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Room temperature quantum anomalous Hall insulator in honeycomb
lattice, RuCS3, with large magnetic anisotropy energy
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The quantum anomalous Hall (QAH) effect has attracted enormous attention since it can induce topologically pro-
tected conducting edge states in an intrinsic insulating material. For practical quantum applications, the main obstacle is
the non-existent room temperature QAH systems, especially with both large topological band gap and robust ferromagnetic
order. Here, according to first-principles calculations, we predict the realization of the room temperature QAH effect in
a two-dimensional (2D) honeycomb lattice, RuCS3 with a non-zero Chern number of C = 1. Especially, the nontrivial
topology band gap reaches up to 336 meV for RuCS3. Moreover, we find that RuCS3 has a large magnetic anisotropy
energy (2.065 meV) and high Curie temperature (696 K). We further find that the non-trivial topological properties are
robust against the biaxial strain. The robust topological and magnetic properties make RuCS3 have great applications in

room temperature spintronics and nanoelectronics.
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1. Introduction

Topological materials have attracted extensive attention
because of their intriguing transport properties.!' Espe-
cially, the quantum anomalous Hall (QAH) insulator, also
called the Chern insulator, is a two-dimensional (2D) mag-
netic insulator with the non-zero Chern number and quan-
tized Hall conductivity in the absence of an external magnetic
field. The quantized conductivity is written as oy, = C(e*/h).
The Chern number (C) is equal to the number of gapless
chiral edge states along an edge of the finite width nanorib-
bon. These chiral edge states are robust against any impu-
rity perturbations and topologically protected. Because of the
novel non-trivial topological characteristics and desirable po-
tential applications in designing low-energy spintronics and
electronics, extensive theoretical research and experimental
research have recently been carried out to find room temper-
ature QAH insulators.>~18] So far, the QAH effect has been
experimentally reported in V/Cr-doped (Bi,Sb),Tes films at
an extremely low temperature and the van der Waals-layered
material MnBi,Tes at 1.4 K.['%1 On the other hand, the V/Cr-
doped (Bi,Sb),Tes has the low carrier mobility by the disorder
on account of the doped magnetic atoms, and has the weak
magnetic coupling, which may be derived from the localized
V/Cr-3d orbitals that scarcely overlap with the orbitals of the
adjacent V/Cr atoms.

The problems of the small band gap and weak magnetic

coupling can be overcome by importing 4d transition metal
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atoms that synchronously have more expanded d orbitals and
stronger spin—orbital coupling (SOC). For practical applica-
tions, it is of significance to search for QAH insulator mate-
rials with huge magnetic anisotropy energy, large band gap,
high carrier mobility, and simultaneously high Curie temper-
ature (7c).!¥1 Obviously, it would be meaningful to search for
the high Tc QAH effect in ferromagnetic (FM) 4d transition
metal materials.

In this work, we present a Dirac half metal in two-
dimensional (2D), namely RuCS3, by using first-principles
calculations. Our research result shows that RuCS3 has good
mechanical stability and thermal stability, ferromagnetism,
Curie temperature higher than room temperature, implying the
possibility that the configuration and the ferromagnetic char-
acteristic can be realized and observed experimentally in fu-
ture. On the top of that, RuCS3 has Dirac point which is fully
spin-polarized near the Fermi level with a Fermi velocity as
high as 1.92x10° m/s. The Dirac point is at point K in the
Brillouin zone which is protected by vertical mirror symme-
try. Considering SOC, the out-of-plane spin polarization de-
stroys the vertical mirror symmetry. The band gap of RuCS;
is 336 meV calculated by PBE+4-U. Further calculating of the
edge states, Berry curvatures and Chern number show that the
RuCS3; is a QAH topological insulator. The RuCS3 monolayer
has broad application prospect in the field of spin electronic

devices.
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2. Computational methods

Based on the first principle of density functional theory
(DFT), the calculation is performed by using the Vienna ab
initio simulation package (VASP).!?>?!l The Perdew—Burke—
Ernzerhof (PBE)-type?>* generalized gradient approxima-
tion (GGA)[25:20] exchange—correlation functional is chosen,
with the Hubbard term correction of U = 3.0 eV on the d-
orbital of Ru to describe the strongly correlated interactions of
transition metal elements.

