Novoselov et al., 2004). Subsequently, numerous new systems have already

been discovered, greatly promoting the development of the two-dimensional material

family. Two-dimensional materials have a wide variety of electronic properties, including

metallic, semi-metallic, semiconducting and insulating properties. For example, 1H-MoS2
is a semiconductor with a direct band gap, 1T phaseMoS2 is a metal, while 1T’ phaseMoS2
is semimetal (Hung et al., 2018). In addition, hexagonal boron nitride (h-BN) shows

insulating properties (Liu et al., 2003), and graphene is semimetal (Sheng et al., 2019).

However, many 2D materials lack intrinsic magnetism, such as graphene and MoS2,

which motivates researchers to induce magnetism through defect engineering, adsorption

or insertion of magnetic atoms. However, these schemes are difficult to construct stable
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long-range magnetic order. Therefore, two-dimensional intrinsic

ferromagnetic materials have aroused tremendous attention.

According to Mermin-Wagner theory, the long-range

magnetic order is predicted to be unstable in 2D material

and can be easily destroyed by thermal fluctuations (Mermin

and Wagner, 1966). Until 2017, the magnetism in the two-

dimensional material CrI3 at the monolayer limit was

observed experimentally (Gong et al., 2017; Huang et al.,

2017). Hereafter, more 2D magnetic materials have been

found, such as Fe3GeTe2 (Xian et al., 2022), FePS3 (Lee et al.,

2016) and VSe2 (Bonilla et al., 2018). Two-dimensional

magnetic materials possess a wide variety of excellent

physical properties. For instance, monolayer magnetic

metal materials have been widely used as electrodes in

electronic devices, such as Fe3GeTe2 based van der Waals

tunnel junctions (O’Hara et al., 2018). Furthermore,

magnetic tunnel junction with antimagnetic

semiconductor CrI3 tunnel barrier has been reported to

possess a giant magnetoresistance effect due to the

significant difference of energy band in the ferromagnetic

and antiferromagnetic states (Song et al., 2018), which has

achieved a huge breakthrough in spintronic devices. Hence

antiferromagnetic semiconductor materials have become a

hot research topic because of their novel band

characteristics. However, such materials are very rare, the

prediction of new antiferromagnetic semiconductor

materials becomes the key to the development of

spintronic devices.

In this paper, the electronic structure and magnetic

properties of monolayer MnSi2N4 are explored based on

first-principles calculations. The results demonstrate that

2D MnSi2N4 is a stable antiferromagnetic semiconductor in

which the ground state is an antiferromagnetic state. The large

magnetic exchange parameter indicates a strong

antiferromagnetic coupling between the magnetic Mn

atoms. When an external magnetic field is applied, the

MnSi2N4 monolayer turns into a half-metal with a magnetic

state transition from an antiferromagnetic state to a

ferromagnetic state. In which the spin-up electronic state

displays a metallic nature, while the spin-down electronic

state exhibits a semiconducting feature. Therefore, the

MnSi2N4 monolayer has great application prospects in

spintronics and nanosensors.

Computational details

All calculations were conducted using the Vienna ab initio

simulation package (VASP) (Kresse and Furthmuller, 1996;

Kresse and Joubert, 1999). The projection plane wave (PAW)

method was adopted to describe the interaction between ions and

electrons (Blöchl, 1994). The cutoff energy is set as 500 eV. The

generalized gradient approximation (GGA) of the form

Perdew–Burke–Ernzerhof (PBE) was employed to describe the

exchange correlation (Perdew et al., 1996). The convergence

criteria for electronic iteration and ionic relaxation were

10–6 eV and 0.001 eV/Å, respectively. An 18 Å vacuum layer

was added in the out plane direction of the monolayer

MnSi2N4 to eliminate interlayer interactions. The Brillouin

zone was sampled with a 13 × 13 × 1 k-point mesh. Due to

the strong correlation effect of Mn atoms, the DFT + U method

proposed by Dudarev et al. (Dudarev et al., 1998) was adopted,

and the effective parameter Ueff was set to 3.9 eV (Wang et al.,

2006; Jain et al., 2011; Ling and Mizuno, 2012; Togo and Tanaka,

2015). The phonon spectrum of monolayer MnSi2N4 was

calculated by the PHONONPY software (Togoet al., 2015)

using a 5 × 5 supercell.

Results and discussion

Similar to the two-dimensional MoSi2N4, the monolayer

MnSi2N4 is a two-dimensional material with a hexagonal

lattice structure and D3h point group as shown in Figure 1.

MnSi2N4 monolayer consists of seven atomic layers stacked with

the order N-Si-N-Mn-N-Si-N, which can be regarded as a 1H-

phase MnN2 triple-layer sandwiched between two buckled N-Si

layers. The lattice constant of unit cell is 2.88Å, the bond length

between Mn and N atoms is 2.02 Å and the bond length between

Si and N atoms is 1.74 Å.

FIGURE 1
Top (A) and side (B) views of MnSi2N4. The balls are highlighted
with blue (Si atom), purple (Mn atom) and silvery (N atom). The
rhombic unit cells are marked with black dashed lines.
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The cohesive energy of the monolayer MnSi2N4 was

evaluated to confirm the stability of monolayer MnSi2N4 using

the equation:

Ecoh � EMnSi2N4 − EMn − 2ESi − 4EN( )/7 (1)

Where EMnSi2N4 represents the energy of MnSi2N4, EMn , ESi and

EN represent the energy of isolated single Mn, Si and N atoms,

respectively. The calculated results show that the cohesive energy

of MnSi2N4 is -5.03 eV/atom which is comparable to the value of

MoS2 monolayer (−5.12 eV/atom) (Canton-Vitoria et al., 2020)

and MoSi2N4 (−8.46 eV/atom) (Bafekry et al., 2021). We also

calculated the phonon spectrum to check the stability, and there

is no imaginary phonon frequency throughout the Brillouin

zone, indicating that the structure is dynamically stable.

Consequently, the MnSi2N4 monolayer has excellent stability

and thus may be experimentally prepared in Figure 2.

The magnetic properties of monolayer MnSi2N4 were

investigated. We first determined the ground-state magnetic

ordering with two possible magnetic order ferromagnetic

(FM) and antiferromagnetic (AFM) states. The total energies

of the AFM and FM phases of MnSi2N4 are -218.650eV and

-217.658 eV, respectively. The energy of the AFM state is lower

than that of the FM state, hence MnSi2N4 has an AFM ground

state. The AFM order in monolayer MnSi2N4 sourced from the

superexchange interactions between twomagnetic atoms bridged

by nonmetal atoms, following the Goodenough-Kanamori rules

(Goodenough, 1955; Kanamori, 1959). In this case, the net

magnetic moment is zero and the four Mn atoms in the

supercell have an antiparallel magnetic state along with the

same value of magnetic moments (3.05 μB). The spin-

polarized charge density and the schematic diagram for FM

and AFM order are plotted in Figure 3. The spin-polarized

charge density map shows that Mn atoms possess an high

spin-polarized charge density, while spin-polariztion of N

atoms is tiny with small magnetic moments (0.05 μB).

The electronic properties of AFM states are investigated to

further explore potential applications of MnSi2N4. The electronic

band structure and density of states (TDOS) are calculated as

FIGURE 2
Phonon spectrum of monolayer MnSi2N4.

FIGURE 3
(A,B) spin-polarized charge densities of the FM and AFM case for MnSi2N4. The yellow and light blue isosurface with an isosurface value of
0.05 e/Bohr3 represent the spin-up and spin-down charge densities, respectively. (C,D) The scheme represents spin orientation of Mn atoms in FM
and AFM case.
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illustrated in Figure 4. It is clear that MnSi2N4 exhibits indirect

semiconducting property without band cross Fermi level,

which is different from nonmagnetic direct bandgap

semiconductor MoSi2N4 monolayer (Yuan et al., 2022). The

conduction band minimum (CBM) and the valence band

maximum (VBM) are located at K point and M point,

respectively. The band gap is small (0.26 eV). The bands are

degenerate and the TDOS is symmetrical for spin-up and spin-

down states. Furthermore, no states exist near the Fermi level

along with a small energy gap.

The projected density of states (PDOS) for Mn atom and the

nearest neighbor N atom are depicted in Figure 5 to better

analyze orbit contribution for electron structure and magnetic

properties. One can notice that the density of states for the five 3d

orbitals are all asymmetric as shown in Figure 5A, indicating the

large spin splitting for an isolated Mn atom. The magnetic

moment (3.04 μB/Mn) is mainly dominated by the spin-up

(majority-spin) states of d orbitals which is much more than

the spin-down electron. For the N atom, the difference in PDOS

between the spin-up and spin-down states is not obvious,

resulting in a smaller magnetic moment. In addition, the DOS

mainly comes from Mn-d and N-p in the energy range from

0.5 to 1.5 eV indicating that the hybridizations between the N-p

and Mn-d orbitals are strong.

FIGURE 4
(A) The band structures and (B) total density of states (TDOS) of MnSi2N4 monolayer in the AFM states, the spin-up states and spin-down states
are represented by the black lines and red dotted lines, respectively.

FIGURE 5
Projected density of states (PDOS) for (A) Mn-d orbital and (B) N-p orbital.

Frontiers in Chemistry frontiersin.org04

Chen et al. 10.3389/fchem.2022.1103704

73

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1103704


Furthermore, the ground antiferromagnetic states will

transition to ferromagnetic states under an external

magnetic field. The band structure and density of states

for FM state are depicted in Figure 6. It is clear that the

spin-up and spin-down energy bands are not degenerate. The

spin-polarized states can be noticed around the Fermi

level. In the spin-up channel, several flat bands near the

Fermi level existe and the others band display dispersion

along Γ–M and K–Γ, which behave as a metal. But for the

spin-down channel, a direct bandgap of 2.07 eV is observed

with the VBM and CBM located at Γ point. Hence, MnSi2N4

monolayer behaves half-metallic properties in the FM case.

The spin polarization is obvious with an asymmetric density

of states distribution for spin-up and spin-down states as

depicted in Figure 6B. One can find that a peak of spin-up

states can be seen near the Fermi level and a large bandgap

exists in the spin-down states, which further confirms the

metallic behavior for the spin-up states and semiconducting

property for spin-down states, respectively. Therefore, the

2D MnSi2N4 in FM state is a half-metal with 100% spin

polarization.

Strain is an effective means of manipulating electronic

structure and magnetic properties which is widely utilized to

modulate the electronic structure and magnetic properties of

monolayer system. In this paper, the strain is defined as

ε = (a − a0)/a0, where a0 is the relaxed lattice constant in

the equilibrium state. The magnetic moment of the Mn atom

remains about 3 μB per unit cell under strain. The effective

spin Hamiltonian based on the Heisenberg model can be

expressed as

FIGURE 6
(A) The band structures and (B) total density of states (TDOS) of MnSi2N4 in the FM states, the spin-up states and spin-down states are
represented by the black lines and red dotted lines, respectively.

FIGURE 7
(A) Magnetic exchange parameter J and (B) magnetocrystalline anisotropy energy EMAE as a function of strain.
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H � −∑< i,j> Jijμiμj (2)

where Jij is the magnetic exchange parameter, and μi/μj is the

magnetic moment at nearest neighbor sites i and j, respectively

(Kan et al., 2013). The magnetic exchange parameter J is a

significant parameter, which can be evaluated by calculating

the total energy of the system in different magnetic states. For

the FM case, the total energy can be written as EFM = E0 − 3 J |

μ |2, where E0 represents the total energy without spin

polarization. For the AFM case, the total energy can be

expressed as EAFM = E0 + J | μ |2. Thus, the exchange

parameter can be extracted by J = (EAFM − EFM)/4 | μ |2.

According to Figure 7A, although the value of J increases

nearly linearly with biaxial strain, the energy difference

between AFM case and FM case remains positive over the

range of applied biaxial strain, indicating that MnSi2N4

behaves as AFM phase and no transition from AFM to FM

phase is observed. Furthermore, the magnetic exchange

parameter J increases with tensile strain and decreases with

compressive strain. According to this trend, an extremely

large tensile strain may be needed to turn the AFM to the

FM ordering.

To identify the easy axis of MnSi2N4, we computed the

magnetic anisotropy energy (MAE). The MAE of the

magnetic crystal is defined as EMAE = Ein-Eout (Webster

and Yan, 2018), that is, the energy difference between the

in-plane (Ein) and out-of-plane (Eout) of MnSi2N4. For the

strain-free monolayer MnSi2N4, the MAE is −345 μeV/Mn

atom, indicating that the easy axis of MnSi2N4 prefers in-plane

and the spin of the Mn atoms is arranged parallel to the

basal plane. The MAE of monolayer MnSi2N4 is mainly

derived from Mn atoms since Mn atoms have relatively

stronger spin-orbit coupling than other atoms. The MAE is

depicted as a function of strain in Figure 7B. When the

structure is compressed, this value fluctuates

around −350 μeV/Mn, hence the effect of compressive

strain on MAE is not obvious. While MAE increases

significantly with increasing tensile strain. MAE changes

from -345 μeV/Mn to −290 μeV/Mn under the 5% tensile

strain.

Conclusion

The electronic and magnetic properties of monolayer

MnSi2N4 are explored based on first-principles calculations.

Monolayer MnSi2N4 is an intrinsic antiferromagnetic

semiconductor with a small indirect band gap (0.26 eV). The

MnSi2N4 has strong antiferromagnetic coupling along with

strong in-plane magnetocrystalline anisotropy energy

(−345 μeV/Mn). Furthermore, the MnSi2N4 monolayer

exhibits half-metallic properties with a metallic spin-up state

and a semiconducting spin-down state. The effect of biaxial

strain on magnetism is also investigated. The magnetic

exchange parameter J and MAE increase with biaxial tensile

strain. The tunable magnetic properties may enrich the 2D

antiferromagnets community and stimulate potential

applications in spintronic devices.
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Yungeng Zhang1,2*
1School of Computer and Information Engineering, Henan University, Kaifeng, Henan, China, 2School of
Physics and Electronics, Henan University, Kaifeng, Henan, China

Two-dimensional (2D) ferromagnetism with robust room-temperature
ferromagnetism has sparked intense interest for future miniature information
storage devices. However, most 2D ferromagnetic materials have a low Curie
temperature. Here, by using density functional theory, two rare-earth
monolayers, the GdScSi monolayer and the GdScGe monolayer, were predicted,
in which these two monolayers exhibit ferromagnetic orders with large magnetic
moments of approximately 7 μB/Gd. Monte Carlo simulations predict Curie
temperatures of approximately 470 K and 495 K for the 2D GdScSi monolayer
and the GdScGe monolayer, respectively. The spin band calculations show that
they aremetal. In addition, these twomonolayers exhibit dynamical, mechanical, and
thermal stabilities. The combination of these novel magnetic properties makes these
2D ferromagnetic crystals promising candidates for high-efficiency spintronic
applications.

KEYWORDS

high-temperature ferromagnetic materials, rare-earth films, two-dimensional material,
density functional theory, large magnetic moments

1 Introduction

Since the successful synthesis of graphene, two-dimensional (2D) materials have attracted a
great deal of attention [1–11]. First, the ‘star material’ graphene possesses excellent mechanical
and electronic properties, but it has zero band gap. Then, a MoS2 monolayer was successfully
prepared, but it has relatively low electron and hole mobilities. In 2014, black phosphorus with a
direct band gap and high carrier mobility was confirmed in an experiment, but it has poor
stability when exposed to air. In addition, most synthesized 2D materials are non-magnetic,
which has prevented their application in advanced spintronics. Although many efforts have
been made in designing 2D ferromagnetism by introducing defects [12,13], strains [11,14–17],
doping[18–22], and surface functionalization[19,23–26], it is still very challenging to obtain
robust magnetism.

In 2017, an ultrathin ferromagnetic CrI3 monolayer and a CrGeTe3 bilayer were discovered
[7,8], which disturb the limitation to the Mermin–Wagner (M–W) theorem[27]. The
Mermin–Wagner theorem shows that the magnetic order is prohibited in the 2D isotropic
Heisenberg model at finite temperatures. Recent studies have shown that magnetic anisotropy is
the fundamental cause of 2D long-range magnetism [28–36]. Almost all synthetic and predicted
2D ferromagnetic materials have relatively low Curie temperatures (TC) and small magnetic
anisotropy energies (MAEs), for example, 45 K for the CrI3 monolayer [8], 30 K for the
CrGeTe3 bilayer [7], 146 K for the CrSBr monolayer [37], 185 K for the ScCl monolayer [22],
and 24 L K for the GdI2 monolayer [38]. Therefore, it is highly desirable to search for new
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intrinsically 2D ferromagnetic materials with high TC. Rare-earth
elements usually have large magnetic moments and high TC. With
the increasing demand for device miniaturization, 2D rare-earth
magnetic materials will be highly sought after for future
spintronics. Gd-based compounds usually possess a long-range
ferromagnetic order with a high TC. We predicted the 2D GdI2
monolayer to be a ferromagnetic semiconductor with a high TC of
241 K and a large magnetization [38]. GdX2 (X = Cl, Br, and I)
monolayers were also ferromagnetic semiconductors and underwent
spontaneous valley polarization [39,40]. GdGe2 was predicted to be a
ferromagnetic half-semiconductor with a large magnetic moment and
an indirect band gap [41]. Gd2C was predicted to be a time-reversal-
symmetry-breaking Weyl semimetal phase [42]. The CeI2 monolayer
was predicted to be an intrinsic room-temperature ferrovalley
semiconductor [43]. Dong et al., introduced the importance of 4f
and 5d orbitals in 2D Gd halides [44,45]. Topological, nodal-line
semimetals were also predicted in ferromagnetic rare-earth-metal
monohalides [46]. As a result, 2D Gd-based compounds exhibit
excellent ferromagnetism.

In this work, two rare-earth compounds of GdScX (X = Si and Ge)
monolayers were predicted by using first-principles calculation. The
result shows that they both are ferromagnetic with a large
magnetization (7 μB/Gd). Monte Carlo simulations show that they
possess a high Tc: 470 K for the GdScSi monolayer and 495 K for the
GdScGe monolayer. Analysis of electronic band properties shows that
they both are metals. In addition, their thermal, dynamical, and

mechanical stabilities were confirmed by ab initio molecular
dynamics, phonon dispersions, and elastic constants, respectively.
Our results certainly boost the study of 2D Gd-based magnetism.

2 Computational methods

The optimized structures were simulated by density functional
theory (DFT), as implemented in the Vienna ab initio simulation
package (VASP) [47]. The ion–electron interaction was described by
using the projector-augmented plane wave (PAW) approach [48], and
the exchange and correlation interactions of the electrons were
calculated using the Perdew–Burke–Ernzerhof (PBE) functional
within the generalized gradient approximation (GGA) [49]. In
addition, to consider the Coulomb and exchange interactions of f
electrons, the GGA + U method was adopted with U = 6.6 eV,
according to previous studies [50], and 500 eV was used as the
energy cutoff of the plane wave. The convergence criteria for the
energy and ionic force were set to 10–8 eV and 0.01 eV/Å, respectively.
To avoid interaction between the layers, the vacuum length was set to
20 Å along the z-axis.

