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Quantum anomalous Hall (QAH) effect with dissipationless edge channels offers innovative insight for
designing the next-generation low-power electronic devices. Based on first-principles calculations and the
tight-binding (TB) model, we predict rich QAH states with a tunable Chern number in single-layer ferromagnetic
cerium monohalides CeX (X = Cl, Br, I). These stable ferromagnetic single-layer materials have isotropic
magnetocrystalline anisotropy in the x-y plane, which favors the adjustment of the topological state with an
external magnetic field. A distinct Weyl nodal loop exists in the band structure of the CeX single layers without
spin-orbit coupling (SOC). When SOC is included and all mirror symmetries are broken, QAH state can be
realized. Intriguingly, QAH states with varying Chern number (C = =£1), two-dimensional Weyl semimetals and
band gap periodically manifest as the magnetization direction rotates in the x-y plane. Furthermore, A TB model
based on Slater-Koster framework is constructed to explain the origin of nontrivial band structure in CeX single
layers. The CeX single layers exhibit remarkable topological states, providing an excellent platform for exploring

low-power spintronic devices.
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I. INTRODUCTION

Topological quantum materials with exotic properties offer
tremendous potential for realizing the next-generation elec-
tronic devices [1,2]. Quantum anomalous Hall (QAH) effect
features dissipationless chiral channels on the edge of the
samples. The quantity and chirality of these channels are
determined by the absolute value and the sign of the Chern
number, respectively [3,4]. Augmenting the absolute value of
the Chern number implies an increase in the number of dis-
sipationless channels. Manipulating the positive and negative
signs of the Chern number corresponds to controlling the con-
duction directions of these channels, which provides a unique
platform for designing chiral logic low-power electronic de-
vices. Most of the materials proposed to realize quantum
anomalous Hall (QAH) effect have out-of-plane magnetiza-
tions and fixed Chern numbers [5—-13]. It is interesting to
explore the QAH states with in-plane magnetizations and
tunable Chern numbers.

Based on the tight-binding (TB) model and group theory
analysis, nonzero Chern numbers in two-dimensional (2D)
materials can only be realized when all mirror symmetries,
T®M, and T ® M, ® Z, are broken, where T, M,, and T
represent time reversal, out-of-plane mirror (i.e., z — —z),
and inversion symmetry, respectively [4,14,15]. These condi-
tions are usually satisfied for the out-of-plane magnetization,
but not always true for in-plane magnetization. For instance,
a QAH state can be found in 2D material CsAs [16], where
a QAH state emerges with out-of-plane magnetization but is
absent with in-plane magnetization.
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Nowadays, some QAH insulators with in-plane mag-
netizations and tunable Chern numbers have also been
predicted [17-25]. These available candidates primarily focus
on Dirac spin-gapless semiconductors, which possess fully
spin-polarized Dirac points at the Fermi energy and can tran-
sition into QAH insulators when spin-orbit coupling (SOC)
is considered [26-28]. Therefore, it is significant to further
generalize the QAH state to different topological state precur-
sors and structures. As one of quantum materials, nodal-line
semimetals (NLSMs) can be viewed as precursors of other
topological states [29,30]. Magnetic Weyl NLSMs with bro-
ken 7 exhibit twofold degenerate band crossings of nodal
lines [16,31-35]. They also provide an excellent platform for
systematically investigating the tunable QAH state and its
underlying mechanisms.

In this paper, we theoretically investigate tunable QAH
states in a series of 2D single-layer cerium monohalides CeX
(X = Cl, Br, I), which are 2D Weyl NLSMs without SOC. The
stability, magnetic property, electronic structure, and topolog-
ical properties of CeX single layers are given in detail. These
materials have isotropic magnetocrystalline anisotropy energy
in the x-y plane and can realize tunable QAH states or 2D
Weyl semimetals via manipulating the magnetization direc-
tion. A multiorbital tight-binding (TB) model in Slater-Koster
framework is further constructed to understand the origin of
nontrivial electronic properties in CeX single layers. These
materials provide a great platform for investigating exotic
topological physics in materials.