For all calculations, the electron plane wave function is
expanded up to cutoff energy of 500 eV. In terms of structure
optimization, a 9 x 9 x 1 Brillouin sampling grid is used to re-
lax the original cell. In order to avoid the interaction between
layers, a vacuum layer approximately 20 A perpendicular to
the plane is applied. The energy convergence value between
two adjacent steps is 1078 eV. When the Hellmann—Feynrnan
force on each atom is less than or equal to 0.001 eV/A, the
structural relaxation ends. The phonon spectrum is calculated
by using the density functional perturbation theory (DFPT)
implemented in the PHONOPY code.?”! The ab initio molec-
ular dynamics (AIMD) simulations are performed by using the
Nose—Hoover algorithm in time steps of 1 fs at 300 K, in which
a supercell of 3 x 3 x 1 is used. An iterative Green’s function
method is utilized to calculate the edge density of states of
the semi-infinite boundary of RuCS3 based on the maximally
localized Wannier functions (MLWFs) with considering SOC
effects.

3. Results and discussion
3.1. Geometric structure and stability of RuCSj3 lattice

The geometric structure of the RuCS3; monolayer is
shown in Fig. 1(a). It can be seen that each unit cell of RuCS3
contains two ruthenium (Ru) atoms, two carbon (C) atoms,
and six sulfur (S) atoms. This configuration belongs to the
space group (No. 162). The optimized lattice constants are
a=b=5.58 A, and the calculations on the energy—strain re-
lations, as plotted in Fig. 1(b), are also performed to confirm
that the lattice constant is at the energy minimum. Each Ru
atom has six neighboring S atoms, with the Ru—S bond length
being 2.38 A. And each C has three neighboring S atoms, with
the C—S bond length being 1.84 A. The ground state of RuCS3
is spin-polarized, with a magnetic moment of 2 ug per the
unit cell, which is 0.203 eV lower than the nonmagnetic con-
figuration. In order to evaluate the stability of RuCSs, the
cohesive energy Ec = (2ERy + 2Ec + 6Es — Eryacase) /10 =
5.423 eV/atom is calculated first, where Ery, Ec, Es, and
Eru2c2s6 are the energy of a single Ru, C, S atom, and a unit
cell of the RuCS3; monolayer respectively. The large cohe-
sive energy shows the strong binding interaction and the pos-
sibility of experimental synthesis from elementary substances.

The dynamic stability of RuCSj3 is evaluated as well. And
the phonon dispersion spectrum plotted in Fig. 2(a) shows no
imaginary frequency, which demonstrates the dynamic stabil-
ity of free-standing RuCS3. In addition, ab-initio molecular
dynamics simulations at 300 K are performed by usinga 3 x 3
super-cell in time steps of 1 fs. The energy evolution and the
final configuration at the end of molecular dynamics simula-
tions are plotted in Fig. 2(b), illustrating the good thermal dy-
namic stability.
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Fig. 1. (a) Top view and side view of lattice geometry of RuCS3; monolayer

and (b) curve of energy versus strain of RuCSs.

e

E 800: % 509 2000 fs 10000 fs

S
? 4 Time (6103 fs) é 10

Fig. 2. (a) Calculated phonon spectrum. (b) Variations of energy for RuCS3
lattice during MD simulations at temperature of 300 K, with inset illustrating
optimized crystal structures of the RuCSs lattice at 2000 fs and 10000 fs.

3.2. Electronic band structures

In Figs. 3(a) and 3(b), the red lines and blue lines repre-
sent the spin-up and spin-down band structures, respectively.
It can be seen that the energy of spin-up band and spin-
down band are separated by 100% spin polarization. From
Figs. 3(a), 3(b), and 4(a), without SOC, the spin-up bands have
a band gap of 2.51 eV away from the Fermi level, while the
spin-down band is conductive with zero band gap, and the two
energy bands near the Fermi level intersect at the high sym-
metry point K to form a Dirac cone. A linear dispersion re-
lationship is present at the intersection, with a Fermi velocity
vi = 1.92 x 10° m/s and the effective mass of zero (at the same
order of magnitude as graphene). The orbital components of
the bands are shown in Fig. 3(c), and the Dirac cone compo-
nents of the spin-down channel in the RuCS3 are mainly de-
rived from the d,» —y2 d_2, dy; orbitals of the Ru atom. Struc-
tural symmetry analysis reveals that, as shown in Fig. 4(c),
there is a vertical mirror in the system which is I'-K perpen-
dicular to the 2D surface and protects the Dirac degeneracy