Density functional perturbation theory was used to calculate the
phonon dispersions, as embedded in phonopy software [51]. The ab
initio molecular dynamics (AIMD) simulations were carried out to
evaluate the thermal stabilities of GdScX (X = Si, Ge) monolayers. At
300 K and 500 K, AIMD simulations were performed in the NVT

FIGURE 1
(A) Structures of GdScX (X = Si, Ge) monolayers. The Gd atom is located at 2 g (0, 0, 0.3633), Sc at 2e (1/2, 0, 1/2), and Si at 2 h (1/2, 1/2, 0.5971) for the
GdScSi monolayer. The Gd atom is located at 2 g (0, 0, 0.3628), Sc at 2e (1/2, 0, 1/2), and Ge at 2 h (1/2, 1/2, 0.5988) for the GdScGemonolayer. (B, C) Phonon
dispersion spectra of the GdScX (X = Si, Ge) monolayers. (D, E) Evolution of the total energy from the 10 ps AIMD simulations at 300 K and 500 K.
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ensemble. The temperature was controlled by using the Nosé–Hoover
method [52], and the simulation lasted for 10 pswith a time step of 1 fs
at 300 K and 500 K. The orientation-dependent Young’s modulus E
(α) and Poisson’s ratio ] (α) were calculated as follows [30,33,53]:

E α( ) � C11C22 − C2
12

C11s4 + C22c4 + C11C22−C2
12

C44
− 2C12( )c2s2

, (1)

] α( ) �
C11 + C22 − C11C12−C2

12
C44

( )c2s2 − C12 c4 + s4( )

C11s4 + C22c4 + C11C22−C2
12

C44
− 2C12( )c2s2

, (2)

where c = cosα and s = sinα.

3 Results and discussion

3.1 Structures and stabilities of GdScX
monolayers

The structures present the P4/MMM group (No. 123) with a
tetrahedron structure. The optimized lattice constants are a = 4.08 Å
and b = 4.12 Å for GdScX (X = Si and Ge) monolayers as shown in
Figure 1A; Figures 1B, C show the calculated phonon dispersion
spectra of the GdScSi monolayer and the GdScGe monolayer,

respectively. Notably, the absence of imaginary modes along the
entire Brillouin zone indicates their dynamical stability. The
corresponding fluctuations of the total potential energy for GdScX
(X = Si and Ge) monolayers at 300 K and 500 K are shown in Figures
1D, E, respectively, which last for 10 ps in the ab initio molecular
dynamics. The result shows that the average values of the total
potential energy oscillate with a very narrow range, confirming
their thermal stabilities. As a result, the GdScX (X = Si, Ge)
monolayers are both dynamically and thermally stable at high-
temperatures.

Mechanical stability is also necessary for materials. The elastic
constants are C11 = C22 = 97 N/m, C12 = 31 N/m, and C66 = 65 N/m for
the GdScSi monolayer, and C11 = C22 = 96 N/m, C12 = 34 N/m, and
C66 = 64 N/m for the GdScGe monolayer. Their elastic constants meet
the Born criteria for a tetrahedron 2D system (C11 > 0; C44 > 0;
C11 > |C12|; C11 + 2C12 > 0), indicating their good mechanical
stabilities. According to Eqs 1, 2, Young’s moduli and Poisson’s
ratios, as functions of the arbitrary direction α in the 2D polar
representation curve, were also calculated (Figures 2, 3), where α is
the angle relative to the positive x-direction in these monolayers.
Figures 2A, C show that the Young’s moduli for GdScX monolayers
first increase to a maximum value of approximately 125 N/m at α = 45°

from α = 0° (x-direction) and decrease to a minimum value of
approximately 100 N/m at α = 90° (y-direction). The maximum
value (125 N/m) is comparable to that of a MoS2 monolayer

FIGURE 2
Calculated orientation-dependent (A) Poisson’s ratios and (B) Young’s moduli of the GdScSi monolayer (A, B) and the GdScGe (C, D) monolayer.
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(123 N/m) [54]. Figures 2B, D show that the Poisson’s ratios also
strongly depend on the direction α. This shows their anisotropic
mechanical properties.

3.2 Electronic band structures of GdScX
monolayers

After confirming the stabilities of the GdScX monolayers, their
magnetic ground states were investigated. One ferromagnetic (FM)
state and four antiferromagnetic (AFM) states were considered, and
the FM configuration is energetically lower than all the AFM orders
(Figure 4), indicating that GdScX monolayers prefer FM coupling.
Their spin band structures were also calculated by using the PBE + U

method, which are shown in Figures 4A, C. The result shows that these
two monolayers are metal, in which the spin up and spin down bands
cross the Fermi level. Because of the relatively heavy element Gd, the
spin–orbit coupling (SOC) interactions were also considered for the
electronic band structures of GdScX monolayers (Figures 4C, D). The
figures show that SOC has a negligible influence on the band structure.

3.3 MAEs of GdScX monolayers

Due to the M–W theorem, [27] no long-range FM state exists if a
2D material lacks magnetic anisotropy. Therefore, magnetic
anisotropy, which can be scaled by MAE, is an important property
in 2D ferromagnetic systems [55]. In addition, MAE is of importance

FIGURE 3
Top and side views of four AFM structures [(A), AFM1; (B), AFM2; (C), AFM3; (D), AFM4] for the GdScSi and GdScGe monolyers.
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FIGURE 4
Band structures of the GdScSi monolayer (A, B) and GdScGe (C, D) monolayer determined using PBE + U and PBE + U + SOC methods.

FIGURE 5
Angular dependence of the magnetic anisotropic energy (MAE) with the direction of magnetization lying on three different planes and the whole space
for the GdScSi monolayer (A, B) and the GdScGe (C, D) monolayer.
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for the thermal stability of magnetic storage. SOC calculations were
performed on the GdScX monolayers to obtain the values of MAE.
Figures 5A, B show the MAEs of xy, yz, and xz planes for the GdScSi
monolayer and the GdScGe monolayer, respectively. These figures
clearly show that the MAE is almost a straight line in the xy plane, and
that it strongly depends on the angular dependence of magnetization.
In addition, the MAE of the xy plane is lower than that of the xz and yz
planes, which indicates that these two monolayers belong to the family
of 2D XYmagnets. In other words, they possess an easy magnetization
plane. The correspondingMAE through the whole space is also plotted
in Figures 5C, D, which confirms again the strongmagnetic anisotropy
in these monolayers.

3.4 Curie temperatures of GdScX monolayers

Tc is an important parameter for ferromagnetic materials. To get
an accurate estimate of the Tc for GdScX monolayers, Monte Carlo
simulations based on the Heisenberg model were used. The
Hamiltonian is defined as follows:

H � −∑
ij
J1SiSj −∑

ik
J2SiSk −∑

ik
J3SiSk − ASZi S

Z
i ,

where J1, J2, and J3 are the first, second, and third nearest-
neighboring exchange parameters, respectively. Using the

energy differences of the FM and AFM orders, the exchange
parameters J1, J2, and J3 are calculated to be 4.82 meV
(4.81 meV), −.0106 meV (−0.038 meV), and 0.163 meV
(0.102 meV) for the GdScSi monolayer and the GdScGe
monolayer, respectively. The magnetic moments, capacities,
and susceptibilities of the GdScX monolayers with respect to
temperature (Figure 6) show that the TC of the GdScSi monolayer
and the GdScGe monolayer are approximately 470 K and 495 K,
respectively, which are significantly higher than room
temperature.

4 Conclusion

In summary, two 2D intrinsic ferromagnetic rare-earth
monolayers, the GdScSi monolayer and the GdScGe monolayer,
were predicted using first-principles calculation. Interestingly, these
2D GdScX (X = Si, Ge) monolayers exhibit high Tc (470 K for the
GdScSi monolayer and 495 K for the GdScGe monolayer), which are
above room temperature. In addition, they possess excellent
dynamical, thermal, and mechanical stabilities. Our findings on the
intrinsic room-temperature ferromagnetic rare-earth material GdScX
(X = Si, Ge) monolayers open up new possibilities for spintronic
applications at the nanoscale.

FIGURE 6
Magnetic moment (blue line), capacity (red), and magnetic susceptibility (magenta) as functions of temperature for the GdScSi monolayer (A, B) and the
GdScGe (C, D) monolayer.

Frontiers in Physics frontiersin.org06

Wang et al. 10.3389/fphy.2022.1128983

82

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1128983


Data availability statement

The original contributions presented in the study are included in
the article/supplementary material; further inquiries can be directed to
the corresponding authors.

Author contributions

RW: data curation, investigation, validation, and writing—original
draft; PS: data curation, investigation, and validation; LH: data
curation, investigation, and validation; QC: validation,
writing—review and editing, and supervision; YZ: writing—review
and editing, supervision, and funding acquisition.

Funding

This work was financially supported by the Scientific Research
Key Project Fund of Henan Provincial Education Department

(No. 23B140005) and the Innovative experimental training
program for college students of Henan University (No.
20221011005).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, et al. Electric
field effect in atomically thin carbon films. science (2004) 306:666–9. doi:10.1126/science.
1102896

2. Novoselov KS, Jiang D, Schedin F, Booth TJ, Khotkevich VV, Morozov SV, et al. Two-
dimensional atomic crystals. P Natl Acad Sci USA (2005) 102:10451–3. doi:10.1073/pnas.
0502848102

3. Geim AK, Novoselov KS. The rise of graphene. Nat Mater (2007) 6:183–91. doi:10.
1038/nmat1849

4. Mak KF, Lee C, Hone J, Shan J, Heinz TF. Atomically ThinMoS2: A new direct-
gap semiconductor. Phys Rev Lett (2010) 105:136805. doi:10.1103/physrevlett.105.
136805

5. Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A. Single-layer
MoS2 transistors. Nat Nanotechnol (2011) 6:147–50. doi:10.1038/nnano.2010.279

6. Li L, Yu Y, Ye GJ, Ge Q, Ou X, Wu H, et al. Black phosphorus field-effect transistors.
Nat Nanotechnol (2014) 9:372–7. doi:10.1038/nnano.2014.35

7. Gong C, Li L, Li Z, Ji H, Stern A, Xia Y, et al. Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals. Nature (2017) 546:265–9. doi:10.1038/
nature22060

8. Huang B, Clark G, Navarro-Moratalla E, Klein DR, Cheng R, Seyler KL, et al. Layer-
dependent ferromagnetism in a van derWaals crystal down to the monolayer limit.Nature
(2017) 546:270–3. doi:10.1038/nature22391

9. Liu S, Yin H, Singh DJ, Liu P-F. Ta4SiTe4: A possible one-dimensional topological
insulator. Phys Rev B (2022) 105:195419. doi:10.1103/physrevb.105.195419

10. Liu P, Liu S, Jia M, Yin H, Zhang G, Ren F, et al. Strain-driven valley states and phase
transitions in Janus VSiGeN4 monolayer. Appl Phys Lett (2022) 121:063103. doi:10.1063/
5.0104477

11. Guo S-D, Mu W-Q, Wang J-H, Yang Y-X, Wang B, Ang Y-S. Strain effects on the
topological and valley properties of the Janus monolayer VSiGeN4. Phys Rev B (2022) 106:
064416. doi:10.1103/physrevb.106.064416

12. Wang R, Su Y, Yang G, Zhang J, Zhang S. Bipolar doping by intrinsic defects and
magnetic phase instability in monolayer CrI3. Chem Mater (2020) 32:1545–52. doi:10.
1021/acs.chemmater.9b04645

13. Lima Fernandes I, Bouhassoune M, Lounis S. Defect-implantation for the all-
electrical detection of non-collinear spin-textures. Nat Commun (2020) 11:1602. doi:10.
1038/s41467-020-15379-6

14. Chittari BL, Lee D, Banerjee N,Macdonald AH, Hwang E, Jung J. Carrier- and strain-
tunable intrinsic magnetism in two-dimensional MAX3 transition metal chalcogenides.
Phys Rev B (2020) 101:085415. doi:10.1103/physrevb.101.085415

15. Liu P, Zhang G, Yan Y, Jia G, Liu C, Wang B, et al. Strain-tunable phase transition
and doping-induced magnetism in iodinene. Appl Phys Lett (2021) 119:102403. doi:10.
1063/5.0063802

16. Yang K, Wang G, Liu L, Lu D, Wu H. Triaxial magnetic anisotropy in the two-
dimensional ferromagnetic semiconductor CrSBr. Phys Rev B (2021) 104:144416. doi:10.
1103/physrevb.104.144416

17. Cenker J, Sivakumar S, Xie K, Miller A, Thijssen P, Liu Z, et al. Reversible strain-
induced magnetic phase transition in a van derWaals magnet.Nat Nanotechnol (2022) 17:
256–61. doi:10.1038/s41565-021-01052-6

18. Gerber E, Yao Y, Arias TA, Kim EA. Ab initio<i/> mismatched interface theory of
graphene on α−RuCl3: Doping and magnetism. Phys Rev Lett (2020) 124:106804. doi:10.
1103/physrevlett.124.106804

19. Luo P, Zhuge F, Zhang Q, Chen Y, Lv L, Huang Y, et al. Doping engineering and
functionalization of two-dimensional metal chalcogenides. Nanoscale Horiz (2019) 4:
26–51. doi:10.1039/c8nh00150b

20. Park SY, Kim DS, Liu Y, Hwang J, Kim Y, Kim W, et al. Controlling the magnetic
anisotropy of the van der Waals ferromagnet Fe3GeTe2 through hole doping. Nano Lett
(2019) 20:95–100. doi:10.1021/acs.nanolett.9b03316

21. Wang C, Zhou X, Pan Y, Qiao J, Kong X, Kaun C-C, et al. Layer and doping tunable
ferromagnetic order in two-dimensional CrS2 layers. Phys Rev B (2018) 97:245409. doi:10.
1103/physrevb.97.245409

22. Wang B, Wu Q, Zhang Y, Guo Y, Zhang X, Zhou Q, et al. High Curie-
temperature intrinsic ferromagnetism and hole doping-induced half-metallicity in
two-dimensional scandium chlorine monolayers. Nanoscale Horiz (2018) 3:551–5.
doi:10.1039/c8nh00101d

23. Hartman T, Sturala J, Luxa J, Sofer Z. Chemistry of germanene: Surface modification
of germanane using alkyl halides. ACS Nano (2020) 14:7319–27. doi:10.1021/acsnano.
0c02635

24. Jiang Z, Wang P, Jiang X, Zhao J. MBene (MnB): A new type of 2D metallic
ferromagnet with high Curie temperature. Nanoscale Horiz (2018) 3:335–41. doi:10.1039/
c7nh00197e

25. Zhao Y, Lin L, Zhou Q, Li Y, Yuan S, Chen Q, et al. Surface vacancy-induced
switchable electric polarization and enhanced ferromagnetism in monolayer metal
trihalides. Nano Lett (2018) 18:2943–9. doi:10.1021/acs.nanolett.8b00314

26. Song C, Xiao W, Li L, Lu Y, Jiang P, Li C, et al. Tunable band gap and enhanced
ferromagnetism by surface adsorption in monolayer Cr2Ge2Te6. Phys Rev B (2019) 99:
214435. doi:10.1103/physrevb.99.214435

27. Mermin ND, Wagner H. Absence of ferromagnetism or antiferromagnetism in one-
or two-dimensional isotropic Heisenberg models. Phys Rev Lett (1966) 17:1133–6. doi:10.
1103/physrevlett.17.1133

28. Wang B, Zhang Y, Ma L, Wu Q, Guo Y, Zhang X, et al. MnX (X = P, as) monolayers:
A new type of two-dimensional intrinsic room temperature ferromagnetic half-metallic
material with large magnetic anisotropy. Nanoscale (2019) 11:4204–9. doi:10.1039/
c8nr09734h

29. Wu Q, Zhang Y, Zhou Q, Wang J, Zeng XC. Transition metal dihydride monolayers:
A new family of two-dimensional ferromagnetic materials with intrinsic room-
temperature half-metallicity. J Phys Chem Lett (2018) 9:4260–6. doi:10.1021/acs.jpclett.
8b01976

30. Bai Y, Shi R, Wu Y,Wang B, Zhang X. Cr2XTe4 (X = Si, Ge) monolayers: A new type
of two-dimensional high-TC ising ferromagnetic semiconductors with a large magnetic
anisotropy. J Phys Condens Matter (2022) 34:384001. doi:10.1088/1361-648x/ac7f16

Frontiers in Physics frontiersin.org07

Wang et al. 10.3389/fphy.2022.1128983

83

https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://doi.org/10.1103/physrevlett.105.136805
https://doi.org/10.1103/physrevlett.105.136805
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1103/physrevb.105.195419
https://doi.org/10.1063/5.0104477
https://doi.org/10.1063/5.0104477
https://doi.org/10.1103/physrevb.106.064416
https://doi.org/10.1021/acs.chemmater.9b04645
https://doi.org/10.1021/acs.chemmater.9b04645
https://doi.org/10.1038/s41467-020-15379-6
https://doi.org/10.1038/s41467-020-15379-6
https://doi.org/10.1103/physrevb.101.085415
https://doi.org/10.1063/5.0063802
https://doi.org/10.1063/5.0063802
https://doi.org/10.1103/physrevb.104.144416
https://doi.org/10.1103/physrevb.104.144416
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1103/physrevlett.124.106804
https://doi.org/10.1103/physrevlett.124.106804
https://doi.org/10.1039/c8nh00150b
https://doi.org/10.1021/acs.nanolett.9b03316
https://doi.org/10.1103/physrevb.97.245409
https://doi.org/10.1103/physrevb.97.245409
https://doi.org/10.1039/c8nh00101d
https://doi.org/10.1021/acsnano.0c02635
https://doi.org/10.1021/acsnano.0c02635
https://doi.org/10.1039/c7nh00197e
https://doi.org/10.1039/c7nh00197e
https://doi.org/10.1021/acs.nanolett.8b00314
https://doi.org/10.1103/physrevb.99.214435
https://doi.org/10.1103/physrevlett.17.1133
https://doi.org/10.1103/physrevlett.17.1133
https://doi.org/10.1039/c8nr09734h
https://doi.org/10.1039/c8nr09734h
https://doi.org/10.1021/acs.jpclett.8b01976
https://doi.org/10.1021/acs.jpclett.8b01976
https://doi.org/10.1088/1361-648x/ac7f16
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1128983


31. Zhang Y, Wu Y, Jin C, Ren F, Wang B. B2S3 monolayer: A two-dimensional direct-
gap semiconductor with tunable band-gap and high carrier mobility. Nanotechnology
(2021) 32:475709. doi:10.1088/1361-6528/ac1d07

32. Zhang Y, Wang B, Guo Y, Li Q, Wang J. A universal framework for metropolis
Monte Carlo simulation of magnetic Curie temperature. Comput Mater Sci (2021) 197:
110638. doi:10.1016/j.commatsci.2021.110638