II. COMPUTATIONAL METHODS

The first-principles calculations were performed in the
Vienna ab initio simulation package (VASP) [36,37] with

©2024 American Physical Society
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FIG. 1. The crystal structure, Brillouin zone of CeX single layers, and Magnetocrystalline anisotropy energy (MAE) of the CeCl single
layer. (a) Top and side views of the crystal structure of CeX single layers visualized by VESTA [50]. The dotted lines represent primitive
cell. (b) The Brillouin zone of CeX single layers. The yellow dots represent high-symmetry points, and green lines represent mirror planes
perpendicular to x-y plane. (c), (d) MAE of the CeCl single layer as a function of the polar angle 6 and the azimuthal angle ¢, respectively.
The red dots represent the first-principles calculations, and the solid lines represent the fitted curves.

the projector augmented-wave (PAW) method [38,39]. The
generalized gradient approximate (GGA) of the Perdew-
Burke-Ernzerhof (PBE) functional [40] is adopted as an
exchange-correlation functional. The Brillouin zone is sam-
pled in 16 x 16 x 1 I'-centered k point grids by the scheme
of Monkhorst-Pack [41]. The cutoff energy of the plane-wave
basis set is 500 eV, and the energy convergence criterion is
106 eV. The unit cell and atoms are optimized until the forces
on all atoms are less than 0.01 eV/A. To avoid the interaction
between two adjacent layers, a vacuum layer of at least 20 A
is included in the structure. The 55%6s25p°5d'4 f! electrons of
Ce and p electrons of X (X = Cl, Br, and I) atoms are regarded
as valence electrons. The f electrons of Ce are treated as
core electrons in phonon spectrum calculation. To account for
Coulomb interaction for f electrons, the density functional
theory (DFT) + U methods are adopted [42] with effective
Hubbard parameters U,sy = U —J =4 eV, which refers to
the recommended value in rare earth metal oxides CeO, [43].
The phonon spectrum is calculated using the PHONOPY pack-
age with the finite displacement approach [44], in which a
4 x 4 x 1 supercell is used. The d orbitals of Ce are used
to construct the maximally localized Wannier functions (ML-
WFs) by Wannier90 software [45], and related calculations
of topological properties are performed by WannierTools [46]
and the VASPBERRY code [47,48]. The magnetic point groups
of structure when SOC is included is computed by FINDSYM
[49].

III. CRYSTAL STRUCTURE, STABILITY, AND
MAGNETIC PROPERTY

Bulk CeBr was found to be van der Waals layered material
in early experiments [51], indicating that the corresponding
single-layer material can be obtained by exfoliation. The
crystal structure of CeX single layers is shown in Fig. 1(a).
Two layers of Ce are sandwiched between the two sides of
halogen (X), and Ce atoms are arranged in a low-buckled
honeycomb structure. The space group of CeX single layers
is P3m1 (No. 164), and the corresponding point group is
D54, which possesses threefold rotational symmetry along the
z axis C3;, Z, and in-plane twofold rotational symmetry C,.
These generators result in 12 symmetry operations, including

three mirror symmetries perpendicular to the x-y plane, as
shown in Fig. 1(b). The optimized lattice parameters of CeX
single layers are summarized in Table I.

To reveal the dynamical stability of CeX single layers,
we investigate their phonon spectrums. As shown in Fig. S1
in the Supplemental Material [52], the imaginary frequency
is absent in the whole Brillouin zone, which indicates all
three CeX single layers are dynamically stable. Furthermore,
We perform molecular dynamics simulations at 300 K in a
canonical ensemble using the Nosé-Hoover heat bath scheme
to study the thermal stability of the CeX single layers. Al-
though there are thermal-induced fluctuations, the structures
of CeX single layers are not destroyed, indicating that the
CeX single layers are thermally stable at room temperature
(see Fig. S2 [52]).