057301-2



Chin. Phys. B 32, 057301 (2023)

point on the high symmetry line of I'-K. When consider-
ing SOC, as shown in Fig. 4(b), the Dirac point on K-point
is broken with a band gap of about 336 meV. This result can
also be explained by symmetry analysis: as mentioned earlier,
the ground state of the system is a ferromagnetic state where
the magnetic axis points outward, and the magnetic moment
is contributed by the Ru atom. Since the spin is a pseudo-

vector (axis vector), for the I'—K vertical plane protecting the
Dirac cone, the ferromagnetic spin arrangement perpendicular
to the 2D plane destroys the mirror symmetry (Fig. 4(d)), re-
sulting in the degeneracy release and band gap at the K point
(which naturally also belongs to the I'-K high symmetry line).
Through the further analysis of structural symmetry, the pro-
tection mechanism of Dirac cone can be understood in depth.
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Fig. 3. (a), (b) Spin band structures of RuCS3 without SOC and (c) orbit-resolved band structures of RuCS3; without SOC.
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Fig. 4. Spin band structures of RuCS3 (a) without and (b) with SOC. (c) Schematic diagram of structural symmetry: vertical mirror and in-plane
C3 which has rotational symmetry. (d) Left: Spin arrangement direction of magnetic atoms in RuCSs3; Right: Spin arrangement direction that
satisfies the vertical mirror plane symmetry. All arrows indicate the spin direction.

3.3. Magnetic configurations and properties at finite tem-

perature

According to the spin charge distribution and Barder anal-
ysis, we find the spin polarization comes mainly from Ru
atom, and the local magnetic moment on each Ru atom is 1 g
(see Fig. S1 in supporting materials). In order to determine the
magnetic configuration of RuCS3, we propose the ferromag-
netic (FM) configuration and antiferromagnetic (AFM) con-
figuration in Fig. 6(a), and the results demonstrate the energy
superiority of FM state.

Considering SOC effects, further calculations on magne-
tocrystalline anisotropy energy (MAE) are performed by rotat-
ing the spin in all directions. Table 1 reveals that the easy axis

of magnetization is along the out-of-plane direction ¢ (0 0 1)

perpendicular to the layer plane, which is 2.065 meV lower in
energy than those of in-plane spin polarizations along the di-
rection a (1 0 0) and b (0 1 0), indicating the isotropy in the
x—y plane. According to the symmetry of RuCS3 monolayer,

the angular dependence of MAE can be expressed as
MAE (6) = K sin® 0 + K, sin* 6, 1)

where K| and K; are the constants of anisotropy and (6) is
the polar angle in the spherical coordinates. Figures 5(a) and
5(b) show MAE as a function of the azimuth angle 6 mea-
sured from the out-of-plane axis and the horizontal azimuth
angle @ on in-plane axis, respectively. We find that the MAE
reaches its minimum in the out-of-plane axis, indicating an

out-of-plane magnetization direction show in Fig. 5(a). Fig-
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ure 5(b) further illustrates that the MAE is isotropic in the x—y
plane. By fitting the results of energy from first-principles cal-
culations as presented in Fig. 5(c), the anisotropic constants
are listed in Table 2. Clearly, K; is the predominant param-
eter, and K; > 0 suggests that the easy axis of magnetization
is out-of-plane along the ¢ axis. As the magnetic anisotropy
of RuCS3 is large, the Ising model should be employed to de-
scribe the interactions between local moments. The Hamilto-