33.Wu Y, Sun W, Liu S, Wang B, Liu C, Yin H, et al. Ni(NCS)2 monolayer: A robust
bipolar magnetic semiconductor. Nanoscale (2021) 13:16564–70. doi:10.1039/
d1nr04816c

34. Gong C, Zhang X. Two-dimensional magnetic crystals and emergent heterostructure
devices. Science (2019) 363:eaav4450. doi:10.1126/science.aav4450

35. Sun Y, Wang L, Li X, Yao X, Xu X, Guo T, et al. TM2B3 monolayers: Intrinsic anti-
ferromagnetism and Dirac nodal line semimetal. Appli Phys Lett (2022) 121:183103.
doi:10.1063/5.0113408

36. Yao X, Ji J, Lin Y, Sun Y, Wang L, He A, et al. TMB2C (TM= Ti, V): 2D transition
metal borocarbide monolayer with intriguing electronic, magnetic and electrochemical
properties. Appli Sur Sci (2022) 605:154692. doi:10.1016/j.apsusc.2022.154692

37. Lee K, Dismukes AH, Telford EJ, Wiscons RA, Wang J, Xu X, et al. Magnetic order
and symmetry in the 2D semiconductor CrSBr. Nano Lett (2021) 21:3511–7. doi:10.1021/
acs.nanolett.1c00219

38. Wang B, Zhang X, Zhang Y, Yuan S, Guo Y, Dong S, et al. Prediction of a two-
dimensional high-TC f-electron ferromagnetic semiconductor. Mater Horiz (2020) 7:
1623–30. doi:10.1039/d0mh00183j

39. Liu W, Tong J, Deng L, Yang B, Xie G, Qin G, et al. Two-dimensional ferromagnetic
semiconductors of rare-earth monolayer GdX2 (X = Cl, Br, I) with large perpendicular
magnetic anisotropy and high Curie temperature. Mater Today Phys (2021) 21:100514.
doi:10.1016/j.mtphys.2021.100514

40. Sheng K, Yuan HK, Wang ZY. Monolayer gadolinium halides, GdX(2) (X = F, Cl,
Br): Intrinsic ferrovalley materials with spontaneous spin and valley polarizations. Phys
Chem Chem Phys (2022) 24:3865–74. doi:10.1039/d1cp05097d

41. Wang Y, Cui Z, Zeng H, Wang Z, Zhang X, Shi J, et al. Tunable magnetic order in
two-dimensional layered GdGe2. J Mate Chem C (2022) 10:1259–69. doi:10.1039/
d1tc05350g

42. Liu S, Wang C, Liu L, Choi JH, Kim HJ, Jia Y, et al. Ferromagnetic Weyl fermions in
two-dimensional layered electride Gd2C. Phys Rev Lett (2020) 125:187203. doi:10.1103/
physrevlett.125.187203

43. Sheng K, Chen Q, Yuan H-K, Wang Z-Y. Monolayer CeI2: An intrinsic room-
temperature ferrovalley semiconductor. Phys Rev B (2022) 105:075304. doi:10.1103/
physrevb.105.075304

44. You H, Ding N, Chen J, Yao X, Dong S. Gadolinium halide monolayers: A fertile
family of two-dimensional 4f magnets. ACS Appl Electron Mater (2022) 4:3168–76. doi:10.
1021/acsaelm.2c00384

45. You HP, Chen J, Zhang JJ, Ding N, Zhang XW, Yao XY, et al. Structural
reconstruction and anisotropic conductance in 4f-ferromagnetic monolayer. Mater
Today Phys (2022) 24:100693. doi:10.1016/j.mtphys.2022.100693

46. Nie S, Weng H, Prinz FB. Topological nodal-line semimetals in ferromagnetic rare-
earth-metal monohalides. Phys Rev B (2019) 99:035125. doi:10.1103/physrevb.99.035125

47. Kresse G, FurthmüLLER J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys Rev B (1996) 54:11169–86. doi:10.1103/
physrevb.54.11169

48. BlöCHL PE. Projector augmented-wave method. Phys Rev B (1994) 50:17953–79.
doi:10.1103/physrevb.50.17953

49. Perdew JP, Burke K, Ernzerhof M. Generalized gradient approximationmade simple.
Phys Rev Lett (1996) 77:3865–8. doi:10.1103/physrevlett.77.3865

50. Jain A, Hautier G, Ong SP, Moore CJ, Fischer CC, Persson KA, et al. Formation
enthalpies by mixing GGA and GGA+Ucalculations. Phys Rev B (2011) 84:045115. doi:10.
1103/physrevb.84.045115

51. Togo A, Oba F, Tanaka I. First-principles calculations of the ferroelastic transition
between rutile-type andCaCl2-typeSiO2at high pressures. Phys Rev B (2008) 78:134106.
doi:10.1103/physrevb.78.134106

52. Martyna GJ, Klein ML, Tuckerman M. Nosé–Hoover chains: The canonical
ensemble via continuous dynamics. J Chem Phys (1992) 97:2635–43. doi:10.1063/1.463940

53. Peng R, Ma Y, He Z, Huang B, Kou L, Dai Y. Single-Layer Ag2S: A two-dimensional
bidirectional auxetic semiconductor. Nano Lett (2019) 19:1227–33. doi:10.1021/acs.
nanolett.8b04761

54. Wang B, Wu Q, Zhang Y, Ma L, Wang J. Auxetic B4N monolayer: A promising 2D
material with in-plane negative Poisson’s ratio and large anisotropic mechanics. ACS Appl
Mater Inter (2019) 11:33231–7. doi:10.1021/acsami.9b10472

55. Tu Y, Liu Q, Hou L, Shi P, Jia C, Su J, et al. Two-dimensional Cr-based ferromagnetic
semiconductor: Theoretical simulations and design. Front Phys (2022) 10:1078202. doi:10.
3389/fphy.2022.1078202

Frontiers in Physics frontiersin.org08

Wang et al. 10.3389/fphy.2022.1128983

84

https://doi.org/10.1088/1361-6528/ac1d07
https://doi.org/10.1016/j.commatsci.2021.110638
https://doi.org/10.1039/d1nr04816c
https://doi.org/10.1039/d1nr04816c
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1063/5.0113408
https://doi.org/10.1016/j.apsusc.2022.154692
https://doi.org/10.1021/acs.nanolett.1c00219
https://doi.org/10.1021/acs.nanolett.1c00219
https://doi.org/10.1039/d0mh00183j
https://doi.org/10.1016/j.mtphys.2021.100514
https://doi.org/10.1039/d1cp05097d
https://doi.org/10.1039/d1tc05350g
https://doi.org/10.1039/d1tc05350g
https://doi.org/10.1103/physrevlett.125.187203
https://doi.org/10.1103/physrevlett.125.187203
https://doi.org/10.1103/physrevb.105.075304
https://doi.org/10.1103/physrevb.105.075304
https://doi.org/10.1021/acsaelm.2c00384
https://doi.org/10.1021/acsaelm.2c00384
https://doi.org/10.1016/j.mtphys.2022.100693
https://doi.org/10.1103/physrevb.99.035125
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.84.045115
https://doi.org/10.1103/physrevb.84.045115
https://doi.org/10.1103/physrevb.78.134106
https://doi.org/10.1063/1.463940
https://doi.org/10.1021/acs.nanolett.8b04761
https://doi.org/10.1021/acs.nanolett.8b04761
https://doi.org/10.1021/acsami.9b10472
https://doi.org/10.3389/fphy.2022.1078202
https://doi.org/10.3389/fphy.2022.1078202
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1128983


The dynamic investigation of
intrinsic vibration characteristics
of a stranding machine by the
finite element method

Kai Ren1, Bo Leng1, Chang Zhang2, Qingyun Sun1 and
Wencheng Tang2*
1School of Mechanical and Electronic Engineering, Nanjing Forestry University, Nanjing, China, 2School of
Mechanical Engineering, Southeast University, Nanjing, China

In response to the design problems of violent vibration and noise when a stranding
machine is running at high speed, this project completed a motion simulation and
vibration analysis based on the prototype FB-650C-2 bow-type stranding
machine produced by Fuchuan Mechanical and Electrical Technology Co. The
modal analysis was carried out in ANSYS to obtain the first eight orders of inherent
frequencies and vibration patterns, combined with excitation force analysis to
verify whether the rotating parts could avoid the resonant frequency when
operating. Harmonic response analysis was carried out based on the modal
state to calculate the steady-state forced vibration of the structure, and the
variation curve of response value (usual deformation) with frequency and the
cloud diagrams of stress distribution of each component at the rotation frequency
were obtained. Suggestions for improving vibration and reducing noise were
made based on the experimental and analytical results.

KEYWORDS

stranding machine, modal analysis, harmonic response analysis, vibration, structure

1 Introduction

Wire and cable play a very big role in promoting the economic development of China
and are a basic auxiliary industry for various other industries [1]. With the rapid
development of the economy and the popularity of electric vehicles, the power shortage
has continued to expand, which also increases the need for wire and cable production in
China. In the fabrication of wire and cable, the stranding equipment occupies a critical
position [2–4] and the vibration and noise of the machine not only adversely affects the
workers’ environment but also contributes to metal fatigue that reduces the performance and
life of the machine components [5–7]. In the past three decades, with the continuous
updating of stranding technology, domestic stranding equipment has been greatly improved;
nevertheless, there is still much work to be carried out before domestic stranding machines
reach leading international levels.

For modal analysis and experimental modal analysis of stranding machines, the current
trend is to combine finite element methods and experimental modal analysis techniques in
an organic way [8–11]. To understand the dynamic performance of the stranding machine,
modal analysis of each key component as well as the whole machine is required to obtain
accurate modal parameters. However, since the modal analysis alone does not reflect the
influence of external excitation on the instrument under normal operation, the harmonic
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response analysis of the whole machine is very important [12, 13].
Modal analysis is an essential method for studying the vibration of
components under working conditions. For example, the theoretical
working of the buffer block was explored to investigate vibration and
its effect on fatigue and performance, and the predictions showed
good agreement with the experimental results [14]. Even at a
nanometer scale, atomic vibration has a large influence on the
overall performance of materials [15].

In this paper, a modal analysis and vibration test of the FB-
650C-2 bow-type stranding machine produced by Fuchuan
Mechanical and Electrical Co., Ltd were carried out to simulate
the actual working condition of the machine and to determine the
causes of vibration and noise. The results provide a theoretical basis
for future research on ways to reduce vibration and noise without
compromising productivity.

2 Materials and methods

2.1 Modal analysis theory

The bow-type stranding machine is generally used to produce
small cross-section strands for making a cable. It operates at a high
speed, up to 2800 rpm, and the output can reach 3–4.5 times that of
a tubular stranding machine or frame stranding machine.
However, the high speed of rotation of the spindle in the
cantilever mechanism can easily generate strong vibration.
Figure 1 provides a schematic diagram of the structure of the
bow-type stranding machine.

In the bow-type stranding machine, the whole rotating part is
driven by a motor, accelerated by a synchronous pulley, up to
2000 rpm. Multi-strand copper wire from the feed spindle passes
through a small hole, guided by the spindle guide wheel, bow arm,
and carbon fiber bow belt. The wire is then twisted together in a
certain order and at a specific distance by the circular movement of
the bow and the forward movement of the machine. Then, it is
passed through the relay wheel, tensioning mechanism, wire
arrangement mechanism, and is finally wound on the wire tray

to complete the stranding. The wire feed spindle delivers the wire to
the stranding machine, and the wire enters the system through the
wire feed hole at the right end of the shaft. Supported by four
bearings on the bearing box, this usually suffers from violent
vibration and serious heat generation during the extended high-
speed rotation. The outgoing spindle, whose operating principle is
roughly the same as the incoming spindle, is structurally smaller in
length but larger in radius, with improved cantilevering. An
electromagnetic relay is provided at one end of the spindle so
that the machine can stop in time if the wire is broken to
prevent ineffective stranding. The FB-650C-2 bow-type stranding
machine studied in this project has a high output with lower power
usage compared with domestic and foreign machines of the same
specification. However, according to feedback from the cable
manufacturers, the violent vibration and noise generated during
operation of the machine seriously hinder development of the
enterprise.

The bow-type strandingmachine is a linear system withmultiple
degrees of freedom, and based on the principles of mechanical
vibration, the differential equation of motion for a deterministic
system is:

K[ ]e δ{ }e + M[ ]e €δ{ }
e + C[ ]e _δ{ } � F t( ){ }e (1)

Eq. 1 is the basic equation of dynamic finite element analysis. In
undamped modal analysis, the damping term in (1) can be neglected
and a new differential equation of motion can be written with the
external forces equal to zero, as shown in Eq. 2:

M[ ] €δ{ } + K[ ] δ{ } � 0 (2)

For a linear system, the solution of Eq. 2 takes the form:

δ{ } � ∅{ }i cosωit (3)
where ∅{ }i is the ith order mode corresponding to the eigenvector of
the vibration mode and ωi is the ith order modal corresponding to
the intrinsic frequency (in rad/s). Substituting Equation 3 into
Equation 2, we obtain:

K[ ] − ω2
i M[ ]( ) ∅{ }i � 0 (4)

When the structure vibrates freely, the amplitude ∅{ }i cannot be
0. Therefore, from the aforementioned equation, the coefficient
determinant of the characteristic equation is 0:

det K[ ] − ω2
i M[ ]( )

∣∣∣∣
∣∣∣∣ � 0 (5)

Eq. 5 represents a system of N algebraic equations about ω2, and
assuming that Equation 5 has no repeated roots, we obtain N
mutually exclusive positive roots, ωi. Arranging them in order of
magnitude, we have 0<ω1 <ω2 < . . . <ωn. ωi is the ith order modal
frequency, and the modal oscillation of the response is φi. For φi,
where i ranges from 1 to N, we can transform the physical
coordinates into modal coordinates [16–19].

2.2 Harmonic response analysis theory

In the stranding machine vibration test system, the external
force generated in the operation of the system can be considered as a

FIGURE 1
Schematic diagram of the structure of the bow-type stranding
machine. (1) Incoming spindle, (2) motor base, (3) spindle guide wheel,
(4) bow arm, (5) incoming disc bearing seat, (6) disc, (7) carbon fiber
bow belt, (8) threading disc bearing seat, (9) outgoing spindle,
(10) bearing box, and (11) base.
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periodic load. The structure is loaded with a simple harmonic force
consistent with the operating conditions, and the load force is
brought into Formula (1) as follows:

M[ ] €δ{ } + K[ ] δ{ } + C[ ] _δ{ } � Fa{ } (6)

where Fa{ } is external load vector on the structure.
For a general mechanical model, the damping at each node in

the structure is different, resulting in each unit node in the structure
moving at the same frequency but in different phases. The
displacement expression of the structure is:

δ{ } � δ maxe
iϕ{ }eiΩt (7)

where δ max is the maximum displacement; i is the unit negative
and Ω is the forced circular frequency (rad/s), Ω � 2πf; f is the
forced vibration frequency (week-s/unit time, in Hz); t is the time
(s); and ϕ is the displacement phase shift (rad).

All the calculations in this work, including the fundamental
harmonic response equations, were performed using ANSYS
Workbench with three basic solution methods: the full method,
the reduced method, and the modal superposition method
[20–22]. The ANSYS Workbench is based on the finite element
method (FEM), which is a numerical technique for solving
approximate solutions of boundary value problems of partial
differential equations. It uses the variational method to make
the error function reach the minimum value and produce a
stable solution. All the mesh types were hexahedrons in our
calculations.

2.3 Generation of the finite element model
of the stranding machine

The main working part of the stranding machine contains
complex structures such as the incoming spindle and the
outgoing spindle. First, the 3D model of the bow-shaped
stranding machine was simplified, and a common node was used
between the base side plate and the barrel, between the tendon plate
and the bearing box, and between the supporting tendon and the
barrel to convey the nodal forces and deformation displacement.
The material parameters of the simplified model of the stranding
machine are shown in Table 1.

2.4 Body meshing

In our structural model, a quadrilateral mapping division was
used to control the number of meshes by taking the length of the
shortest line as the reference and to minimize the calculation volume
within the specified range by ensuring the calculation error. To
choose a suitable degree of refinement and avoid meshes with
excessive angles and deformations, the base cylinder was locally
encrypted at the connection with the side plate, and the mesh was
divided as shown in Figure 2, while the main shaft was separately
separated for meshing, as shown in Supplementary Figure S1 in
Supporting Information.

3 Results and discussion

3.1 Modal analysis results

Using the finite element model of the bow-type stranding
machine that was constructed, the solution mode was set to
modal analysis, the block method was adopted, and the order
was set to 8. After 40,530 s of calculation, the first eight steps of
the machine’s inherent frequencies and the corresponding vibration
patterns were obtained. The inherent frequencies are shown in

TABLE 1 Summary of material parameters.

Serial number Name Material Modulus of elasticity (GPa) Poisson’s ratio Density (kg/m3)

1 Incoming spindle 45 gauge steel 210 0.269 7850

2 Outgoing spindle 45 gauge steel 210 0.269 7850

3 Bow belt Carbon fiber 0.21 0.307 1750

4 Cantilever Q235-A 200 0.3 7800

5 Base HT150 130 0.3 7210

6 Motor base plate Q235-A 200 0.3 7800

7 Disc Q235-A 200 0.3 7800

8 Steel belt guard Q235-A 200 0.3 7800

FIGURE 2
Stranding machine mesh division.
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Table 2, and the corresponding vibration patterns are shown in
Supplementary Figure S2.

As can be seen in Table 2, the first eight orders of the stranding
machine’s inherent frequency are concentrated between 32 and
53 Hz. Under normal operation, the stranding machine rotating
part has a rotation frequency of 33.33 Hz, between the fourth- and
fifth-order inherent frequencies. When the machine is in normal
operation, the rotation frequency is 1 Hz different from the fourth-
order inherent frequency; the motor frequency is 50 Hz, located
between the sixth and seventh orders, and the sixth-order inherent
frequency difference is 0.27 Hz. Thus, in normal operation at the
given excitation frequency, the machine is likely to resonate.

3.2 Harmonic response analysis results

In this paper, the harmonic response analysis of the structural
model of the aforementioned bow-type stranding machine was
carried out using the modal superposition method to find the
displacement response of the stranding machine under the action
of excitation frequencies from 0 to 100 Hz. With a motor power of
11 kW and a synchronous belt acceleration system transmission
ratio i = 1.37, a motor speed of 1460 rad/min can be obtained from
the motor with an incoming spindle and outgoing spindle input
torque of 49.42 Nm. With a spindle drive pulley of 134 mm
diameter, a torsional force of 737 N can be obtained by adding
the shaft’s circumferential direction as shown in Figure 3.