Magnetic properties are essential in ferromagnetic mate-
rials [53,54]. The magnetic moments of CeX single layers
are mainly contributed by f and d electrons of Ce, and
the values of magnetic moments are not integer, approxi-
mately 3.7 up, as shown in Table I. By comparing the total
energies of four possible magnetic configurations, includ-
ing ferromagnetic (FM), Néel antiferromagnetic (NAFM),
stripy antiferromagnetic (SAFM), and zigzag antiferromag-
netic (ZAFM) configurations (see Fig. S3 and Table S1
[52]), the magnetic ground states of all CeX single layers are
ferromagnetic.

To obtain insights of the magnetic anisotropy, we also
calculated the energies of CeX single layers with the differ-
ent magnetization directions in the z-x and x-y planes. The
polar angle 6 is the angle between magnetization m and the z
direction in the z-x plane, while azimuthal angle ¢ is the angle

TABLE I. The lattice constant a, magnetic moment, and magne-
tocrystalline anisotropy energy (MAE). The MAE is defined as the
energy difference between z and x magnetization directions.

CeX a (10\) Magnetic moments (i) MAE (meV)
CeCl 4.01 3.728 199
CeBr 4.07 3.702 27

Cel 4.18 3.684 —420
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FIG. 2. The band structure of the CeCl single layer without/with SOC. (a) Spin-polarized band structure of the CeCl single layer. The red
(blue) bands lines denote spin-up (spin-down) bands. (b) The 3D band structure of the CeCl single layer without SOC near the Fermi energy.
The yellow loop indicates the Weyl nodal loop. (c) The difference between the band II and the band I. The position where the value is zero is
the Weyl nodal loop, and the yellow loop shows the profile of the Weyl nodal loop in the 2D Brillouin zone. (d) The band structure of the CeCl
single layer with SOC when the magnetization direction is 6 = 0° (z direction).

between magnetization m and the x direction in the x-y plane.
The magnetocrystalline anisotropy energy (MAE) is defined
as MAE@0, ) =E@©,¢) — E(@ =90°, ¢ = 0°), where the
value of 6 and ¢ range from 0° to 360°. Figure 1(c) shows
MAE when there is different magnetization of CeCl single
layer in the z-x plane, and MAE can be fitted as MAE(9) =
Kocos?(0) + Kicos*(8) [55], where K and K, are 198.03 peV
and 0.75 peV, respectively. It can be found that MAE reaches
the minimum when polar angle is equal to 90° (270°), which
indicates that the magnetization of the CeCl single layer is
more inclined along the x direction. Figure 1(d) further illus-
trates that the CeCl single layer has isotropic magnetization
in the x-y plane and belongs to XY ferromagnets [56]. The
CeBr and Cel single layers also have isotropic magnetization
in the x-y plane, but the magnetization of the Cel single layer
in the ground state is out of plane. The in-plane isotropic
magnetization provides an excellent platform for quantum
manipulation by the magnetic field.

IV. BAND STRUCTURE AND TOPOLOGICAL STATE

We further investigate the band structures of CeX single
layers. Since band structures of CeX single layers are very
similar, we use the CeCl single layer as demonstration ex-
ample. The spin-polarized band structure of the CeCl single
layer without SOC is shown in Fig. 2(a). We find that the
electronlike conduction band I contributed by spin-down
channel (blue band) and the holelike valence band II con-
tributed by spin-up channel (red band) form two obvious
twofold degenerate band crossings near Fermi energy, and
form a Weyl nodal loop around the I' point. The three-
dimensional band structure of these two inverted bands is
shown in Fig. 2(b), which further verifies the Weyl nodal loop
semimetal state in the CeCl single layer. The profile of the
Weyl nodal loop in the 2D Brillouin zone is shown in Fig. 2(c).
The position where two bands intersect clearly form a loop.
Further analysis indicates that the Weyl nodal loop is mainly
contributed by d:, d\>_,» and d,, orbitals of Ce (see Fig. S4
[52]).