nian of the system is defined as
H=-YJ;SiS;, 2)
ij

where J; ; represents the nearest neighbor coupling exchange

constant, and S ) is the spin vector of Ru atom. The nearest

i(j
neighbor coupling exchange constant J is defined as

Epy = Eo —3J|S)%, (3)
Expm = Eo+3J|S)%. 4)
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We have J = 151 meV. The changes of magnetic moment and
specific heat capacity with temperature are shown in Fig. 6(b),
and the Curie temperature 7 is estimated at 696 K, indicating
the possible magnetic application beyond room-temperature.
As the distance between nearest Ru atoms is about 3.2 A,
the direct magnetic exchange interaction is supposed to be
rather weak and the magnetic exchange mechanism can be un-
derstood by Ru—S—Ru super-exchange interactions. Accord-
ing to the Goodenough—Kanamori—Anderson’s rule, the super-
exchange interaction between magnetic atoms is usually fer-
romagnetic if the bridging angle is around 90°. In the case of
RuCS3, the bond angle among Ru-S—Ru is 0 = 84.9°. The
angle is close to 90°, thus the magnetic coupling is expected
to be ferromagnetic. We have confirmed this by constructing

and analyzing magnetic structures.
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Fig. 5. Angular dependence of MAE within (a) x—z and (b) x—y planes. (c) Fitting results of MAE with x—z plane.

Table 1. MAE of RuCS3 in some special directions (in units of meV).
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Table 2. Constant of magnetic anisotropy K (in units of meV).
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Fig. 6. (a) Schematics of different magnetic configurations: FM and AFM.
(b) Monte Carlo simulations of time-dependent average magnetic moment
and heat capacity (Cy) of RuCS3.

3.4. QAH effect

The band gap in the system due to the introduction of soc
action suggests that there may be a nontrivial edge state in the
system. In order to confirm the nontrivial topological property
of 2D RuCS3, we first calculate its Chern number based on the
Wannier charge center. The Chern number is calculated from

1 2
C_E;/Bzd kQ,, )

where BZ represents the integral over the Brillouin zone, and
Q (k) is the Berry curvature of all occupied bands and given
py[28]

(Wt | Vi W) (Wit | V| W)
WL L (o ?

where m and n are band indices, Y,(,x and &, are the
Bloch wavefunction and the corresponding eigen-energy of
band m(n), and Vx(y) are the velocity operator. The results of

Berry curvature in the whole BZ are shown in Fig. 7(c), and
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clearly there are peaks of Berry curvature at all six K points.
We then adjust its chemical potential yu with respect to Ep
and calculate the anomalous Hall conductivity of the RuCS;
monolayer oy, from oy, = Cé? /h. As shown in Fig. 7(b), a
quantized terrace of e?/h inside the global band gap is clearly
seen. The calculation of Chern number gives a result of C =1,
and the non-zero Chern number suggests that the gap opened
by SOC is topological nontrivial, and indicates that RuCS3 is

a Chern insulator (quantum anomalous Hall insulator). This is
further confirmed by the edge states plotted in Fig. 7(a). And
only one nontrivial edge state connects the valence and con-
duction bands. Considering the possible effects of substrates
in experiments, we calculate the band structure of RuCS3 on
the top of 2D ZnO monolayer (with a lattice mismatch of
1.1%) as shown in Fig. S2, and the result shows that the Diarc
point can be preserved on the ZnO substrate.
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Fig. 7. (a) Chiral edge states of RuCS3 monolayer, (b) integrated anomalous Hall conductance oy, in units of &2 /h, (c) Berry curvature with

SOC in 2D momentum space.

3.5. Engineering of strain on electronic properties

We further check the robustness of the Dirac cone un-
der biaxial strains. In-plane compressive strain and tensile
strain up to £6% are exerted on RuCS3; monolayer, and the
band structures are plotted in Fig. S3. It is found that the
spin polarized Dirac cone is preserved under strains, suggest-
ing their robustness against mechanical deformation and po-

tential applications under in-plane pressures. Figures 8(a) and

8(b) show the evolution of Eapym—Erm energy and the direct
gap E, as a function of strain € = (@ — ag)/ag, where a (ao)
is the strained (equilibrium) lattice constant, since the strain
generally changes the SOC-induced gap and the spin exchange
constant J. Remarkably, the gap E increases with strain, and
reaches 583 meV at the strain of 6% (Fig. S4). At the same
time, figure 8(c) shows Fermi velocity also increases with the
strain increasing, and arrives at 2.27 X 10° m/s with a strain of
6%.