Figures 4A, B show the deformation curves of the carbon fiber
bow belt in turn. It can be seen that the deformation curves of the

carbon fiber bow belt in the vertical y and horizontal z directions are
approximately the same. In the vertical direction, a sharp increase in
deformation occurs at frequencies between 34 Hz and 38 Hz and
reaches a maximum of 2.38 mm at 38 Hz; in the horizontal
direction, the bow belt reaches a maximum deflection of
1.705 mm at 38 Hz. The stranding machine studied in this paper
operates normally at 2000 rpm (33.33 Hz) with a motor frequency of
50 Hz. From the shape of the curve, it can be seen that the horizontal
and vertical displacements are relatively large at this frequency, so
resonance will occur at the normal operating frequency. Figures 4C,
D show the deformation of the incoming spindle in the y and z
directions. The shape of the curve is similar to that of the bow belt,
the deformation of the incoming spindle in the y-direction reaches
its maximum at 38 Hz and the deformation amplitude is up to
0.017 mm. Smaller peaks of deformation occur at both 32 Hz and
50 Hz (Fig. 4). Figures 4E, F show the related curves of deformation
and frequency of the outgoing spindles, respectively. In the vertical
direction, when the excitation frequency is 38 Hz, the deformation
amplitude reaches 0.019 mm and 0.093 mm in the horizontal
direction. The peak value is more prominent at 32 Hz in the
horizontal direction, and it can be seen that there is a large
deformation of the outgoing spindle in the horizontal direction,
which is most obvious when the structure resonates. In summary, it
can be seen that each component resonates at 32 Hz, 38 Hz, and
50 Hz and that the deformation reaches a maximum at 38 Hz;
however, the rotation frequency of this model is 33.33 Hz under
normal working conditions. To combine the peak point and modal
analysis, we chose to solve the stress distribution of each component
at 32 Hz.

Figure 5 shows that the stress distribution on the incoming and
outgoing spindles is maximum at the incoming disc bearing
installation at 30.123 MPa, with a minimum at the end of the
shaft of 200 Pa. At the bearing connection in the bearing box, the
shaft also has a large stress concentration, with a value of
10.041 MPa or more; thus, it is necessary to strengthen the
bearing assembly to prevent the machine from resonating.

3.3 Vibration damping solutions

From the overall results of the vibration analysis to determine
the maximum resonance point and identify the root cause of the
axial vibration, we found that the resonance appears at the right end
of the bearing seat position. The center of gravity of the bearing force
deviates from the geometric center of the bearing seat. The
projection point of the excitation force does not coincide with
the collection center of the bearing seat so that the bearing seat

TABLE 2 Stranding machine first eighth order inherent frequency.

Number of steps Frequency (Hz) Number of steps Frequency (Hz)

1 10.982 5 37.455

2 12.668 6 49.733

3 32.283 7 50.603

4 32.336 8 52.812

FIGURE 3
Schematic diagram of incentive addition.
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connection stiffness is low and the bearing seat produces axial sway,
although the base of the machine has minimal impact. The rotating
assembly was separated, some simplification operations were carried
out, and the simplified model is shown in Figure 6A.

From consideration of the structural vibration results, the resonant
frequency could be avoided and vibration reduced by changing the wall
thickness of the right end bearing seat. As the model has many holes on
both sides of the disc, and the shortest distance of the holes from the
bearing seat is 4 mm, the inner wall must also be thickened to avoid
stress concentration in the holes on the incoming disc after thickening
the outer wall. The clearance between the inner wall of the bearing seat
and the rotor is 6.25mm, but because of bearingwear, the wall thickness
of the bearing seat cannot increase beyond the maximum range of

4 mm. The thickening position is shown in Figure 6B (yellow area of
symmetric thickening). There is also a gap between the bearing seat and
the rotor assembly, and over time, the bearing seat will wear and the gap
will increase; thus, it is difficult to avoid the resonant frequency. Wear
can be reduced to some extent by using a sleeve and improving the
lubrication system. After considering all the aforementioned factors, the
wall thickness of the bearing seat was tested by increasing it 1 mm and
3 mm, and reducing it by 1 mm, and analyzing the modalities of the
spindle. The results of the analysis using the ANSYS Workbench are
shown in Table 3.

From the results of modal analysis of the bearing seat
improvement, it can be seen that reducing the bearing wall
thickness by 1 mm did not have much effect on the modal values

FIGURE 5
Stress nephogram of (A) incoming and (B) outgoing spindle with excitation force at 32 Hz.

FIGURE 4
Calculated deformation curve of carbon fiber bow belt in (A) y-direction and (B) z-direction; deformation curve of incoming spindle in (C)
y-direction and (D) z-direction; and deformation curve of outgoing spindle in (E) y-direction and (F) z-direction.
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of the spindle and did not achieve avoidance of the resonant
frequency. However, an appropriate increase in the wall thickness
of the bearing seat did effectively avoid the resonant frequency, thus
achieving vibration and noise reduction. Considering the structural
machining and the friction between bearing and shaft, the maximum
wall thickness of the bearing seat should be increased by 3 mm. By
doing that, the original resonant frequency can be avoided at all
vibration orders, which provides a good reference point for
optimization of the structure.

4 Conclusion

In this study, a modal analysis of a structural model of a stranding
machine was carried out, and the first eight orders of inherent
frequencies and vibration patterns were obtained. The analysis of the
inherent frequencies and vibration patterns of each order showed that
when themachinewas in normal operation, the operating frequencywas
located between the fourth- and fifth-order inherent frequencies, and the
motor frequency was located between the sixth and seventh orders; thus,
the machine was likely to resonate under normal operation at the given
excitation frequency. The modal analysis of the key elements of the
rotating part shows that the first-order inherent frequency of the bow
belt was close to the motor frequency (50 Hz) under normal operating
conditions and is the part that causes the resonance. It was found that the

response patterns of the incoming spindle, outgoing spindle, and carbon
fiber bow belt were basically the same, and resonance would occur at
32 Hz, 38 Hz, and 50 Hz in each. By analyzing the stress nephogram of
the structure under the effect of a 32 Hz excitation frequency, we found
that the stress values of the incoming spindle and outgoing spindle were
larger at the bearing installation and smaller at the shaft end. The stress
value of the bow belt was greatest at the bolt fixation and least at both
ends, which indicates the parts to be optimized. Throughmodal analysis,
we found that increasing the wall thickness of the bearing seat could
effectively avoid the resonant frequency and achieve vibration reduction,
providing the basis for design improvements and structural optimization
in the future.
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High thermoelectric performance
of TlInSe3 with ultra-low lattice
thermal conductivity

Xixi Yin1,2†, Lang Zhou1,2†, Qi Wang1,2, Yangfang Liao1,2 and
Bing Lv1,2*
1School of Physics and Electronic Science, Guizhou Normal University, Guiyang, China, 2Key Laboratory of
Low Dimensional Condensed Matter Physics of Higher Educational Institution of Guizhou Province,
Guizhou Normal University, Guiyang, China

Thermoelectric (TE) materials with an excellent thermoelectric figure of merit (ZT)
provide an effective way to alleviate energy pressure and protect the environment.
By applying the first-principles method, this paper makes a systematic study of the
electronic and phonon transport properties of two-dimensional (2D) novel TlInSe3
utilizing the Boltzmann transport theory (BTE). The calculation results reveal that
2D TlInSe3 has an excellent power factor (0.81 × 10−2 W/mK2) and ultra-low lattice
thermal conductivity (0.46 W/mK) at 300 K. We find that the low phonon group
velocity and strong anharmonicity are the main factors leading to the ultra-low
lattice thermal conductivity of TlInSe3. Meanwhile, by discussing the acoustic-
optical scattering, we attribute low phonon group velocity and strong
anharmonicity to the increase of scattering rates between acoustic mode and
optical mode, which further suppresses the lattice thermal conductivity. In the
analysis of electron and phonon transport properties, 2D TlInSe3, as a novel TE
material, exhibits a ZT value as high as 4.15 at 500 K. Our research results show that
TlInSe3 is a potential TEmaterial, and the relevant analysis is significant in exploring
new TE materials.

KEYWORDS

first-principles calculation, ultra-low lattice thermal conductivity, phonon
anharmonicity, 2D TlInSe3, high thermoelectric performance

1 Introduction

The thermoelectric effect enables the conversion of waste heat to electrical energy, while
the conversion efficiency of thermoelectric (TE) materials can be evaluated by the
thermoelectric figure of merit (ZT) value, demonstrated in the formula: ZT = S2σT

kl + ke
,

where S is the Seebeck coefficient; σ represents electrical conductivity,; kl; ke are lattice and
electronic thermal conductivity, respectively [1]. In recent years, in order to increase the ZT
value, researchers have employed phonon or electronic engineering techniques to reduce kl
or increase the power factor (PF = S2σ) [2–4]. However, due to the mutual coupling between
the TE parameters (S; σ; ke) [5, 6], it achieved a negligible boost of ZT [7]. Therefore, a new
material with intrinsic ultra-low kl may offer exciting prospects to achieve higher ZT and
thus realize its own potential utilization in TE fields.

Recent research has shown that thallium (Tl) compounds possess intrinsically ultra-low
lattice thermal conductivity (kl) [8–11]. For example, in Kurosaki’s research, the binary and
ternary thallium compounds demonstrated ultra-low kl, in which the approximate value of
kl of TlInTe2 is 0.5 W/mK at room temperature, almost one-third that of Bi2Te3 (~1.4 Wm/
K) [8, 11, 12]. In addition, three-dimensional (3D) thallium selenide (TlSe) was synthesized
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by Dutta, displaying its intrinsic ultra-low kl of 0.62–0.4 W/mK [10].
However, the ZT of bulk Tl compounds (ZT value of TlInTe2 is 1.78,
Tl9BiTe6 is about 1, and Tl4ZrTe4 is only 0.16) is low compared to
other TE materials because of the low power factor (PF) [7, 13–19].
Therefore, an ultra-low kl and a high PF is necessary to obtain a high
ZT value. Fortunately, two-dimensional (2D) materials can provide
excellent PF values, especially 2D selenium compounds, such as
Bi2Se3, Ag2Se, SnSe, InSe, etc., where the PF value of InSe is 0.049 W/
mK2 at 300 K, which is six times more than its bulk material [16,
20–24]. Moreover, experimentally synthesized Group III monolayer
metal sulfides, such as In2Se3, GaSe, etc., have been widely studied
because of their distinctive TE properties [15, 20, 25, 26].
Considering that Tl is in the same group as Ga and In elements,
and the high electronegativity and the lone pair electrons in Tl, it is
feasible to design a new type of thallium chalcogenide
semiconductor. Indeed, many ternary and binary thallium
chalcogenides have been studied for their TE properties [9–11,
16, 27]. However, it is worth noting that previous investigations
into Tl compounds were mainly laboratory work, while the inherent
physical mechanism of the ultra-low kl remains unclear. In addition,
the ternary compounds formed by substituting the same group of
elements have also attracted the attention of researchers due to their
unique thermoelectric properties [28–32]. Therefore, inspired by
these factors, it is urgent to design a novel 2D ternary compound
material containing thallium, thallium congeners, and selenium
elements to verify whether this can become a new and effective
way to obtain materials with high thermoelectric performance.

This work employs the Boltzmann transport theory (BTE),
taking TlInSe3 as a typical example, to study its electron and
phonon transport properties combined first principles. Our
research shows that, at room temperature, TlInSe3 has a ZT
value of up to 4.15 at 500 K and an ultra-low kl of 0.46 W/mK.
In addition, we find that the lower phonon group velocity and the
large phonon anharmonicity are the main factors leading to the
extremely low kl of TlInSe3. Meanwhile, by discussing the phonon
scattering channels, we find that the increase of the A + O/A→O
(“A” is acoustic mode, “O” for optical mode) scattering channel
leads to low phonon group velocity, which further suppresses the
lattice thermal conductivity.

2 Computational and theoretical
methods

We perform density functional theory (DFT) calculations using
the QUANTUM ESPRESSO (QE) code [33, 34]. To obtain the
relaxation structure and energy band structure, we use the kinetic
energy of 70 Ry, the k-points of 16 × 16 × 1; and the energy
convergence standard is 10−9 Ry, while the force convergence
standard is 10−8 Ry. 16 × 16 × 1 k-points and 8 × 8×1 q-points
are set to calculate phonon dispersion based on density functional
perturbation theory (DFPT) [35, 36]. Meanwhile, based on periodic
boundary conditions, in the 2D TlInSe3 z-direction, we set a vacuum
layer of 35 Å to prevent out-of-plane interactions. By working out
the phonon Boltzmann transport equation, the kl of 2D TlInSe3 is
obtained in the ShengBTE code [37]. A scaling parameter of 1.0 and
a q-point grid of 60 × 60 × 1 are set. 3 × 3 × 1 supercell, together with
a 4 × 4 × 1 k-mesh, is used to get the third-order interatomic force

constants (IFCs). Supplementary Figure S1 shows the convergence
of kl with different cutoff radii of third-order, the kl converges when
the cutoff radius takes into account the 10th nearest neighbor. The
electron transport properties considering electron-acoustic
interactions are further studied by the PERTURBO software
[38–41]. The maximum local Wannier function is built, through
which the s, p orbitals of Tl atoms, the s, p orbitals of In atoms, and
the p orbitals of Se atoms were selected by projecting the density of
states.

In addition, to determine convergence, we tested the mobility
using dense k-points, as demonstrated in Supplementary Figure
S2A,B, which show that holes using 160 × 160 × 1 k-points and
q-points can achieve convergence, while for electrons, it is necessary
to use 480 × 480 × 1 k-points and a q point of 160 × 160 × 1 to ensure
convergence.

In PERTURBO, τnk � Γ−1nk is employed to calculate the relaxation
time, where Γnk is the scattering rate defined as

Γnk � 1
Nq

∑
m,vq

Wvq
nk,mk+q, (1)

In the above equation,Wvq
nk,mk+q is the scattering probability. The

conductivity is computed as

σαβ � e2 ∫ dE −zf
0

zE
( )∑αβ E( ), (2)

where ∑αβ(E) is the transport distribution function at energy E,
while a and β are Cartesian directions. The Seebeck coefficient (S) is
computed from the ∑αβ(E) using the formula

Sαβ � e
T
∫ dE −zf 0/zE( ) E − μ( )∑αβ E( ), (3)

where μ is the chemical potential and T is the temperature. The
electronic thermal conductivity is obtained by the formula

Kαβ � 1
T

∫∑αβ E( ) E − εF( ) −zf0

zE[ ]( )
2

dE

∫∑αβ E( ) −zf0

zE[ ]dE
− ∫∑

αβ
E( ) E − εF( )2 −zf

0

zE
[ ]dE

⎧⎪⎪⎨
⎪⎪⎩

⎫⎪⎪⎬
⎪⎪⎭
,

(4)

where εF is the Fermi level of a certain doping.

3 Results and discussions

The top and side drawings of the novel 2D TlInSe3 are plotted
in Figure 1A. The 2D TlInSe3 is a hexagonal structure and is the
P-3m1 space group. The optimized lattice constant is 4.17 Å,
which is in agreement with the results in the literature [20, 42,
43]. Figure 1B shows the phonon spectrum of the novel 2D
TlInSe3. Since 2D TlInSe3 has no imaginary frequency, its
structure is dynamically stable. Meanwhile, we have tested the
energy with different k-points, and compared the phonon
dispersion by using the q points of 7 × 7 × 1 and 9 × 9 × 1,
and found no difference, indicating that the phonon spectrum is
convergent, as shown is Supplementary Figure S3A,B. At the
same time, It is noteworthy that near the Γ point, the coupling
exists between acoustic and optical phonons, suggesting that
there is acoustic-optic scattering interaction. In addition, the
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ZA and TA modes have an apparent concave, indicating the
softening of acoustic phonons, which is beneficial to reduce the
lattice thermal conductivity. In addition, the ZA mode is
relatively smooth, suggesting that the ZA mode has a smaller
phonon group velocity. The phonon density of states (DOS) of
2D TlInSe3 is presented in Figure 1C. Since the atomic mass of
thallium (Tl) is larger than that of In atoms and selenium (Se)
atoms, it controls the acoustic branch and part of the low-
frequency optical branch, while the optical branch is mostly
dominated by the vibration of Indium (In) atoms.

Moreover, we study further the cohesive energy (Ecoh) of
TlInSe3, whose formula is as follows:

Ecoh � NTlETl +NInEIn +NSeESe − ETlInSe3

NTl +NIn +NSe
, (1a)

Among them, N represents the number of atoms of each
element, E is the energy of a single atom of each element, and
ETlInSe3 is the total energy of 2D TlInSe3. The calculated Ecoh is
0.32 eV, indicating that its structure is energetically favorable.

The ab initio molecular dynamics (AIMD) has been simulated
using a 3 × 3 supercell at different temperatures with a time setting of
5 ps and a time step of 1 fs. Due to the small fluctuation in the total
energy, the atomic structure exhibits only a small deviation from its
equilibrium position at 300 and 500 K. These studies show that 2D
TlInSe3 is stable at 300 and 500 K. However, at 700 K, as shown in
Supplementary Figure S4, there is significant distortion with large
fluctuations in energy, and the TlInSe3 monolayer is unstable.

Figure 2A shows the electronic energy bands of TlInSe3 without
considering the w-SOC (with the spin-orbit coupling). Meanwhile, it
shows that the energy band structure of TlInSe3 has a double
degeneracy at the Γ point, which is beneficial for obtaining a
high power factor. In Supplementary Figures S3A,B, the energy
band structures considering the w-SOC and without considering the
spin-orbit coupling are basically the same. Moreover, our study of
the electronic band structure also reveals 2D TlInSe3 as an indirect-
band-gap material, which is also in line with previous studies [20,
43]. The projected density of states (DOS)in Figure 2B reveals that Se
atoms are predominant near the valence band maximum (VBM), as

FIGURE 1
(A) Relaxed structure of 2D TlInSe3, h is effective thickness, (B) phonon band plots where the red line represents the ZA mode, the blue line the TA
mode, the magenta line the LAmode, the orange line the low-frequency optical mode, and the black line the high-frequency optical mode, and (C)DOS
for 2D TlInSe3.

FIGURE 2
(A) The band structures without SOC, and (B) projected density of states of 2D TlInSe3, respectively.
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FIGURE 3
(A,B) Conductivity σ and (C,D) Seebeck coefficient S as a function of electrons and holes at 300, and 500 K, respectively.

FIGURE 4
(A) and (B) are ke, (C) and (D) are S2σ (PF) for 2D TlInSe3 at 300 K and 500 K, respectively.
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well as the conduction band minimum (CBM). Supplementary
Figure S6 displays that the PBE band is in good agreement with
those constructed by Wannier 90. Since performing QE and
Perturbo software to calculate electron transport properties under
electron-phonon interactions does not support HSE, therefore, we
use the PBE function to carry out these calculations.