Next, we investigate the effect of different magnetization
directions on the Weyl nodal loop when SOC is considered.
When the magnetization direction is 8 = 0° (z direction),
then only the Z and Cs, parallel to the magnetization remain
in the system. Because the entire Weyl nodal loop is not

protected by additional symmetry, the Weyl nodal loop is
gapped. Especially, the band gaps in the high-symmetry paths
I'-M and I'-K are 16.9 meV and 19.2 meV, respectively, as
shown in the inset of Fig. 2(d).

An intriguing phenomenon occurs with periodic variation
in band gap and topological states as the magnetization is
rotated in the x-y plane, as shown in Fig. 3. When the mag-
netization direction is in the x-y plane, the SOC band gap of
the degenerate point in the high-symmetry paths depends on
the broken degree of the corresponding symmetry [25]. The
band gap of the Weyl nodal loop in the path I'-M (I"-M; and
I'-M;) located on the mirror symmetries depends on the angle
between m and the corresponding paths, i.e., the degree of the
corresponding broken mirror symmetry. When the magnetiza-
tion direction is ¢ = 0° (60°, 120°, 180°, 240°, and 300°), the
mirror symmetry perpendicular to m is preserved, resulting in
the band in the corresponding path is gapless, and the CeCl
single layer is a 2D Weyl semimetal. When the magnetization
direction is ¢ = 30° (90°, 150°, 210°, 270°, and 330°), the
mirror symmetry parallel to m is broken to the greatest extent,
which leads to a maximum band gap of 17.3 meV along this
mirror symmetry. As ¢ rotates from 0° to 360°, the value of
the SOC band gap (g) in these high-symmetry paths can be

— I-M
- I'-M,
---- T—M,

FIG. 3. The value of band gap in high-symmetry paths I'-M
(I'-M; and I'-M,) and the sign of the Chern number as a function
of azimuthal angle ¢ in the x-y plane. Lines and dots represent
fitted curves and DFT calculations, respectively. Orange (blue) areas
correspond to Chern number C = +1 (C = —1).
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FIG. 4. The band structures, Berry curvatures. and edge states with different magnetization direction. (a)—(d) Band structures in high-
symmetry paths I'-M, ['-M;, and I"-M, with SOC. (e)—(h) The distributions of Berry curvatures, where the green line, blue and red dots denote
mirror plane, Weyl points with topological charge v of —1 and 1, respectively. (i)—(1) Edge states along the zigzag direction. (a) [(e) and (i)],
(b) [(f) and (j)], (c) [(g) and (k)], and (d) [(h) and (1)] correspond to the cases when the direction of magnetization m (black arrow) are 6 = 0°
(z direction), ¢ = 0° (x direction), ¢ = 30°, and ¢ = 90° (y direction), respectively.

described as g = 17.3 x |cos(¢ — a)| meV, where I'-M,
I'-M;, and I'-M, correspond to o = 30°, 90°, and 150°,
respectively. Our DFT calculations fit this functional re-
lationship well, as shown in Fig. 3. Importantly, as the
magnetization direction rotates in the x-y plane, the closing
and reopening of the band gap is accompanied by the Chern
number switching between +1 and —1 with a period of 60°.
We next illustrate the interplay among magnetization, sym-
metries, and band gap using example with the out-of-plane
(6 = 0°) and the in-plane (¢ = 0°, 30° and 90°) magnetiza-
tion directions. When the magnetization direction is 6 = (°,
C3, symmetry is preserved by the pseudovector m, making
the band gaps in the paths I'-M, I'-M;, and I'-M, the same
(between the two blue lines), as shown in Fig. 4(a). When
the magnetization direction is ¢ = 0° (x direction) in the x-y
plane, the pseudovector m will not break the mirror sym-
metry perpendicular to it, which leads to the band in path
['-M; is not gapped (0 = c0s90° x 17.3 meV), as shown in
Fig. 4(b). Considering Z, the Weyl nodal loop without SOC
degenerates into a pair of Weyl points. The band gaps in
the path I'-M and I'-M; are both 15.0 &~ c0s30° x 17.3 =~
|cos150°| x 17.3 meV (between the two blue lines), where
30°, 90°, and 150° are the angles between m and paths

