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So far, most theoretically predicted and experimentally confirmed quantum anomalous Hall effect
(QAHE) are limited in two-dimensional (2D) materials with out-of-plane magnetization. In this
Letter, starting from 2D nodal-line semimetal, a general rule for searching QAHE with in-plane
magnetization is mapped out. Due to the spin-orbital-coupling, we found that the magnetization
will prefer an in-plane orientation if the orbital of degenerate nodal-line states at Fermi-level have
the same absolute value of magnetic quantum number. Moreover, depending on the broken or
conserved mirror symmetry, either QAHE or 2D semimetal can be realized. Based on first principles
calculations, we further predict a real material of monolayer LaCl to be an intrinsic QAHE with
in-plane magnetization. By tuning the directions of in-plane magnetization, the QAHE in LaCl
demonstrates a three-fold rotational symmetry with Chern number of either +1 or —1, and the
transition point is characterized by a 2D semimetal phase. All these features are quantitatively
reproduced by tight-binding model calculations, revealing the underlying physics clearly. Our results
greatly extend the scope for material classes of QAHE, and hence stimulate immediate experimental

interests.

PACS numbers: 73.43.-f, 73.22.-f, 72.25.-b, 71.20.-b

As the last piece of puzzle in Hall family, QAHE has
been intensively studied in recent years [1-4]. There
are two essential ingredients for realizing QAHE. One
is ferromagnetism, which can be intrinsic magnetism
of a material [5] or extrinsic magnetism induced by
magnetic doping [6]. The other is spin-orbital-coupling
(SOC), which induces a nontrivial topological phase.
Theoretically, plenty of materials have been predicted
to host QAHE [5-14]. Experimentally, however, only
one magnetically doped topological insulator is con-
firmed to host QAHE [15, 16]. In all these prior works,
there is one default assumption, namely, the ferromag-
netism must have an out-of-plane magnetization. This
is similar to the quantum Hall effect that can only be
observed in a perpendicular magnetic field [17].

Physically, the out-of-plane magnetization is only an
sufficient, but not a necessary condition for QAHE. In
2013, based on 2D point group symmetry analysis, Liu
et al. has theoretically verified that the in-plane mag-
netization can also induce QAHE, once it breaks all
the mirror symmetries [18]. Later on, Qiao et al. pro-
pose two other buckled hexagonal lattices [19, 20] to
achieve the same goal. However, most proposals are
toy model calculations, and the underlying relation-
ship between magnetic anisotropy and local electronic
structure has not been established. To the best of our
knowledge, it’s still unclear how to search QAHE in a
real ferromagnetic material with in-plane magnetiza-
tion. In this Letter, we will fill this outstanding gap
by introducing a general searching rule and then pre-
dicting a real material of monolayer LaCl to realize an
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intrinsic QAHE with in-plane magnetization through
first principles calculations.

The proposed searching rule for QAHE with in-plane
magnetization is schematically shown in Fig. 1. With-
out losing the generality, we start from a 2D nodal-
line semimetal, which breaks the time-reversal (TR)
symmetry but conserves the inversion (I) symmetry,
as shown in left part of Fig. 1. The 2D nodal-line
semimetal is generated by the band crossing between
two inverted bands with opposite spins. Following the



Table I: Preferred direction of magnetization predicted by
|AL| and SOC-allowed interaction between two degener-
ate nodal-line states with opposite spins.

Magnetization Requirement Degenerate states

in-plane |AL.| =0 zz and yz
1z zy and 22 — y?
z and y
out-of-plane  |AL.|=1 2% and {zz,yz}
| 2 {zz,yz} and {zy,2” —y*}
z and {z,y}

work of Whangbo et al. [21], we use the perturba-
tion theory, in which SOC Hamiltonian is taken as a
perturbation for the frontier orbitals at Fermi-level, to
reveal the underlying relationship between magnetic
anisotropy and nodal line [22]. As summarized in
Table I, one can see that the magnetic anisotropy is
directly linked with the orbital components. If the
absolute value of magnetic quantum number |L,| for
two degenerate nodal-line states satisfies |AL,| = 0
or |[AL,| = 1, the magnetization will prefer the in-
plane or out-of-plane direction, respectively, as shown
in middle part of Fig. 1. Therefore, our results provide
a guideline to search and design 2D materials with in-
plane magnetization through orbital engineering. Fur-
thermore, SOC will drive the 2D nodal-line semimetal
into three different topological phases, as shown in
right part of Fig. 1. In 2D point group, the out-of-
plane magnetization will break all mirror symmetries
[18], inducing a normal QAHE as expected. However,
the in-plane magnetization can induce two different
phases. In case one, if certain mirror symmetry sur-
vives under the in-plane magnetization, the nodal line
is degraded into a pair of points protected by the con-
served mirror symmetry, inducing a 2D semimetal. In
case two, if all in-plane mirror symmetries are broken
under the in-plane magnetization, it induces an unex-
pected QAHE with in-plane magnetization. The above
searching rule indicates that we can use orbital compo-
nents and lattice symmetries as two screening factors
to discover QAHE with in-plane magnetization.