The electron transport coefficients of TlInSe3 are obtained by
solving the Boltzmann transport equation (BTE). The electron
conductivity (σ) and the Seebeck coefficient (S) as a function of
the carrier concentration from 300–500 K are demonstrated in

Figures 3A–D. The calculation results clearly show that the σ of
n-type doping is an order of magnitude, that is, higher than that of
p-type doping, as presented in Figures 3A, B. For n-type doping, σ
first arises and then goes down with carrier concentration because of
the sudden drop in mobility at high concentrations when
considering electron-phonon (el-ph) coupling, which was also
reported in previous literature [44–47]. The TlInSe3 monolayer
shows a large S (absolute value) under n-type and p-type doping,
as displayed in Figures 3C, D. Moreover, the S (absolute value) of 2D
p-type TlInSe3 is all higher than that of n-type due to the smoother

FIGURE 5
(A) The kl of novel 2D TlInSe3 at different temperatures. (B) Cumulative plot of kl at different frequencies.

FIGURE 6
(A) The vλ,q, (B) τλ,q, (C) contribution of different phonon modes to the total kl (percentage), (D) γ parameter of 2D TlInSe3 at room temperature,
respectively.
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VBM relative to CBM, resulting in a larger effective carrier mass.
Moreover, according to the band convergence strategy, the band
degeneracy can further enhance S (S∝m* � N2/3

V m*
b). Interestingly,

at 300 K, 2D TlInSe3 exhibits a high value of 704 μV/K, compared to
TE materials with excellent properties such as PbTe (185 μV/K),
Bi2Te3 (215 μV/K) and SnSe (~510 μV/K) [45].

Figure 4 displays the calculated results of the electronic thermal
conductivity (ke) and power factor (S2σ) at 300 and 500 K,
respectively. Since the ke is dependent on the electrical
conductivity, the ke and σ have similar trends, as exhibited in
Figures 4A, B. Furthermore, the calculation reveals that
compared with p-type doping, n-type doping of 2D TlInSe3
demonstrates higher conductivity, which leads to larger ke of
n-type. The power factor (PF) can be calculated via PF � S2σ.
Figures 4C, D shows the fluctuation of PF values of the p-type
and n-type doping with the increase of the carrier concentration.
Compared with p-type doping, the better conductivity and higher
Seebeck coefficient of n-type doping lead to higher PF values. At
300 and 500 K, the maximum values of PF are 0.81/0.605 (10−2 W/
mK2) for n-type and 0.27/0.23 (10−2 W/mK2) for p-type,
respectively. Such a PF value is superior to conventional
thermoelectric materials such as Bi2Te3 [48]and PbTe [49].

Phonons are considered chief carriers for heat transportation in
semiconductors and insulators. Here, the kl can be obtained by
summing the contributions of all phonon modes λ and the wave
vector q:

kαβ � 1
V

∑
λ,q
Cλ,q vαλ,q( )

2
ταλ,q, (2a)

where V stands for the primitive cell volume, Cλ,q the specific heat
capacity, vαλ,q the phonon group velocity, and τ

α
λ,q the relaxation time.

By summing up the radius of Se atoms on the outermost surface
together with the van der Waals radius [50, 51], the effective
thickness (h) is obtained as 11.2 Å. By employing the iterative
method (ITA) and single-mode relaxation time approximation
(RTA), and working out the Boltzmann transport equation, the
kl of 2D TlInSe3 was calculated and displayed in Figure 5A.
Apparently, at room temperature, the kl value obtained by the
RTA method is 0.25 W/mK, which is much lower than the kl
value (0.46 W/mK) obtained by the ITA method, because the

RTA method is more suitable for relatively large samples or slow
heating experiment conditions. Moreover, Umklapp scattering
controls the heat transport of novel 2D TlInSe3, because the kl
can be fitted well as the function kl ∝ 1/T (the black dashed curve in
Figure 5A). Meanwhile, Figure 5B shows that kl is dominated by
phonon and optical branches at a frequency below 3 THz, which
indicates that acoustic and low-frequency optical modes contribute
significantly to kl. In addition, a large peak suddenly appears in the
frequency range from 5 to 6 THz, indicating that the contribution of
the high-frequency optical branch cannot be ignored.

According to Eq. 5, it can be known that the phonon group
velocity (v2λ,q) and the phonon relaxation time (τλ,q) are the key
factors in determining kl, and these main factors are shown in
Figure 6. In Figure 6A, the acoustic phonons in the low-frequency
range (frequency <2 THz) are usually considered as the main
contributors to the lattice thermal conductivity because of the
lager phonon group velocity of the LA mode and ZA mode.
Meanwhile, Figure 6A also reveals that the Low-Opt branch
possesses a non-negligible phonon group velocity, which
indicates that its contribution to the lattice thermal conductivity
cannot be ignored. Furthermore, In the frequency range from 5 to
6 THz, the phonon group velocity of the high-frequency optical
branch is higher than that of the high-frequency optical branch in
other frequency ranges, causing its contribution to the rise of kl,
which is in agreement with the data in Figure 5B. However, for the
acoustic branch and the low-frequency optical branch, the phonon
group velocity differs little in the low-frequency range
(frequency <2 THz), and the main advantage of the acoustic
branch comes from τλ,q, as shown in Figure 6B. Figure 6B shows
the τλ,q as a function of frequency. Compared to the optical branch,
the acoustic mode clearly dominates. It is worth noting that the
rapidly decreasing τλ,q of the Low-Opt and acoustic branch is
beneficial to further reduce the kl. The total contributions of
acoustic modes (ZA, TA, and LA), the Low-Opt branch, and the
High-Opt branch to the kl at different temperatures are shown in
Figure 6C. Notably, each phonon mode changes very little,
particularly after 300 K, which can be considered as being
independent of temperature. The results show that the
contribution ratio does not change with temperature after 300 K
due to the small change in heat capacity and phonon lifetime with

FIGURE 7
(A,B) The ZT values of novel 2D TlInSe3 at 300, and 500 K, respectively.
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the increase of temperature. The proportion of the total contribution
of acoustic modes to the kl is about 45% at 300 K, compared to 32%
for Low-Opt phonons. Moreover, we also analyze the Güneisen (γ)
parameter because it can provide important information about heat
transport, which enables the measurement of the anharmonicity of
phonons. Figure 6D shows the relationship between the frequency
and the γ parameter, with γ ranging from −55 to 10. Such a large
value of γ (maximum γ (absolute value) of 55) reflects the strong
anharmonicity of phonons, indicating the existence of strong
phonon-phonon scattering. Significantly, in the low-frequency
range, the acoustic and optical phonons are mixed, dedicating
strong acoustic-optic scattering which is consistent with
Figure 1B. Based on the above analysis, the strong phonon
anharmonicity, especially the ZA and TA modes, as well as the
strong acoustic-optic scattering, lead to ultra-low intrinsic lattice
thermal conductivity [52, 53].

According to the phonon and electron transport properties,
the thermoelectric conversion efficiency (ZT) of the new 2D
TlInSe3 is obtained, as plotted in Figure 7. In Figure 7A,
n-type TlInSe3 has an outstanding ZT value of up to 4.15 at
500 K. The ZT values of TlInSe3 are more advantageous than the
related materials reported from the literature, such as In2Se3
(2.8), TlSe (1.94), and TlInTe2 (2.6). Compared with the ZT of
p-type TlInSe3 at 500 K (2.16), the ZT of n-type TlInSe3 at 300 K
is more promising. Such high thermoelectric conversion
efficiency benefits from ultra-low kl and outstanding PF.
Meanwhile, this research demonstrated the novel 2D TlInSe3
as a promising n-type TE material, further expanding the family
of TE materials.

4 Conclusion

Overall, we investigate the TE performance of novel two-
dimensional TlInSe3 by the first-principles method. By working
out the BTE (Boltzmann transport equation), the study reveals that
the 2D TlInSe3 possesses an ultra-low kl of 0.46 W/mK at 300 K, and
the analysis of the energy bands suggests that the high Seebeck
coefficient is derived from the smooth energy band and band
degeneracy. In addition, the performance of the phonon group
velocity, phonon anharmonicity, and scattering channel shows
that the ultra-low kl of the novel 2D TlInSe3 is attributed to the
stronger phonon anharmonicity, lower phonon group velocity, and
the scattering interaction of ZA + O→O, TA + O→O, and LA +
O→O process. In addition, the weak Tl-Se chemical bond is also one
of the reasons for the low phonon group velocity. Based on studies of
electron and phonon transport properties, the ZT values of 2D
TlInSe3 are as high as 4.15 at 500 K for n-type and 2.16 for p-type,

which suggests that 2D TlInSe3 is a promising thermoelectric
material.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

XY: calculation, writing—original draft, visualization. LZ:
calculation, writing—original draft, visualization. QW: formal
analysis, suggestion, visualization. YL: suggestion, visualization.
BL: writing—review and editing, suggestion, software,
visualization. All authors contributed to the article and approved
the submitted version.

Funding

This work is supported by the Guizhou Provincial Science and
Technology Foundation [Grant no. (2019) 1225].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphy.2023.1172989/
full#supplementary-material

References

1. Gao Z, Wang J-S. Thermoelectric penta-silicene with a high room-temperature
figure of merit. ACS Appl Mater.Interfaces (2020) 12:14298–307. doi:10.1021/acsami.
9b21076

2. Pei Y, Wang H, Snyder GJ. Band engineering of thermoelectric materials. Adv
Mater (2012) 24:6125–35. doi:10.1002/adma.201202919

3. Kim J, Shim W, Lee W Bismuth nanowire thermoelectrics. J Mater Chem C (2015)
3(46), 11999–2013. doi:10.1039/c5tc02886h

4. Pei Y, Shi X, LaLonde A, Wang H, Chen L, Snyder GJ. Convergence of electronic
bands for high performance bulk thermoelectrics. Nature (2011) 66-69:66–9. doi:10.
1038/nature09996

5. Gao Z, Tao F, Ren J Unusually low thermal conductivity of atomically thin 2D
tellurium. Nanoscale (2018) 10, 12997–3003. doi:10.1039/c8nr01649f

6. Madsen GK, Singh DJ. BoltzTraP. A code for calculating band-structure dependent
quantities. Comput Phys Commun (2006) 175:67–71. doi:10.1016/j.cpc.2006.03.007

Frontiers in Physics frontiersin.org07

Yin et al. 10.3389/fphy.2023.1172989

98

https://www.frontiersin.org/articles/10.3389/fphy.2023.1172989/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphy.2023.1172989/full#supplementary-material
https://doi.org/10.1021/acsami.9b21076
https://doi.org/10.1021/acsami.9b21076
https://doi.org/10.1002/adma.201202919
https://doi.org/10.1039/c5tc02886h
https://doi.org/10.1038/nature09996
https://doi.org/10.1038/nature09996
https://doi.org/10.1039/c8nr01649f
https://doi.org/10.1016/j.cpc.2006.03.007
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1172989


7. Ding G, He J, Cheng Z, Wang X, Li S. Low lattice thermal conductivity and
promising thermoelectric figure of merit of zintl type TlInTe2. J Mater Chem C (2018) 6:
13269–74. doi:10.1039/c8tc03492c

8. Matsumoto H, Kurosaki K, Muta H, Yamanaka S. Systematic investigation of the
thermoelectric properties of TlMTe2 (M= Ga, in, or Tl). J Appl Phys (2008) 104:073705.
doi:10.1063/1.2987471

9. JanaMK, Pal K,Warankar A, Mandal P,Waghmare UV, Biswas K. Intrinsic rattler-
induced low thermal conductivity in zintl type TlInTe2. J Am Chem Soc (2017) 139:
4350–3. doi:10.1021/jacs.7b01434

10. Dutta M, Matteppanavar S, Prasad MV, Pandey J, Warankar A, Mandal P, Soni A,
Waghmare UV, Biswas K. Ultralow thermal conductivity in chain-like TlSe due to
inherent Tl+ rattling. J Am Chem Soc (2019) 141:20293–9. doi:10.1021/jacs.9b10551

11. Qiu B, Ruan X. Thermal conductivity prediction and analysis of few-quintuple
Bi2Te3 thin films: A molecular dynamics study. Appl Phys Lett (2010) 97:183107. doi:10.
1063/1.3514252

12. Kurosaki K, Yamanaka S. Low-thermal-conductivity group 13 chalcogenides as
high-efficiency thermoelectric materials. Wiley Online Libr (2013) 210:82–8. doi:10.
1002/pssa.201228680

13. Guo Q, Chan M, Kuropatwa B, Kleinke H. Enhanced thermoelectric properties of
variants of Tl9SbTe6 and Tl9BiTe6. Chem Mater (2013) 25:4097–104. doi:10.1021/
cm402593f

14. Sankar CR, Bangarigadu-Sanasy S, Assoud A, Kleinke H. Syntheses, crystal
structures and thermoelectric properties of two new thallium tellurides: Tl4ZrTe4
and Tl4HfTe4. J Mater Chem (2010) 20:7485–90. doi:10.1039/c0jm01363c

15. Patel A, Singh D, Sonvane Y, Thakor P, Ahuja R. High thermoelectric
performance in two-dimensional janus monolayer material WS-X (X= Se and Te).
ACS Appl Mater Inter (2020) 12:46212–9. doi:10.1021/acsami.0c13960

16. Minhas H, Das S, Pathak B. Ultralow thermal conductivity and high
thermoelectric performance of γ-GeSe: Effects of dimensionality and thickness. ACS
Appl Energ Mater (2022) 5:9914–28. doi:10.1021/acsaem.2c01600

17. Ning S, Huang S, Zhang T, Zhang Z, Qi N, Chen Z. Two-dimensional β-PdX2 (X=
S, Se, and Te) monolayers with promising potential for thermoelectric applications.
J Phys Chem C (2022) 126:17885–93. doi:10.1021/acs.jpcc.2c06186

18. Majumdar A, Chowdhury S, Ahuja R. Drastic reduction of thermal conductivity
in hexagonal AX (A= Ga, in and Tl, X= S, Se and Te) monolayers due to alternative
atomic configuration. Nano Energy (2021) 88:106248. doi:10.1016/j.nanoen.2021.
106248

19. Majumdar A, Chowdhury S, Ahuja R. Ultralow thermal conductivity and high
thermoelectric figure of merit in two-dimensional thallium selenide. ACS Appl Energ
Mater (2020) 3:9315–25. doi:10.1021/acsaem.0c01658

20. Nian T, Wang Z, Dong B. Thermoelectric properties of α-in2Se3 monolayer. Appl
Phys Lett (2021) 118(2021):033103. doi:10.1063/5.0036316

21. Zhao L-D, Lo S-H, Zhang Y, Sun H, Tan G, Uher C, Wolverton C, Dravid VP,
Kanatzidis MG. Ultralow thermal conductivity and high thermoelectric figure of merit
in SnSe crystals. Nature (2014) 508:373–7. doi:10.1038/nature13184

22. Sun G, Qin X, Li D, Zhang J, Ren B, Zou T, Xin H, Paschen SB, Yan X. Enhanced
thermoelectric performance of n-type Bi2Se3 doped with Cu. J Alloy Compd (2015) 639:
9–14. doi:10.1016/j.jallcom.2015.03.124

23. Mi W, Qiu P, Zhang T, Lv Y, Shi X, Chen L. Thermoelectric transport of Se-rich
Ag2Se in normal phases and phase transitions.Appl Phys Lett (2014) 104:133903. doi:10.
1063/1.4870509

24. Wickramaratne D, Zahid F, Lake RK. Electronic and thermoelectric properties of
van derWaals materials with ring-shaped valence bands. J Appl Phys (2015) 118:075101.
doi:10.1063/1.4928559

25. Zheng Y, Tang X, Wang W, Jin L, Li G Large-size ultrathinα-Ga2S3 nanosheets
toward high-performance photodetection. Adv Funct Mater , 2008307,31(2021). doi:10.
1002/adfm.202008307

26. Jeengar C, Tomar M, Jindal K, Sharma A, Jha PK. Influence of post deposition
annealing on thermoelectric properties of In2Se3 thin films.Mater Sci Semicond Process
(2023) 153(2023):107127. doi:10.1016/j.mssp.2022.107127

27. Li B, Zhang C, Sun Z, Han T, Zhang X, Du J, Wang J, Xiao X, Wang N. The
potential thermoelectric material Tl3XSe4 (X= V, Ta, Nb): A first-principles study. Phys
Chem Chem Phys (2022) 24:24447–56. doi:10.1039/d2cp00358a

28. Yang J, Li J, Zhang C, Feng Z, Shi B, Zhai W, Yan Y, Wang Y. Excellent
thermoelectric performance of BaMgSi driven by low lattice thermal conductivity: A
promising thermoelectric material. J Alloy Compd (2020) 827:154342. doi:10.1016/j.
jallcom.2020.154342

29. Babich AV, Rogachev M. Investigation of thermal properties and thermal stability
of the Sn-Pb-Te system materials for the thermoelectric generator application.
Proceeding of the 2020 IEEE Conference of Russian Young Researchers in Electrical
and Electronic Engineering (EIConRus). January 2020, St. Petersburg and Moscow,
Russia. IEEE (2020). 2111–4.

30. Zhan S, Hong T, Qin B, Zhu Y, Feng X, Su L, Shi H, Liang H, Zhang Q, Gao X, et al.
Realizing high-ranged thermoelectric performance in PbSnS2 crystals. Nat Commun
(2022) 13:5937. doi:10.1038/s41467-022-33684-0

31. Xia Q, Xu Q, Xu B, Yi L. Ab initio prediction of thermoelectric performance of
monolayer BiSbTe3. J Solid State Chem (2021) 296:121963. doi:10.1016/j.jssc.2021.
121963

32. Gangwar VK, Kumar S, Singh M, Ghosh L, Yufeng Z, Shahi P, Patil S, Schwier EF,
Shimada K, Uwatoko Y. Pressure induced superconductivity and location of Fermi energy
at Dirac point in BiSbTe3 (2019). arXiv preprint arXiv:1906.10336.