I'-M, I'-M}, and I"'-M,, respectively. When the magnetization
direction is ¢ = 30° in the x-y plane, the Weyl nodal loop
is gapped because all mirror symmetries except Z are bro-
ken. In Fig. 4(c), the band gap in the path I'-M is 17.3 =
c0s0° x 17.3 meV (between the blue lines), and the band
gap in the I'-M; and I'-M; are both 8.6 & cos60° x 17.3 ~
|cos120°] x 17.3 meV (between the green lines), where 0°,
60°, and 120° are the angles between m and paths I'-M, I'-M,,
and I'-M,, respectively. When the magnetization direction is
¢ = 90° (y direction) in the x-y plane, the band gap in the
path I'-M; is 17.3 = cos0° x 17.3 meV (between the green
lines), and the band gap in the paths I'-M and I"'-M, are both
8.6 &~ c0s60° x 17.3 meV (between the blue lines), where
60°, 0°, and 60° are the angles between m and paths I'-M,
I'-M;, and I'-M,, respectively, as shown in Fig. 4(d).

The gap of Weyl nodal loop results in nonzero Berry cur-
vatures, and transforms the system into a QAH state. For
the out-of-plane magnetization, the Berry curvatures in the
2D Brillouin zone are positive and Chern number C = +1,
as shown in Fig. 4(e). When the magnetization direction is
¢ = 0°, half of Berry curvatures in the 2D Brillouin zone are
positive and the remaining are negative, which just cancel
each other out. Besides, a topological charge defined as the
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Berry phase of a counterclockwise closed loop around the
Weyl points can be written as [25,57,58]

1
V= —fA(k)-dk,
T Je

where A(k) is the Berry connection. The topological charge
v of the Weyl point (blue dot) in the path I'-M; is —1,
whereas the v of other Weyl point (red dot) is +1, as shown
in Fig. 4(f). When the magnetization direction is ¢ = 30° in
the x-y plane, four-sixths of Berry curvatures are positive, and
the remaining two-sixths are negative. The Berry curvatures
distribution for ¢ = 90° is opposite of ¢ = 30°, as shown in
Figs. 4(g) and 4(h). The opened Weyl nodal loop induces the
QAH state with Chern number (C = £1) and is also proved
by the evolution of Wannier charge centers (WCCs), as shown
in Fig. S5 [52]. The edge state of the CeCl single layer can
be obtained by using the constructed semiinfinite system, as
shown in Figs. 4(i), 4(j), 4(k), and 4(l). In the QAH state, a
distinct edge state (indicated by the green arrow) connects the
conduction and valence bands. Additionally, for the 2D Weyl
semimetal, there is an extra pair of twofold degenerate Weyl
points (indicated by the purple arrow), as shown in Fig. 4(j).

It is widely accepted that the sign of the Chern number
depends on the direction of the relative spin. When the mag-
netization direction is ¢ = 30° (90°, 150°, 210°, 270°, and
330°), the magnetic point group of the CeCl single layer is
2'/m’ that lacks T ® M, and T ® M, ® Z. The spin direc-
tion of the CeCl single layer is equivalent to the same at ¢ =
30°,150°, and 210°. This equivalence is also at ¢ = 90°,210°,
and 330°, but the spin directions of ¢ = 30° and ¢ = 90° are
equivalently opposite, as shown in Fig. S6 [52]. Therefore,
The Chern number of ¢ = 30° (150° and 270°) and ¢ = 90°
(210° and 330°) are opposite signs. As mentioned above, the
isotropic in-plane magnetization is found in the CeX single
layers, which makes it easy to realize the transition between
positive and negative Chern numbers.