350 650 2.4
(a) (b) (c)
300 1 600 " 2.2
= 550 R
© N g -
£ 250- 2 5001 S 201 /
2 ~ - >}
& 200 g 450 = 1.81 /
I :_f 400 2
= [
& 150 £ 3507 2 1.6 /
g /
300 )
2501
50 T T T T T T T 2 T T T T T T T 1.2 T T T T T T
—6 —2 2 6 00 —6 —2 2 6 —6 -2 2
Strain (%) Strain (%) Strain (%)

Fig. 8. Dependence of physical properties on the biaxial in-plane strain with U = 3.0 eV for Ru, with showing strain-dependent (a) exchange
energy, (b) band gap, and (c) Fermi velocity.

3.6. Dependence of exchange energies on Hubbard U

As is well known, the exchange energy between the AFM

state and the FM state in 2D FM material is sensitive to Hub-

bard U of transition-metal atoms. Thus, we check the band

structures of RuCS3 by employing various U values as shown
in Fig. S5. In order to obtain the dependence of the exchange
energy, the exchange coupling and the Curie temperature on
Hubbard U, we perform GGA+U calculations by varying
Hubbard U. Figure S6(a) gives the size dependence of ex-
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change energy between the AFM and FM states on the Hub-
bard U value. We find that the energy difference between the
FM state and the AFM state increase with the Hubbard U value
increasing, which is important in forming high-temperature
FM character. The switching coupling and the Curie tempera-
ture as a function of the Hubbard U are shown in Figs. S6(b)
and S6(c). We find that they all increase with the Hubbard U
value increasing.

Having systematically explored the properties of the
RuCS3 monolayer, we finally expand our research to XCS3
(X = Ag, Cd, Co, Rh, Fe, Mn, Mo, Tc, Os) monolayers which
share a similar structure to XCS3. Figures S7-S15 show the
corresponding geometric and band structures. The magnetic
ground states of these monolayers are verified by comparing
the energy of nonmagnetic, ferromagnetic, and antiferromag-
netic configurations, as listed in Table S1. Additionally, the
calculation results of band structure reveal that all monolay-
ers show metallicity, except for CoCS3, FeCS3, and RhCS3,
which exhibits semiconducting properties. Hence, the pres-
ence of the Diarc cone in the RuCS3; monolayer is due to the

joint action of the crystal structure and electron configuration.

4. Conclusions and perspectives

In this work, we perform first-principles calculations on
2D high-temperature Dirac half metal RuCS3; monolayer, and
predict that it has a fully polarized Dirac point, together with
various electronic and magnetic anisotropies. (i) The stabil-
ity can be verified by the cohesive energy, phonon dispersion,
molecular dynamics. (ii) The ground state of RuCSj3 is fer-
romagnetic and derived from the super-exchange interaction
between Ru—S—Ru, mainly contributed by Ru atoms, and the
magnetic moment on each Ru atom is 1 ug. The suscepti-
bility to magnetization axis is vertically horizontal and has a
strong magnetic anisotropy of 2.065 meV. The T¢ estimated
from MC simulations based on the Ising model is 696 K. (iii)
A fully spin-polarized Dirac point appears in spin-down chan-
nel, leaving the other channel insulating with a gap of up to
2.51 eV. When considering SOC, the ferromagnetic spin ar-
rangement perpendicular to the 2D plane destroys the mirror
symmetry, resulting in the degeneracy release and band gap
at the K point (which naturally also belongs to the I'=K high
symmetry line). The spin-down band structure opens a global
band gap of about 336 meV. (iv) The intrinsic QAH effect
of RuCS3 is verified by Chern number (C = 1) and the chi-
ral edge state. (v) The gap E, increases with strain increas-

ing, and arrives at 583 meV with a strain of 6%. At the same
time, Fermi velocity also increases with strain increasing, and
reaches 2.27 x 10 m/s with a strain of 6%. These out-standing
properties of RuCS3 indicate that it is a promising 2D mate-
rial for the potential applications in designing energy efficient

spintronic devices.
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