33. Giannozzi P, Andreussi O, Brumme T, Bunau O, Nardelli MB, Calandra M, Car R,
Cavazzoni C, Ceresoli D, Cococcioni M, et al. Advanced capabilities for materials
modelling with quantum ESPRESSO. J Phys Condens Matter (2017) 29:465901. doi:10.
1088/1361-648X/aa8f79

34. Perdew JP, Zunger A. Self-interaction correction to density-functional
approximations for many-electron systems. Phys Rev B (1981) 23:5048–79. doi:10.
1103/physrevb.23.5048

35. Baroni S, Gironcoli SD, Corso AD, Giannozzi P. Phonons and related crystal
properties from density-functional perturbation theory. Rev Mod Phys (2001) 73:
515–62. doi:10.1103/revmodphys.73.515

36. Gonze X. First-principles responses of solids to atomic displacements and
homogeneous electric fields: Implementation of a conjugate-gradient algorithm.
Phys Rev B (1997) 55:10337–54. doi:10.1103/physrevb.55.10337

37. Li W, Carrete J, Katcho NA, Mingo N. ShengBTE: A solver of the Boltzmann
transport equation for phonons. Comput Phys Commun (2014) 185:1747–58. doi:10.
1016/j.cpc.2014.02.015

38. Lu I-T, Zhou J-J, Park J, Bernardi M. First-principles ionized-impurity scattering
and charge transport in doped materials. Phys Rev Mater (2022) 6:L010801. doi:10.
1103/PhysRevMaterials.6.L010801

39. Peng P-P, Wang C, Li L-W, Li S-Y, Chen Y-Q. Research status and performance
optimization of medium-temperature thermoelectric material SnTe. Chin Phys B (2022)
31(2022):047307. doi:10.1088/1674-1056/ac20c9

40. Gupta R, Dongre B, Carrete J, Bera C. Thermoelectric properties of the SnS
monolayer: Fully ab initio and accelerated calculations. J Appl Phys (2021) 130:054301.
doi:10.1063/5.0058125

41. Zhou J-J, Park J, Lu I-T, Maliyov I, Tong X, Bernardi M. Perturbo: A software
package for ab initio electron–phonon interactions, charge transport and ultrafast
dynamics. Comput Phys Commun (2021) 264:107970. doi:10.1016/j.cpc.2021.107970

42. Hieu NN, Phuc HV, Kartamyshev A, Vu TV. Structural, electronic, and transport
properties of quintuple atomic janus monolayers Ga2SX2 (X= O, S, Se, Te): First-
principles predictions. Phys Rev B (2022) 105:075402. doi:10.1103/physrevb.105.075402

43. Zhang G, Lu K, Wang Y, Wang H, Chen Q. Mechanical and electronic properties
of α− M2X3 (M= Ga, in; X= S, Se) monolayers. Phys Rev B (2022) 105:235303. doi:10.
1103/PhysRevB.105.235303

44. Chen Y, Wu Y, Hou B, Cao J, Shao H, Zhang Y, Mei H, Ma C, Fang Z, Zhu H, et al.
Renormalized thermoelectric figure of merit in a band-convergent Sb2Te2Se monolayer:
Full electron–phonon interactions and selection rules. J Mater Chem A (2021) 9:
16108–18. doi:10.1039/d1ta02107a

45. Marfoua B, Hong J. High thermoelectric performance in hexagonal 2D PdTe2
monolayer at room temperature. ACS Appl Mater.Interfaces (2019) 11:38819–27.
doi:10.1021/acsami.9b14277

46. Cheng L, Liu H, Zhang J, Wei J, Liang J, Shi J, Tang X. Effects of van der Waals
interactions and quasiparticle corrections on the electronic and transport properties of
Bi2Te3. Phys Rev B (2014) 90:085118. doi:10.1103/physrevb.90.085118

47. Sheng C, Fan D, Liu H. High thermoelectric performance can be achieved in two-
dimensional (PbTe)2 layer. Phys Lett A (2020) 384:126044. doi:10.1016/j.physleta.2019.
126044

48. Batsanov SS. Van der Waals radii of elements. Inorg Mater (2001) 37:871–85.
doi:10.1023/A:1011625728803

49. Gao Z, Dong X, Li N, Ren J. Novel two-dimensional silicon dioxide with in-plane
negative Poisson’s ratio. Nano Lett (2017) 17:772–7. doi:10.1021/acs.nanolett.6b03921

50. Yuan K, Sun Z, Zhang X, Gong X, Tang D A first-principles study of the
thermoelectric properties of rhombohedral GeSe. Phys Chem Chem Phys 22, 1911, 22.
doi:10.1039/c9cp05153h2020).

51. Lv B, Hu X, Wang N, Song J, Liu X, Gao Z Thermal transport property of novel
two-dimensional nitride phosphorus: An ab initio study. Appl Surf Sci (2021) 559,
149463. doi:10.1016/j.apsusc.2021.149463

52. Peng B, Zhang H, Shao H, Xu Y, Zhang X, Zhu H Low lattice thermal conductivity
of stanene. Sci Rep ,6, 20225, doi:10.1038/srep202252016).

53. Wang Y, Gao Z, Zhou J Ultralow lattice thermal conductivity and electronic
properties of monolayer 1T phase semimetal SiTe2 and SnTe2. Phys E (2019) 108, 53–9.
doi:10.1016/j.physe.2018.12.004

Frontiers in Physics frontiersin.org08

Yin et al. 10.3389/fphy.2023.1172989

99

https://doi.org/10.1039/c8tc03492c
https://doi.org/10.1063/1.2987471
https://doi.org/10.1021/jacs.7b01434
https://doi.org/10.1021/jacs.9b10551
https://doi.org/10.1063/1.3514252
https://doi.org/10.1063/1.3514252
https://doi.org/10.1002/pssa.201228680
https://doi.org/10.1002/pssa.201228680
https://doi.org/10.1021/cm402593f
https://doi.org/10.1021/cm402593f
https://doi.org/10.1039/c0jm01363c
https://doi.org/10.1021/acsami.0c13960
https://doi.org/10.1021/acsaem.2c01600
https://doi.org/10.1021/acs.jpcc.2c06186
https://doi.org/10.1016/j.nanoen.2021.106248
https://doi.org/10.1016/j.nanoen.2021.106248
https://doi.org/10.1021/acsaem.0c01658
https://doi.org/10.1063/5.0036316
https://doi.org/10.1038/nature13184
https://doi.org/10.1016/j.jallcom.2015.03.124
https://doi.org/10.1063/1.4870509
https://doi.org/10.1063/1.4870509
https://doi.org/10.1063/1.4928559
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1016/j.mssp.2022.107127
https://doi.org/10.1039/d2cp00358a
https://doi.org/10.1016/j.jallcom.2020.154342
https://doi.org/10.1016/j.jallcom.2020.154342
https://doi.org/10.1038/s41467-022-33684-0
https://doi.org/10.1016/j.jssc.2021.121963
https://doi.org/10.1016/j.jssc.2021.121963
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/physrevb.23.5048
https://doi.org/10.1103/physrevb.23.5048
https://doi.org/10.1103/revmodphys.73.515
https://doi.org/10.1103/physrevb.55.10337
https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1103/PhysRevMaterials.6.L010801
https://doi.org/10.1103/PhysRevMaterials.6.L010801
https://doi.org/10.1088/1674-1056/ac20c9
https://doi.org/10.1063/5.0058125
https://doi.org/10.1016/j.cpc.2021.107970
https://doi.org/10.1103/physrevb.105.075402
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1039/d1ta02107a
https://doi.org/10.1021/acsami.9b14277
https://doi.org/10.1103/physrevb.90.085118
https://doi.org/10.1016/j.physleta.2019.126044
https://doi.org/10.1016/j.physleta.2019.126044
https://doi.org/10.1023/A:1011625728803
https://doi.org/10.1021/acs.nanolett.6b03921
https://doi.org/10.1039/c9cp05153h
https://doi.org/10.1016/j.apsusc.2021.149463
https://doi.org/10.1038/srep20225
https://doi.org/10.1016/j.physe.2018.12.004
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1172989


Two-dimensional half-metallicity
in transition metal atoms
decorated Cr2Ge2Te6
Wei Kang*, Xue Du, Jintian Wang, Ziqin Ye, Jinghong Zhao,
Wei Wang, Yan Wang, Lin Wang and Xiaoqing Liu

Key Laboratory of Optoelectronic Technology and System of Ministry of Education, College of
Optoelectronic Engineering, Chongqing University, Chongqing, China

As one of the first experimentally found and naturally stable two-dimensional (2D)
ferromagnetic materials, the monolayer Cr2Ge2Te6 has garnered great interest
due to its potential hires in electronics and spintronics. Yet, the Curie temperature
of monolayer Cr2Ge2Te6 is lower than the ambient temperature, severely
restricting the creation of valuable devices. Using the first-principle
calculations, we explored how the adsorption of 3d transition metals affects
the electronic and magnetic properties of the monolayer Cr2Ge2Te6 (from Sc
to Zn). Our findings indicate that depending on the 3d transition metals to be
adsorbed, the electronic properties of the Cr2Ge2Te6 adsorption system may be
adjusted from semiconductor to metal/half-metal. We found that the adsorption
of Ti and Fe leads to a transformation from semiconductor to metal. While in
Cr2Ge2Te6@Sc, V, Co, Ni, and Cu, the absorption realizes the changes from
semiconductor to half metal. Moreover, adsorption may modify the magnetic
moment and Curie temperature of the adsorbed system to enhance the
ferromagnetic stability of the monolayer Cr2Ge2Te6. Furthermore, we are able
to modulate the half-metallic of Cr2Ge2Te6@Mn by means of electric fields.
Hence, adsorption is a viable method for modulating the ferromagnetic half-
metallic of 2D ferromagnets, paving the door for the future development of nano-
electronic and spintronic devices with enhanced performance for 2D
ferromagnetic materials.

KEYWORDS

monolayer Cr2Ge2Te6, 3d transition metal, electronic properties, ferromagnetism, half-
metal, curie temperature

Introduction

Since Geim and Novoselov initially reported [1] the successful fabrication of graphene by
the transparent tape exfoliation technique in 2004, there has been a continuous attempt to
identify two-dimensional (2D) materials with superior characteristics. In the realm of
contemporary materials research, atomic-level thickness layered van der Waals materials
are suitable as a broad class of materials with excellent physical properties [2], and they are
now gaining popularity among scientists. The van der Waals force interaction within the
interlayer of layered 2D materials is a typical weak coupling interaction. In particular, with
the discovery of boronene [3], MoS2 [4], and black phosphorus [5], single or multiple-layer
2D layered materials, the interest in 2D semiconductor layered materials, and their relative
heterostructures have been intensively studied. Yet, another essential attribute of materials,
magnetic properties, has been of interest and is absent from many 2D van der Waals
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materials. For example, graphene [6], a band-gapless, nonmagnetic
2D material, impedes its employment in spintronic devices. Hence,
researchers are hopeful of discovering a series of 2D stacked
magnetic materials.

Low-dimensional ferromagnetic semiconductors are urgently
required to construct the next-generation of nanoscale spintronic
devices. In recent years, there are some 2D half-metallic materials,
for example, monolayer Mxene [7, 8] and multiferroic nanosheets
ACr2S4 [9] (A = Li, Na, K Rb). The transition-metal trichalcogenides
(TMTC), another class of typical layered van der Waals materials
that possess both magnetic properties and a unique layered
structure, have also attracted the interest of the public [10]. They
are coupled between layers by weak van der Waals interactions; for
instance, MnPS3 has excellent physicochemical properties and is
easy to prepare [11, 12]. In addition, the materials of this structure
display diverse electronic properties, some as semiconducting and
others as insulating, and they also have unique magnetic properties.
As a potential candidate for 2D magnetic layered van der Waals
materials, it has become the focus of recent research. In particular, as
a member of the family of layered van der Waals materials,
crystalline Cr-based transition metal trichloride has attracted
significant interest. For example, the Curie temperature of
CrSiTe3 [13], one of the transition metal trisulfide materials,
increases as the number of layers decreases. It is reported to be a
well-known 2D ferromagnetic [14] semiconductor because both the
block and monolayer exhibit different magnetic ground states. In
addition, it has been reported [15] that the Curie temperature of CrI3
is 45 K. Being a multilayer van der Waals insulator, its Curie
temperature drops as the number of layers reduces, and it is also
regarded as an excellent 2D ferromagnetic material. In recent years,
Cr2Ge2Te6 has also been selected by researchers because of its van
der Waals geometry, intrinsic ferromagnetism, and higher Curie
temperature than CrI3. It has been stated [16] that V. Carteaux
produced the first bulk of Cr2Ge2Te6 in 1995. In 2017, a
ferromagnetic monolayer, Cr2Ge2Te6, with a Curie temperature
of 61 K, in experimental, was exfoliated [17]. 2D layered
Cr2Ge2Te6 [18] of novel electronic, magnetic, optical,
optoelectronic, piezoelectric, and thermoelectric properties are
easily compatible with nanoelectronic devices. It was even
reported [17] that ferromagnetism exists in the new Cr2Ge2Te6
atomic layer and that the Curie temperature can be easily regulated
by modulating the applied magnetic field. This finding suggests
Cr2Ge2Te6 is an ideal candidate for the study of 2D magnetic
phenomena and spintronic device materials. On the other hand,
the focus of research on this type of 2D layered van der Waals
magnetic materials will also significantly advance our understanding
of the magnetic properties of low-dimensional materials, which,
when combined with their rich electronic and optical properties, will
open up numerous application possibilities for 2D magnetoelectric
and magneto-optical applications.

In particular, research on intrinsically magnetic semiconductors
with high Curie temperatures, large band gaps, and high carrier
mobility is of extraordinary significance for developing the next-
generation of ultra-miniaturized, highly integrated spintronics and
magneto-optics devices. Nevertheless, it is challenging to have long-
range ordered ferromagnetic and semiconducting properties in 2D
materials [19], thus hoping that the substrate material can be tuned
by some conventional modifications to produce magnetic

properties. In the past decades, many modifications, such as
magnetic doping [20], nonmagnetic doping [21], or hole doping
[22], have been used in an attempt to introduce long-range ordered
ferromagnetic sequences in semiconductors. Functional adsorption
is one of the most traditional techniques to modulate the electronic
and magnetic properties of the material effectively. Many efforts
have previously been devoted to studying metal atom interactions in
2D materials inducing magnetic for applications in spintronics.
Particularly, graphene-like 2D materials interact with magnetic
atoms to produce half metal, and this modulation has been
considered as an effective and interesting means of application to
spintronics. Some theoretical studies have shown that the adsorption
of metal atoms on the graphene sheets significantly increases the
Curie temperature up to 438 K [23]. The adsorption of transition
metal atoms on the surface of black phosphorus also effectively
modulates its electronic and magnetic properties [24]. It was
reported that a strong orbital coupling between GaSe monolayer
and transition metals was found to produce 100% spin-polarized
currents [25]. A recent study also found that monolayer Cr2Ge2Te6
nanosheet interacted with alkali metals, enhancing their
ferromagnetism and exhibiting half-metallic properties [26].
Therefore, the combination of 2D layered van der Waals
materials, intrinsic ferromagnetism, half-metallic properties, and
adsorption will likely provide a good platform for applying new low-
dimensional magnetic materials in the field of spintronics.

Using first-principles calculation, we want to examine the
electronic and magnetic properties of 3d transition metals
adsorbed on monolayer Cr2Ge2Te6 nanosheet. We found that 3d
transition metals adsorbed on the substrate Cr2Ge2Te6 significantly
change the magnetic moments of the system. Except for Ti and Cr
adsorbed, the Curie temperature of the adsorption system (TM = Sc,
V, Mn, Fe, Co, Ni, Cu, and Zn) is significantly enhanced by a factor
of two, with an enhancement of Curie temperature increasing rate
over to 200%. Based on the optimized structure of the adsorbed
system, we analyzed the geometry, electronic structure, spin density
of states, magnetic moments, and Curie temperature of the ten-
absorbed system for first-principles calculation. We found that the
adsorption energy changes significantly as the 3d transition metal is
adsorbed at different positions. The degree of interaction between
the transition metal atoms and monolayer Cr2Ge2Te6 significantly
differs at different adsorption positions. We also found that the 3d
transition metals change the electronic properties of the absorbed
system, especially Cr2Ge2Te6@Ti and Cr2Ge2Te6@Fe become
metallic. At the same time, the Sc, V, Co, Ni, and Cu absorbed
systems show half-metallic. In addition, we found that the
adsorption of 3d transition metals can significantly increase the
Curie temperature of the system. Therefore, the present study
reveals that the monolayer Cr2Ge2Te6 can change its electronic
structure and magnetic properties by adsorption of 3d transition
metal atoms, thus predicting the unlimited application prospects of
monolayer 2D Cr2Ge2Te6 ferromagnet in the next-generation of
functional spintronic devices.

Methodology

Our density functional theory (DFT) calculations were
performed using Vienna ab initio Simulation Package [27, 28].
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The projector augmented wave formalism (PAW) [29, 30] describes
the ion-electron potential. The exchange of correlation functions
during the simulations is mainly handled by the generalized gradient
approximation (GGA) [31] and is parameterized by the Perdew-
Burke-Ernzerhofer (PBE) parameterization. Projection-enhanced
wave functions have also been used to describe the electron-ion
potential [27, 32]. The kinetic cut-off energy of the plane wave basis
group is set as 400 eV. We set the condition of full convergence at
ion relaxation as long as the total energy is less than 10–5 eV and the
force on each atom is less than 0.01 eV/Å when the lattice constant,
as well as the atomic positions, will be the most stable state of
complete relaxation. To eliminate the interaction between periodic
boundaries, we simulated the properties of the monolayer
Cr2Ge2Te6 using a 20 Å thick slab model in the z-direction. In
addition, to fully characterize the van der Waals interactions
between the adsorbed 3d transition metal and the monolayer
Cr2Ge2Te6, a DFT-D3 correction method [33, 34] with the
Grimme scheme is used to perform the whole system study
calculations. We adopted the 2 × 2 supercell structure for
monolayer Cr2Ge2Te6 with one transition metal. Besides, the
Brillouin zone k-point mesh of 3 × 3 × 1 is used for optimizing,
and a denser 8 × 8 × 1 k-point mesh is used for electronic structure
computations. Here, we analyzed these results by utilizing the PBE +
U functional to describe the high correlations between the electrons
in the d shell. The on-site interactions Ueff are represented by the
equation, Ueff � U − J , where U and J stand for the on-site
Hubbard Coulomb and exchange parameters, respectively. U has
been assigned values of 3.00 eV for Cr and 2.50 eV for other 3d
transition metal atoms, respectively [35–38]. The values of J have
been set to be 0.90 eV for Cr and 0.00 eV for 3d transition metals [39,
40]. Additionally, we computed the band structure of the monolayer
Cr2Ge2Te6 in a unit cell with and without the PBE + U. The Monte
Carlo (MC) simulation based on the Ising model [41] was used to
estimate the Curie temperature of the monolayer Cr2Ge2Te6 and
single-layer Cr2Ge2Te6 absorbed transition metals.