V. TIGHT-BINDING MODEL

As discussed in the previous DFT calculation, the con-
tribution of the Weyl nodal loop is mainly contributed by
the d orbitals of Ce. To explain the origin of nontriv-
ial band structure in CeX single layers, we constructed
the nearest neighbor (NN) tight-binding model based on
the Slater-Koster framework and the orthogonal basis
{ld2), ld ), ldyy), 1dyz), de:)} @ {] 1), 1)} for the CeCl
single layer [15,59-62]:

D lijapCicis

— i
H = E €4CioCia —
io ia,jB

+)\SO ZCLL -0Cig +ty ZCLm +O0Ciy,
i

io

where ciTa = (c?a . c}a L) creates an electron at the ith site, 1
(}) and « represent spin up (down) and the « orbital, re-
spectively. The first term is on-site energy, and d orbitals of
Ce are split into three groups: dy (d2), di (dy_y, dyy), and
d> (dy;, d\;) due to the D3, point group. The second term is
the NN hopping energy with amplitude #; g, which is given
in Table II by the Slater-Koster formula. The third term is

TABLE II. The Slater-Koster (SK) tight-binding parameters of
the CeCl single layer. The SK parameters are obtained by fitting DFT
band structure excluding the f orbitals, exchange field m, and SOC
[63,64]. Unit: eV.

€d, €y 5.y €d,. d,. Vido Vidx Viaas

1.345 3.370 0.320 0.880 0 0.152

on-site SOC with strength Ago, where o = (oy, 0y, 0;) and
L = (I, I, I) are the Pauli operator and angular momentum
operator, respectively. The explicit expression of this term is
[60]

0 0 0 V30, —iv30,
0 —2io, iy ioy
HSO = )»50 0 iO'y —i(fx
0 io,
H.c. 0

The last term is the on-site exchange coupling with magne-
tization strength #,,, where m = (sinfcosg, sinfsing, cosd).

By transforming this Hamiltonian from real space to mo-
mentum space kK and numerically solving the eigenvalue
equation, the band structure of the TB model for the CeCl
single layer is obtained. Figure 5 shows the evolution of the
band structure with exchange field m and SOC. Figure 5(a)

1.0

Energy (eV)
o o
[« W

|
o
n

Energy (eV)
o o
[« w

|
<o
w

|
o
a

K M

FIG. 5. Evolution of TB band structures of the CeCl single
layer. The red (blue) color of color bar represent the weights
of spin-up (spin-down) channel. (a) When exchange field m and
SOC are both excluded, the spin up and down of the CeCl sin-
gle layer are degenerate. (b) When only m is included, the spin
degeneracy of band structure is broken, and a Weyl nodal loop is
formed near the Fermi energy. (c) When m along the z direction
and SOC term Hso are included, the Weyl nodal loop formed
by different spins is still retained, while other points contributed
by the same spin are gapped. (d) When both m along the z di-
rection and SOC term Hgo are included, the Weyl nodal loop is
completely gapped. t, = —0.4 eV and Ago = 0.1 eV in (b), (¢),
and (d).
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color bar represent the weights of spin up (down). (a) The corresponding Brillouin zone without SOC. The yellow dots represent high-symmetry
points, and green lines represent mirror planes perpendicular to the x-y plane. (b), (¢) The TB band structures when SOC term Hso and m are
considered. (d), (e) The TB band structures when SOC term Hgo and m are considered. The m is along the x direction for (b) and (d), and
along the y direction for (c) and (e). #,, = —0.4 eV and Ag5po = 0.1 eV in (b)—(e).

shows that a Dirac cone appears at the K point. When only m
is applied, the spin degeneracy is broken, the spin-up (down)
bands shift downward (upward), and a Weyl nodal loop is
formed near the Fermi energy, as shown in Fig. 5(b). Further-
more, we consider the influence of m along the z direction
(i.e.,m - 0 = o;) and SOC. When SOC is included further, we
first assume that the lack of coupling between d, and d, as
well as between d, and d;, and this assumed SOC term will
be expressed as

0 0 0 0 O

0 —2ie, 0 O

HSO/ = )‘-SO 0 0 0
0 o,

H.c. 0

Obviously these matrix elements are only contributed by
o, that can not flip spin. As shown in Fig. 5(c), the Weyl nodal
loop is retained, while other degenerate points contributed by
same spin open the gap. If the SOC term is Hsp which has
more coupling than Hyo, its matrix elements have additional
o, and o, that flip spin and induce the hybridization between
spin-up and spin-down components. The Weyl nodal loop
with different spin contributions is completely gapped, as
shown in Fig. 5(d).