Results and discussions

It is known from previous studies [42] that there is a large van
der Waals gap in the structure of bulk Cr2Ge2Te6, and the interlayer
interactions are pretty weak, so it is possible to extract 2D Cr2Ge2Te6
nanosheet by experimental peeling. Therefore, before studying the
adsorption of transition metal atoms by the substrate monolayer
Cr2Ge2Te6, we first investigated the structural, electronic, and
magnetic properties of the monolayer Cr2Ge2Te6. Supplementary
Figure S1A shows the top and side views of a monolayer Cr2Ge2Te6
supercell (2 × 2). Cr2Ge2Te6 is a hexagonal lattice structure. Each
layer can be considered an octahedral CrTe6 at the edge of the
hexagonal lattice and a Ge dimer in the center [43]. After structural
optimization, there are 40 atoms in the supercell (2 × 2) with lattice
constants of a = b = 13.65 Å, α = 120°, and a bond length of 2.78 Å
between the Cr atom and the nearest neighboring Te atom. Our
calculated results are in agreement with previous literature [18]. The
spin-polarized band structure shown in Supplementary Figure S1B
explains the electronic properties of monolayer Cr2Ge2Te6. It reveals
that the monolayer Cr2Ge2Te6 is a semiconductor whose band gap
in the spin-down channel is indirect, with the valence band in the Γ

point being the top of the valence band (VBM) and the bottom of
conduction band (CBM) located in the Κ point, and the value of
band gap in the spin-down channel is 0.52 eV; In the spin-up
channel, we can see that the VBM is located at Γ point, while the
CBM is located between K point and M point, and its indirect band
gap value is 0.31 eV, which is consistent with the results of the
literature [18, 44]. Supplementary Figure S1C shows the total density
of states of the monolayer Cr2Ge2Te6. We can see that near the
Fermi surface, both the conduction band and the valence band are
asymmetric in both spin channels, and the VBM in the spin-up
channel is closer to the Fermi surface than its VBM in the spin-down
energy band, while the CBM in the spin-up channel is closer to the
Fermi surface than that in the spin-down channel, which also
indicates that both the conduction band and the valence band
edges near the Fermi surface are fully spin-polarized. Thus the
band gap in the spin-up channel is smaller than that in the spin-
down channel, implying that Cr2Ge2Te6 is a bipolar magnetic
semiconductor [45]. In addition, the contribution of the Cr atom
in the spin-up is significantly larger than that in the spin-down,
while the density of states of Te atoms is in the conduction band,
where the electronic density of states in the spin-up is significantly
larger than that in the spin-down. In addition, the valence band edge
is mainly contributed by Te atoms, and at the conduction band edge,
it is contributed primarily by Cr and Te atoms [18]. The spin
polarization at the Fermi surface is also caused by the interaction
between Cr and Te atoms. The valence band top is occupied by the p
orbital of the Te atom, while the hybridized orbital of the d orbital of
the Cr atom and the p orbital of the Te atom occupies the conduction
band bottom.

To confirm the magnetic ground state of the most stable
monolayer Cr2Ge2Te6 nanosheet, we have calculated two
different magnetic configurations for monolayer Cr2Ge2Te6
nanosheet, i.e., ferromagnetic (FM) and antiferromagnetic (AFM)
states. The energy difference (ΔE) is defined as the difference
between the energy of AFM and FM per cell, that is ΔE =
EAFM−EFM, where EAFM and EFM represent the total energy of
the antiferromagnetic Cr2Ge2Te6 and the ferromagnetic
Cr2Ge2Te6 nanosheet. ΔE = 55.25 meV, showing that a 2D
Cr2Ge2Te6 has a higher energy per unit cell in AFM than in the
FM state, which is more stable than in the AFM state. In addition,
the literature [46] reported that the magnetic properties of
Cr2Ge2Te6 are mainly derived from the local magnetic moments
on the Cr atomic sites; therefore. After calculations, we obtained the
magnetic moment of the monolayer Cr2Ge2Te6 as 24.00 µB, and the
magnetic moment of each Cr atom is about 3.37 µB. This result is
consistent with the literature [47].We usedMonte Carlo simulations
to obtain the Curie temperature of the monolayer Cr2Ge2Te6. The
Monte Carlo simulation calculates the monolayer Cr2Ge2Te6
nanosheet with a supercell of 20 × 20 × 1 to minimize the
periodic reduction constraint. Each simulation was cycled for at
least 105 steps to ensure the overall structure reached equilibrium at
each temperature. As shown in Supplementary Figure S1D, the
magnetic moment of the monolayer Cr2Ge2Te6 start to decrease
sharply at about 87 K. indicating a Curie temperature of about 87 K
for the monolayer Cr2Ge2Te6 nanosheet.

Previous work has shown [18] that low-dimensional materials
are sensitive to external stimuli, which helps us investigate the
adsorption system’s fundamental properties. After studying the
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electronic properties and magnetic properties based on monolayer
Cr2Ge2Te6, we selected transition metal (TM = Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, and Zn) atoms and monolayer Cr2Ge2Te6 nanosheet for
the analytical study of the adsorption mechanism. Studying this class
of transition metal adsorption will be a good guide for applying 2D
magnetic materials in spintronic devices. We selected 2 × 2 supercell
monolayer Cr2Ge2Te6 as substrates for the adsorbing 3d transition
metals from Sc atoms to Zn atoms sequentially. To find the most
favorable adsorption sites, as shown in Figures 1A–C, we considered
three locations where the monolayer Cr2Ge2Te6 nanosheet adsorb
the transition metal atoms. They are positions A (Cr-top), B (Te-
top), and C (Ge-top), respectively. The adsorption distance (d) is the
distance between 3d transition metal atoms and the substrate surface
atoms, as shown in Figure 1D. To evaluate the interaction between
the substrate and 3d transition metals, we calculated the adsorption
energy of the adsorption system. We used the adsorption energy to
describe the absorption stability with the following equation: Eads �
ECr2Ge2Te6@TM−(ECr2Ge2Te6 + ETM) , where, ECr2Ge2Te6@TM, ECr2Ge2Te6,
and ETM are the total energy of 3d transition metal deposited on the
monolayer Cr2Ge2Te6 and the energy of the bare monolayer
Cr2Ge2Te6 and 3d transition metal, respectively. According to the
definition, it is evident that when the value of adsorption energy Eads

is greater, then themore robust the interaction between 3d transition
metal and monolayer Cr2Ge2Te6, the more stable adsorption of the
transition metal. After structural relaxation and static calculations
for the structures of the monolayer Cr2Ge2Te6 adsorbing transition
metal at each of the three different sites, we obtained their respective
adsorption energies Eads and adsorption distances d.

Figure 2A shows the calculated adsorption energy at three
positions after complete structural relaxation. All adsorption
energies at all positions are negative, except for the Cr adsorbed
at the Cr-top position and Ti atoms adsorbed at the Ge-top site. The
adsorption energies are negative, indicating that this reaction is
exothermic, suggesting the monolayer Cr2Ge2Te6 can adsorb
transition metals at three different positions, indicating that these
adsorption systems are stable. Still, the interaction strength between
the transition metal and the substrate differs from 3d transition
metals. For the adsorption of Mn and Zn, there is no significant
difference in the adsorption energies at the three different sites. Still,
the adsorption energy of the Cr2Ge2Te6@Mn fluctuating
between −0.55 and −0.66 eV, is larger than that of the
Cr2Ge2Te6@Zn, indicating that the interaction strength in
Cr2Ge2Te6@Mn is stronger than that of the Cr2Ge2Te6@Zn. For
the systems adsorbed Sc, Ti, V, Cr, Fe, Co, Ni, and Cu, their
adsorption energies significantly changed at different adsorption
positions, implying the strength of interaction between 3d transition
metals and the substrate was quite different. Similarly, from
Supplementary Table S1, the adsorption distances of 3d
transition metals adsorbed at different positions have significantly
different variations. Cr2Ge2Te6@Sc has relatively high adsorption
energy, indicating a strong interaction between the Sc atoms and the
substrate. However, for the Cr2Ge2Te6@Zn, the adsorption distance
fluctuates around 2.92 Å. In contrast, the adsorption energies at all
three positions are small and almost negligible, indicating minimal
interaction between the Zn atoms and the substrate material. On the
other hand, for the adsorption systems of Ti, V, Cr, Mn, Fe, Co, Ni,

FIGURE 1
The top views of the crystalline structure of a 2 × 2monolayer Cr2Ge2Te6, with TM atoms absorbed at three different positions labeled as (A)Cr-top,
(B) Te-top, and (C)Ge-top, respectively. The dotted black lines in the graph indicate the 2 × 2 supercell. (D) The side view of themonolayer Cr2Ge2Te6 (2 ×
2) nanosheet adsorbed by the transition metals, and the adsorption distance d is represented by the solid red line. The atoms of the Te, Cr Ge, and 3d
transition metals are represented by the pale yellow, indigo, purple, and pink balls represent, respectively.
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and Cu, the adsorption distance and adsorption energies obviously
differ significantly at three different positions. For example, for the
Cr2Ge2Te6@Fe, we found that the value of the adsorption
energy −1.65 eV at the Cr-top position is considerably larger
than that of −0.39 eV at the Te-top position. At the same time,
its adsorption distance of 1.20 Å is much larger than that of 2.79 Å at
the Te-top position, indicating that the adsorption of Fe atoms at the
Cr-top position is more stable than that at the Te-top position. More
stable the absorption and their interactions are stronger.

We can determine the best adsorption site based on the
minimum adsorption energy after structural relaxation. In
Cr2Ge2Te6@Fe, Co adsorbed at the Te-top position was
significantly shifted and moved above the Cr atom, so the best
adsorption site for the transition metal Co is at the Cr-top position.
Similarly, we found that the Zn also moved from the Te-top site to
the Ge-top site, so the best adsorption site for Zn is at the Ge-top
position. Also, Cr2Ge2Te6@Ni has a similar trend, having the Te-top
position as the adsorption site. As a result (shown in Supplementary
Table S1, S2), three categories may be used to group the best
adsorption site for the ten absorption systems. The optimum
adsorption site for Ti, V, Fe, Co, and Cu is at the Cr-top
position (A site); the best adsorption site for Cr and Ni is at the
Te-top position (B site); and the best adsorption site for Sc, Mn, and
Zn is located at the Ge-top position (C site). Figure 2B shows the
adsorption distance d at the best adsorption site. The Cr2Ge2Te6@Zn
has the smallest negative value of adsorption energy at −0.07 eV. As
we all know, the outermost shell of the Zn atom is in an entire
electron state. The Zn binds to the monolayer Cr2Ge2Te6 through
weak interaction, most likely as physical adsorption. Except for Zn
absorbed, the Eads values of the other absorption system are pretty
large, ranging from −2.54 to −0.66 eV, indicating a strong bonding
between 3d transition metals and the substrate. For Ti, V, Cr, Mn,
Fe, Co, Ni, and Cu absorbed, the higher the negative values of the
adsorption energy and, at the same time, the smaller their
adsorption distance d, indicating strong bonding, most likely by
chemical interaction. The adsorption energies of the adsorbed Sc
and Ni atoms are the highest, reaching −2.14 and −2.54 eV,
respectively, indicating that the bonding between Sc and Ni
atoms and monolayer Cr2Ge2Te6 is the strongest. For the

adsorption system, the stability of 3d transition metal adsorption:
Cr2Ge2Te6@Ni > Cr2Ge2Te6@Sc > Cr2Ge2Te6@Co > Cr2Ge2Te6@
Cu > Cr2Ge2Te6@V > Cr2Ge2Te6@Fe > Cr2Ge2Te6@Ti =
Cr2Ge2Te6@Cr > Cr2Ge2Te6@Mn > Cr2Ge2Te6@Zn. In addition,
except for Sc, Ti, and V absorbed, the trend of adsorption energy
change is consistent with the trend of its adsorption distance d
change. In conclusion, by adsorbing 3d transition metals at various
places, we determined that the optimal adsorption sites for various
transition metals are situated at various locations. In general, the
greater the negative value of their adsorption energy and the shorter
the adsorption distance, the easier and stronger the mutual
interaction between the substrate material and the transition metals.

Figure 3 depicts the spin-polarized band structure of the adhered
nanosheet. As is evident, the transition metal has a considerable
influence on the electronic structure of the monolayer Cr2Ge2Te6
nanosheet of the substrate material. The half-metallic attribute of a
material is that it exhibits metallic qualities and semiconductor or
insulator properties for electrons with two distinct spin orientations.
When the spin polarization rate is 100%, the material is half-
metallic, meaning that the energy band in the spin-up channel is
metallic while the energy band in the opposite spin direction is non-
metallic. For Cr2Ge2Te6@Sc, V, Cr, Co, Ni, and Cu, the spin-up
energy bands cross the Fermi level showing the metallic. In contrast,
the spin-down energy bands have band gaps, indicating that the
spin-down energy bands are semiconducting in nature, suggesting
that these systems become half metallic and supply 100% of the spin-
polarized current due to their spin polarizabilities 100% at the Fermi
level. For the half metallic adsorption systems, their corresponding
half metallic gaps (Eg) were computed. The half metallic gap is the
minimum between the lowest energy of spin-up (down) conduction
bands in relation to the Fermi level and the greatest energy of spin-
up (down) valence bands in absolute values. And the results showed
that in the Cr2Ge2Te6@Sc, V, Cr, Co, Ni, and Cu, half metallic gaps,
Eg were 40.82, 121.14, 24.56, 100.78, 46.33, and 118.06 meV,
indicating the half metallic of these adsorption systems is
relatively stable. For the Cr2Ge2Te6@Sc (Figure 3A), the spin-
down channel retains the band structure of the pristine
Cr2Ge2Te6. The substrate material has acquired electrons because
the spin-up energy band is heavily hybridized, and its conduction

FIGURE 2
(A) The adsorption energy of monolayer Cr2Ge2Te6 for transition metals at three distinct adsorption positions: Cr-top, Te-top, and Ge-top. (B) The
adsorption distance of transition metals adsorbed by monolayer Cr2Ge2Te6.
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band is moved downward relative to intrinsic Cr2Ge2Te6. With
Cr2G2Te6@V and Co, the spin-down exhibits a similar pattern; the
spin-down energy band is visibly moved down relative to the
intrinsic Cr2G2Te6, and the spin-up is evidently annihilated,
showing that 3d transition metal and the substrate have a strong
interaction. As shown in Figures 3B, F, the Cr2Ge2Te6@Ti and Fe
have similar energy band structures, but their spin-up energy bands
are more severely destroyed, indicating more intense energy band
hybridization. Both the spin-up and spin-down energy bands exhibit
metallic properties with conductivity, indicating the transition from
semiconducting to metallic of the system. In the Cr2G2Te6@Mn
(Figure 3E), although the spin-down and spin-up valence bands
preserve most of the intrinsic energy bands, the conduction bands
exhibit notable change, suggesting that the Mn interacts with the
substrate quite significantly. Yet, both spin-up and spin-down
energy bands preserve the semiconductor character, with a very
narrow band gap of 0.07 eV and 0.65 eV, respectively, showing that
the entire system offers the semiconducting. Cr2G2Te6@Zn
(Figure 3J) preserves the intrinsic Cr2G2Te6 energy band in both
the spin-down and spin-up energy bands, indicating a very weak

interaction and monolayer Cr2G2Te6. It still exhibits
semiconducting, with a band gap of about 0.18 eV in the spin-up
and 0.48 eV in the spin-down. We also find that the energy band is
slightly shifted downward, showing that Cr2G2Te6 receives
electrons. Hence, monolayer Cr2G2Te6 energy bands are
significantly hybridized with 3d transition metal except for Zn
absorbed. As such, according to the interaction between the
transition metal and the substrate material, it can be divided into
four categories: half metal (Cr2Ge2Te6@Sc, Cr2Ge2Te6@V,
Cr2Ge2Te6@Cr, Cr2Ge2Te6@Co, Cr2Ge2Te6@Ni, and Cr2Ge2Te6@
Cu); metal (Cr2Ge2Te6@Ti and Cr2Ge2Te66@Fe); semiconductor
(Cr2Ge2Te6@Mn and Cr2Ge2Te6@Zn).

After that, we investigate the density of states of the adsorbed
system, shown in Supplementary Figure S2. It should come as no
surprise that the density of states is found to be asymmetric. In
Cr2Ge2Te6@Sc, the spin-up energy band near the Fermi level comes
mostly from the 3d orbitals of Sc and partially from the 3d orbitals of
Cr. In Cr2Ge2Te6@V, the density of states near the Fermi energy
level is predominantly provided by the 3d orbitals of V. Moreover, a
portion of the density of states comes from the 3d orbitals of the Cr

FIGURE 3
The calculated spin-polarized band structures of (A) Cr2G2Te6@Sc, (B) Cr2G2Te6@Ti, (C) Cr2G2Te6@V, (D) Cr2G2Te6@Cr, (E) Cr2G2Te6@Mn, (F)
Cr2G2Te6@Fe, (G)Cr2G2Te6@Co., (H)Cr2G2Te6@Ni, (I)Cr2G2Te6@Cu, (J)Cr2G2Te6@Zn. In the band structures, the solid red lines correlate to the spin-up,
while the solid purple lines correspond to the spin-down. The Fermi level is set to zero.
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atom that is close as well as the p orbitals of the Ge atom. It should be
noted that the formation of half metal in Cr2Ge2Te6@Co and Cu is
exactly the same as in Cr2Ge2Te6@V. In contrast, the half-metallic of
Cr2Ge2Te6@Ni is mostly due to the contribution of the 3d orbitals of
Cr. Notably, Cr2Ge2Te6@Cr exhibits half-metallic properties,
mainly coming from the d orbitals of the Cr in the substrate. Its
VBM in the spin-down channel results from the hybridization of the
3d orbitals of both the substrate and the adsorbed Cr and the p
orbitals of the Ge atom. In Cr2Ge2Te6@Ti and Fe, their metallic
properties are mainly derived from the mutual hybridization
between the Cr 3d orbitals, the Ge p orbitals, and the transition
metal 3d orbitals. In both Cr2Ge2Te6@Mn and Cr2Ge2Te6@Zn, the
conduction band bottom and valence band top at the Fermi plane
are mainly contributed by the 3d orbitals of Cr atoms and partly by
the p orbitals of Ge.

In order to get a comprehensive comprehension of the shifts
in charge transfer that occur between 3d transition metals and
monolayer Cr2Ge2Te6, we carried out the differential charge
density, as shown in Figure 4. We discovered that, with the
exception of the charge that was transferred between the Zn and
the monolayer Cr2Ge2Te6, which was a very small amount, there
was a large charge transfer in all of the other absorption systems.
In addition, we used Bader charge [48] analysis to investigate the
flow and magnitude of transferred charge between 3d transition
metals and the monolayer Cr2Ge2Te6. As shown in
Supplementary Table S2, there is almost no charge transfer
between Zn atom and the substrate, exactly in agreement with

Figure 4J, indicating that the substrate material and transition
metal interact weakly, matching the bandstructure (Figure 3J)
and the very small adsorption energy (−0.07 eV). The charge
transferred between Co and monolayer Cr2Ge2Te6 is significantly
more than that transferred in Cr2G2Te6@Zn, as shown in
Figure 4G. And the loss of charge accumulates near the Co,
while the accumulation of charge clearly occurs at the surface of
the monolayer Cr2Ge2Te6, as well as slightly partial charge
accumulation in the intermediate Cr atomic layer, indicating
that strong chemical interaction between the Co atoms and
monolayer Cr2Ge2Te6, and a roughly 0.21 e loss of Co by
Bader analysis. Furthermore, the charge transfer that occurs
between Sc, Ti, V, Mn, Fe, and Cu and monolayer Cr2Ge2Te6
is even much stronger, with charge loss occurring clearly around
the 3d transition metals and charge accumulation apparently still
present in the adsorbed intermediate region as well as around the
surface and interlayer of monolayer Cr2Ge2Te6. This suggests
that the connection between the transition metals Sc, Ti, V, Mn,
Fe, and Cu atoms and monolayer Cr2Ge2Te6 is relatively robust
and most likely involves chemisorption. Furthermore, in the
Cr2Ge2Te6@Cr and @Ni systems, the loss of charge occurs
mainly around 3d transition metals, and electron
accumulation is evident not only at the surface atoms of
monolayer Cr2Ge2Te6 but also more very evident on the Cr
atom of the intermediate layer, suggesting equally strong
hybridization in the absorbed system. In accordance with the
Bader charge analysis, we conduct quantitative research to

FIGURE 4
The differential charge density of (A) Cr2G2Te6@Sc, (B) Cr2G2Te6@Ti, (C) Cr2G2Te6@V, (D) Cr2G2Te6@Cr, (E) Cr2G2Te6@Mn, (F) Cr2G2Te6@Fe, (G)
Cr2G2Te6@Co., (H) Cr2G2Te6@Ni, (I) Cr2G2Te6@Cu, (J) Cr2G2Te6@Zn. The isosurface value is set as 0.001 e/Å3. Charge depletion (accumulation) is
represented by the blue (yellow) isosurface in the graph.
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determine the magnitude of the charge that is transmitted from
the transition metal to the single layer Cr2Ge2Te6. We discover
that the number of transferred charges between Zn and
monolayer Cr2Ge2Te6 is very low, coming in at just 0.04 e,
which suggests that the interaction between Zn and the
substrate is relatively weak. Strong contact exists between
monolayer Cr2Ge2Te6 and the remainder of the 3d transition
metals. The substrate Cr2Ge2Te6 function as an acceptor to take
up the lost electrons by the 3d transition metals. Just shown in
Supplementary Table S2, the number of electrons transferred
from Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu to monolayer
Cr2Ge2Te6 is 0.76, 0.65, 0.83, 0.71, 0.64, 0.40, 0.21, 0.54, and
0.39 e, respectively, indicating a significant increase in the

number of charges transferred. This result lines up perfectly
with the findings about the adsorption energy.

After that, we began to investigate how the adsorption of three-
dimensional transition metals might affect the magnetic properties
of a single layer of Cr2Ge2Te6. In order to investigate the magnetic
ground state of the monolayer Cr2Ge2Te6 adsorbed with 3d
transition metals, we took into account the four magnetic states
that are depicted in Figures 5A–D. These states are, in order,
ferromagnetic state, Néel-antiferromagnetic state, Stripy-
antiferromagnetic state, and Zigzag-ferromagnetic state,
respectively. As can be seen in Table 1, the ferromagnetic state is
significantly lower after the adsorption of 3d transition metal
compared to the other three magnetic states. This suggests that

FIGURE 5
Schematics of four different magnetic structures: (A) FM, (B) Néel-AFM, (C) Stripy-AFM, and (D) Zigzag-AFM; (E) The total magnetic moment of the
monolayer Cr2Ge2Te6 absorbed with transition metals in the 2 × 2 supercell and the magnetic moment of transition metals in the monolayer Cr2Ge2Te6
absorbed with transition metals. (F) The variation in the Curie temperature of monolayer Cr2Ge2Te6 absorbed by conventional metals.

TABLE 1 The calculated total energy of the monolayer Cr2Ge2Te6 absorbed the transition metals with four different magnetic configurations, the magnetic
moment of the Cr atom near the absorption site (MCr), and the magnetic moment of transition metals in the monolayer Cr2Ge2Te6 absorbed systems (MTM).

TM-system EFM(eV) EStripy-AFM(eV) EZigzag-AFM(eV) ENéel-AFM(eV) MCr (µB) MTM (µB)

Sc −202.28 −201.06 −201.11 −200.78 3.38 1.78

Ti −201.70 −200.75 −201.58 −201.52 3.42 1.88

V −203.41 −203.13 −203.10 −203.00 3.58 2.97

Cr −204.88 −204.65 −204.66 −204.67 3.34 3.34

Mn −204.02 −203.72 −203.74 −203.50 3.33 4.83

Fe −202.90 −202.64 −202.68 −202.58 3.47 2.86

Co. −201.88 −201.32 −201.74 −201.55 3.51 1.85

Ni −201.33 −201.14 −201.26 −201.01 3.35 0.11

Cu −199.97 −199.79 −199.79 −199.60 3.58 0.00

Zn −198.26 −198.06 −198.18 −197.93 3.35 0.00
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the monolayer Cr2Ge2Te6 absorbed with 3d transition metals is still
relatively resistant in the ferromagnetic state. The ferromagnetic
state is unaffected by the adsorption of 3d transition metals since it is
an intrinsic magnetic state of the monolayer Cr2Ge2Te6. In addition,
we defined the energy difference between the Néel-
antiferromagnetic and ferromagnetic states as ΔE1:

ΔE1 � E Neel − AFM( ) − E FM( ) (1)
where E (Neel-AFM) andE(FM) are the total energy of the absorbed
system in the Néel-antiferromagnetic state and in the ferromagnetic
state of the adsorbed transition metal, respectively. The energy
difference of the ten absorbed systems is 1.50, 0.18, 0.41, 0.21,
0.52, 0.32, 0.33, 0.32, 0.37, and 0.34 eV, respectively. Clearly, there is
a significant rise in the energy differences for adsorbed 3d transition
metals. In an example, the energy difference of Cr2Ge2Te6@Sc is
about 1.50 eV, which is more than six times greater than the energy
difference (ΔE1 = 221.01 meV) of the pristine monolayer Cr2Ge2Te6.
Because of this, the results above indicate that the ferromagnetic
state is the most stable for the absorbed system. Furthermore, the
ferromagnetic state of the absorbed system is noticeably more stable
when compared to the ferromagnetic state of the monolayer
Cr2Ge2Te6.

In the ferromagnetic state, the supercell 2 × 2 monolayer
Cr2Ge2Te6 with 8 Cr atoms, is expected to have a total magnetic
moment of 24.00 µB. Furthermore, we calculated the magnetic
moments of Cr near the optimal adsorption site (denoted by
MCr) and the magnetic moments of the transition metals in the
Cr2Ge2Te6@TM adsorption system (represented by MTM)
separately. The findings are presented in Figure 5E. From
Table 1, we can see that when 3d transition metals are absorbed,
the magnetic moments of Cr near the optimal adsorption site do not
vary, mainly in the range of 3.33–3.58 µB, which is significantly
higher than 3.37 µB for monolayer Cr2Ge2Te6. Among them, with
the adsorption of V and Cu, the MCr reached a maximum of 3.58 µB;
however, the MCr changed the least after adopting Mn, coming to
3.33 µB. On the other hand, we calculated the magnetic moments
MTM of the transition metals in the Cr2Ge2Te6@TM adsorption
system. And the results showed that from Sc to Zn atoms, the
magnetic moments MTM were 1.78, 1.88, 2.97, 3.34, 4.83 4.83, 2.86,
1.85, 0.11, 0.00和0.00 µB. The results are consistent with the results
of Supplementary Figure S3. The 3d transition metals affect the
magnetic properties of the adsorption system. In addition, we also
calculated the total magnetic moments for the ten absorbed systems,
as shown in Figure 5E. We discovered that the total magnetic
moment first goes through an increase, then slightly decreases
after the Cr adsorption, and then continues to increase again
after Fe adsorption, all the way to the Zn, where the total
magnetic moment falls; however, the decrease in the total
magnetic moment for the Ni atom adsorption is greater than
that for Cu atom adsorption. As we all know, the 4s orbitals
from Sc to V are full of electrons, and the outermost 3d orbitals
are unfilled with the number of electrons 3.00, 4.00, and 5.00 e. The
total magnetic moments of the Cr2Ge2Te6@Sc, Ti, and V systems are
all integers, rising to 27.00, 28.00, and 29.00 µB in that sequence. This
may be explained by the fact that the number of electrons in the
outermost layer is connected to the total magnetic moments. When
the Sc is absorbed, the total magnetic moments of Cr2Ge2Te6@Sc

increase by 3.00 µB, which coincides with the number of 4 s, 3d
orbital electrons. In addition, fromMn to Co, the 4 s orbital is full of
electrons, and the outermost 3d orbital is unfilled, with 5.00, 6.00,
and 7.00 e, respectively. The total magnetic moments of the
adsorbed systems of Cr2Ge2Te6@Mn, Cr2Ge2Te6@Fe, and
Cr2Ge2Te6@Co are also integers, decreasing linearly from a
magnetic moment of 29.00 µB–27.00 µB, which is also related to
the number of electrons in the outermost 3d orbitals. As we all know,
the outermost 3d orbitals of Mn are arranged in 5.00 e. When Mn is
adsorbed, the total magnetic moment of the Cr2Ge2Te6@Mn reaches
29.00 µB. This is precisely 5.00 µB more than the total magnetic
moment of the monolayer Cr2Ge2Te6 without the adsorbed
transition metal, which is 24.00 µB. This is due to the fact the
outermost 3d orbitals of Mn have five unpaired electrons.
Compared to 24.00 µB of the monolayer Cr2Ge2Te6, the total
magnetic moment of the Cr2Ge2Te6@Fe is 28.00 µB, an increase
of 4.00 µB. This can be interpreted as the Fe has 6 electrons in the
outermost 3d orbitals but only 4 unpaired electrons. Compared to
29.00 µB for the Cr2Ge2Te6@Mn, the total magnetic moment of the
Cr2Ge2Te6@Fe is reduced by 1.00 µB, and the total magnetic
moment of the Cr2Ge2Te6@Co adsorption system is reduced to
27.00 µB, which is likely to be the same reason. Since the 3d orbital of
Cu is in the full electron state and the 4 s orbital is half full with only
one electron, the total magnetic moment of the Cr2Ge2Te6@Cu
increases to 25.00 µB. Compared to 24.00 µB for a single layer of
Cr2Ge2Te6, the total magnetic moment of the Cr2Ge2Te6@Cu
increases by only 1 µB. Obviously, the magnetic moment of Zn,
whose outermost 3d orbitals are in the full electron state, is zero;
hence the total magnetic moment of the Cr2Ge2Te6@Zn does not
change.

On the other hand, we estimate the density of states of
Cr2Ge2Te6@TM shown in Figure 6. The total magnetic of the
adsorption system is greater, the more asymmetric the spin-
polarized density of states. It is noticeable that the spin-polarized
density of states asymmetry becomes more and more pronounced
with the absorption of Sc and V, indicating that Cr2Ge2Te6@V has a
greater total magnetic moment than that of Cr2Ge2Te6@Sc.
Similarly, the Cr2Ge2Te6@Mn has a greater spin-polarized
density of states asymmetry than the Cr2Ge2Te6@Cu system,
indicating a bigger total magnetic moment. While the asymmetry
of the spin-polarized density of states of Cr2Ge2Te6@Ni and
Cr2Ge2Te6@Zn is significantly weaker, so the total magnetic
moments of these two transition metal adsorption systems are
also the smallest. In order to investigate more progressively the
origin of the total magnetic moment and magnetism of Cr2Ge2Te6@
TM, we also calculated the spin density distribution by the following
equation:

Δρ � ρ↑ − ρ↓ (2)
Where Δρ is the spin density of Cr2Ge2Te6@TM, ρ ↑ is the spin

density in spin up and ρ ↓ is the spin density of spin down.
Supplementary Figure S3 shows that the total magnetic moment
mainly comes from the Cr of monolayer Cr2Ge2Te6 and partly from
the adsorbed 3d transition metals. In Cr2Ge2Te6@Sc, Ti, V, Cr, Mn, Fe,
and Co, the total magnetic moment mainly comes from transition
metals; while for the adsorbed Ni, Cu, and Zn, the total magnetic
moment is mainly derived from the Cr distribution of monolayer
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Cr2Ge2Te6. This result also agrees with the MTM results of previously
calculated transition metal magnetic moments.

In spintronic devices, the Curie temperature influences the
transition temperature from ferromagnetic to paramagnetic and the
stability of the ferromagnetic sequence. Calculating the Curie
temperature of each adsorption system using Monte Carlo
simulation is the next step to directly evaluate whether the
ferromagnetic state coupling of the adsorbent system is improved.
According to the literature [49, 50], based on the energy difference
calculated above and Ising model simulations, we obtain the following
expression for the spin exchange parameter J,

J � ΔE1/2NZS2 (3)

where N represents the number of magnetic atoms, Z represents the
number of nearest neighbor magnetic atoms of Cr atoms, and ΔE1 is
the energy difference between the Néel-antiferromagnetic and
ferromagnetic states that we calculated earlier. As shown in
Figure 5F, the Curie temperatures of Cr2Ge2Te6@Ti and Cr are
slightly lower, around 150 K, while the Curie temperatures of other
transition metal adsorption systems typically exceed 200 K.
However, compared to that of the monolayer Cr2Ge2Te6, the
adsorption of 3d transition metals result in a significant increase
in the Curie temperature of Cr2Ge2Te6@TM and an improvement in
the ferromagnetic coupling. According to the Goodenough-
Kanamori rules [165,166], the ferromagnetic state coupling of

monolayer Cr2Ge2Te6 is the product of superexchange
interaction and direct exchange interaction.

Since the bond length between Cr-Cr of the Cr2Ge2Te6@TM
system is relatively large, about 4.10 Å and the direct exchange
interaction is mainly by the direct electron hopping of two adjacent
Cr atoms showing the antiferromagnetic coupling, their direct
exchange interaction is relatively weak. It is well knowledge that
the superexchange contact will have a greater propensity to display
ferromagnetic coupling. The superexchange interaction in the
adsorbed system is generated by the Te atom acting as an
intermediate anion. Since the bond angle of Cr-Te-Cr is mostly
around 90°, this results in a more powerful superexchange
interaction. Hence, the struggle between the two exchange
interactions leads to the dominance of superexchange
interactions in the adsorption system, which shows ferromagnetic
coupling as a consequence. In view of this, the adsorption of 3d
transition metals by the monolayer Cr2Ge2Te6 leads to the
enhancement of the ferromagnetic state. After that, we also
define the Curie temperature increasing rate ε for the adsorption
system by equation,

ε � Τc Cr2Ge2Te6@TM( ) − Τc Cr2Ge2Te6( )
Τc Cr2Ge2Te6( ) × 100% (4)

According to our calculation, the Curie temperature
enhancement ratio of Cr2Ge2Te6@TM reaches 224%, 68%, 277%,

FIGURE 6
Spin-polarized total density of states in the (A)Cr2G2Te6@Sc, (B)Cr2G2Te6@Ti, (C) Cr2G2Te6@V, (D)Cr2G2Te6@Cr, (E)Cr2G2Te6@Mn, (F)Cr2G2Te6@
Fe, (G) Cr2G2Te6@Co., (H) Cr2G2Te6@Ni, (I) Cr2G2Te6@Cu, (J) Cr2G2Te6@Zn. The Fermi level is set to zero.
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85%, 367%, 207%, 207%, 190%, 242%, and 224%, respectively. All
adsorbed transition metals improved their Curie temperatures by a
factor of 2, with the exception of Ti and Cr atoms, whose adsorption
Curie temperature improvement was less than 100%, suggesting that
transition metals may dramatically increase their Curie
temperatures.

In addition, we study how the electric field modulates the
electrical characteristics of the adsorption system. According to
earlier research, the Cr2Ge2Te6@Mn system is a semiconductor;
thus, we choose this system as an example and apply a positive
electric field, that is, an electric field directed from the Cr2Ge2Te6
to the adsorbed atoms. We discovered that the application of an
additional positive electric field has a considerable influence on
the electronic properties of the Cr2Ge2Te6@Mn, particularly the
spin-polarized electronic states of the monolayer Cr2Ge2Te6. The
calculated projected spin-up and spin-down band structures of
the Cr2Ge2Te6@Mn adsorption system under 0.10 and 0.60 V/Å
electric fields are shown in Figures 7A, B, respectively. After
applying the electric field, the spin-up energy band extended all
the way to the Fermi level, whereas the spin-down energy band
remained semiconducting. This caused a spin-polarization
current with a spin-polarization rate of 100% at the Fermi
level. In addition, compared to the energy band of the
intrinsic monolayer Cr2Ge2Te6, the conduction band in the
spin-up channel of Cr2Ge2Te6@Mn moves increasingly
downward with an increasing positive electric field, suggesting
that as its magnitude increases, the electric field increasingly

impacted the conduction band in the spin-up channel.
Consequently, the applied positive electric field transforms
Cr2Ge2Te6@Mn from a semiconductor to a half-metal,
suggesting that the applied electric field has a distinct benefit
in managing the electronic and magnetic properties of the
absorbed system. In other words, as seen in Figure 7C, the
applied positive electric field causes more charges initially
localized in a certain energy band to shift in relative positions.
Once the energy band at these positions crosses the Fermi energy
level under the influence of the electric field, the materials also
transform into a half-metal, i.e., one spin-up electronic state
moves downward across the Fermi plane, while the electric field
has little effect on the other spin-down electronic state, thus
achieving a modulation of the electronic and magnetic properties
of the absorbed system.

Conclusion

In conclusion, based on first-principles calculation, the
electronic and magnetic properties of the monolayer Cr2Ge2Te6
absorbed with 3d transition metal atoms have been investigated.
Based on the calculated absorption energy, equilibrium absorption
distance, and charge redistribution, the monolayer Cr2Ge2Te6
absorbed Zn via a weak interaction. At the same time, the rest of
the 3d transition metals are fascinated with the substrate via a strong
interaction. Our results show that Cr2Ge2Te6@TM can possess

FIGURE 7
The calculated projected spin-up and spin-down band structures of Cr2Ge2Te6@Mn with electric fields of (A) 0.1 and (B) 0.6 V/Å. In the band
structures, the solid red lines correlate to the spin-up, while the solid purple lines correspond to the spin-down. The solid grey circles in the spin-up and
spin-down band structures correspond to the contribution from the Cr2Ge2Te6 layer. The Fermi level is set to zero. (C) A schematic illustration of the
electric field-induced transition from a ferromagnetic semiconductor to a half metal.
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different electronic properties. We found that the adsorption of Ti
and Fe leads to a transformation from semiconductor to metal.
While in Cr2Ge2Te6@Sc, V, Co, Ni, and Cu, one of their spin energy
bands appears to be metallic, the other spin energy band remains
semiconductor, so the absorption realizes the changes from
semiconductor to half metal. Furthermore, the ferromagnetic
coupling is the most stable state in Cr2Ge2Te6@TM, and their
respective Curie temperatures are greatly enhanced by
adsorption, demonstrating that adsorption may effectively boost
the ferromagnetic state of monolayer Cr2Ge2Te6. This relates to the
outcome of the competition between direct exchange and
superexchange. This research demonstrates a feasible method for
not only modifying the electrical characteristics of the monolayer
Cr2Ge2Te6 but also enhancing their ferromagnetic stability. We are
certain that this method can be experimentally achieved in the near
future, which will considerably ease the deployment of CGT in
nanoelectronic and spintronic devices.
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