When the exchange field m is along the x direction,m - 0 =
o, can also induce the hybridization between spin compo-
nents, which only contributes in the same orbitals because of
the on-site exchange field. We first consider the evolution of
the band structure when exchange field m along x and Hgo
are considered. As shown in Fig. 6(b), the band structure is
gapped in the path I'-K and I'-K;, but is gapless in the path
['-M, I'-M;, and I"'-M,. Furthermore, by replacing Hso with
Hjp, the coupling of dy(d;) and d, is introduced, and the
gapless band structure is completely gapped except the path

I'-M; where the mirror symmetry is preserved, as shown in
Fig. 6(d).

When the exchange field m is along the y direction,m - 0 =
oy has the same effect as o,. When considering Hso/, the
evolution of the band structure is the same for both the case
when the exchange field m is along y and the case when it is
along x, as shown Fig. 6(c). Furthermore, by replacing Hso
with Hgp to introduce the coupling of dy (d;) and d,, the
gapless band structure is completely gapped [see Fig. 6(¢)].

If only Hso is considered, the coupling between dy (d;)
and d, is lacking. Whether the exchange field m is along z,
x, or y direction, the Weyl nodal loop cannot be completely
gapped. When the actual term Hy is considered to introduce
the coupling between dy (d)) and d», it is consistent with DFT
calculations. As discussed in DFT calculations, when m is
along the z or y direction, all mirror symmetries are broken,
and a global gap exists in the Weyl nodal loop. When m is
along the x direction, only the mirror symmetry perpendicular
to m is retained, and a gapless band structure is in the path
I'-M;. Although the Weyl nodal loop is mainly contributed
by the dy and d; orbitals, the coupling between d, and these
orbitals plays a key role in the gap of the Weyl nodal loop.
As the in-plane magnetization direction rotates, the Berry
curvature and Chern number also change periodically (see
Fig. S7 [52]).

This TB model based on the Slater-Koster framework may
be generalized to explain the Weyl nodal loop in other lan-
thanide monohalides LnX (Ln = La [34,58,65,66], Pr, Nd, Sm,
Gd [58,67], Tb [68], Dy, Ho, Er, Tm, Lu; X = Cl, Br, I) single
layers, which is contributed by d orbitals of Ln.

VI. CONCLUSION

Based on first-principles calculations and the TB model,
we theoretically predict 2D ferromagnetic single-layers CeX
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with isotropic in-plane magnetocrystalline anisotropy energy
and abundant topological states. These materials with dy-
namical stability have isotropic magnetocrystalline anisotropy
energy in the x-y plane. CeCl and CeBr single layers have
in-plane magnetization in the ground state while the magne-
tization prefers the out-of-plane for Cel single layers. When
SOC is ignored, these single layers are 2D Weyl nodal
loop semimetals with the nodal loop contributed by differ-
ent spins. When SOC is considered, if the magnetization
maintains a mirror symmetry, the Weyl nodal loop degen-
erates into twofold degenerate Weyl points and CeX single
layers transform into 2D Weyl semimetals. Conversely, if the
magnetization breaks all mirror symmetries, the Weyl points
are gapped. Simultaneously, the breaking of both 7 ® M,
and 7 ® M, ® Z symmetries and the band gap in the Weyl
nodal loop leads to the QAH state in the system. Rotating
the in-plane magnetization direction within the isotropic x-y
plane results in corresponding change in the broken degree

of mirror symmetry, which alters the band gap of the Weyl
nodal loop in high-symmetry paths, Berry curvature, and the
sign of Chern number periodically. Finally, a TB model is
further constructed to explain the origin of these nontrivial
band structures. These findings illustrate that CeX single lay-
ers with tunable QAH states are promising candidates for
future low-power spintronic devices.
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