Given the search rule, next we discuss its realiza-
tion in a real material of monolayer LaCl. The crys-
tal structure of bulk LaCl is shown in Fig. 2(a) and
(b) (inset). It’s an ABC stacked layer structure, and
each layer has two inequivalent La atoms forming a
buckled hexagonal lattice [23]. The vertical distance
between adjacent layers is dy = 2.81 A, indicating a
weak Wan der Walls interaction. The exfoliation en-
ergy is calculated by a slab model with 5 LaCl layers
[24]. As shown in Fig. 2(b), the converged exfoliation
energy is ~ 15 meV/AQ, which is even smaller than
that of graphene (~ 21 meV/A?) and H-MoS; (~ 18
meV /A?) [24], demonstrating the feasibility to obtain
monolayer LaCl through mechanical exfoliation. Fur-
thermore, the stability of monolayer LaCl is confirmed
by both phonon calculations and molecular dynamics
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Figure 2: (a) Top view of monolayer LaCl and angle of in-
plane magnetization. (b) Exfoliation energy of monolayer
LaCl. Inset is side view of bulk LaCl and interlayer dis-
tance. (c) Spin-polarized ferromagnetic band structure of
monolayer LaCl without SOC. Red and blue color denotes
spin-up and and -down band, respectively. (d) 3D band
around I' point near the Fermi-level in (c).

simulations, as shown in Fig. S1 [22].

To reveal the magnetic ground state of monolayer
LaCl, we have carefully checked its spin orientations
for both in-plane and out-of-plane configurations. We
found that the ferromagnetic state with in-plane mag-
netization has the lowest energy, as shown in Fig. S2
and S3 [22]. This is consistent with the results re-
ported for bulk LaCl recently [25]. Here, the magnetic
anisotropic energy (MAE) (~ 0.15 meV/La) is com-
parable to that in monolayer Crls [26, 27], but much
larger than that in pure magnetic metals [28]. How-
ever, the MAE becomes indistinguishable for in-plane
magnetization with different angles (¢), as shown in
Fig. S4 [22]. To get a deep understanding about
this phenomenon, the spin-polarized band structure of
monolayer LaCl without SOC is calculated, as shown
in Fig. 2(c). The two inverted bands with oppo-
site spins are crossing at Fermi-level, demonstrating
a 2D nodal-line semimetal [see also Fig. 2(d)|]. The
orbital-projected bands are shown in Fig. S5 [22]. The
spin-up and spin-down bands are mainly du, dy2_,2,
and d.2, dyy, d,2_,2 orbitals, respectively. Along the
nodal line, SOC only allows interaction between degen-
erate states with opposite spins satisfying |AL.| = 0
or 1 [22]. Since L, = 0 for d,2 and L, = +2 for
{dsy, dy2_,2}, the SOC allowed interaction will be be-
tween dg, and d,2_,2. From Table I, one can see that
|AL.| = 0 prefers the in-plane magnetization, which
is consistent with our MAE calculations. Additionally,
the estimated Curie temperature for monolayer LaCl
is ~ 22K, as shown in Fig. S6 [22], indicating a low
temperature ferromagnetism.

While turning on SOC, the 2D nodal-line semimetal
can be driven into two different phases, depending on
the direction of in-plane magnetization, as shown in
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Figure 3: (a) Band structure of monolayer LaCl with SOC for in-plane magnetization along ¢ = 0°/180°. (b) Schematic two
degenerate points (red dot) on the mirror plane (dashed orange line) for in-plane magnetization (blue arrow) perpendicular
to the mirror plane in (a). (c)-(d) and (e)-(f) are the same to (a)-(b), but for in-plane magnetization along ¢ = 60°/240°
and 120°/300°, respectively. (g) Band structure of monolayer LaCl with SOC for in-plane magnetization along ¢ = 30°,
as denoted by the inset arrows. (h) 1D topological edge state for (g), showing QAHE with in-plane magnetization. The

inset is schematic propagating direction for left and right
magnetization along ¢ = 90°.

Fig. 3. The monolayer LaCl has three mirror planes,
which are along I'-M, I'-M’ and I'-M”, as shown in Fig.
3(b), (d) and (f), respectively. If the mirror plane is
perpendicular to the in-plane magnetization, the mir-
ror symmetry will be conserved [18-20]. Otherwise,
the mirror symmetry will be broken. Since the mirror
symmetry can guarantee a two-fold degeneracy, this
indicates that SOC can degrade nodel line into a pair
of degenerate points siting on the mirror plane that
is perpendicular to the in-plane magnetization. From
our first principles calculations, actually, this degraded
2D semimetal phase is revealed, as shown in Fig. 3(a)-
(f). On the other hand, if the in-plane magnetization
is not along the above specific directions, all mirror
symmetries are broken. As shown in Fig. 3(g) and (i),
a global SOC gap (~ 4 meV) is opened along the nodal
line for in-plane magnetization along ¢ = 30° and 90°,
respectively. Clearly, the bulk bands are almost the
same for these two configurations. The corresponding
1D topological edge state is shown in Fig. 3(h) and (j),
respectively. Within the energy window of SOC gap,
each edge has one edge state connecting the valence
and conduction band, demonstrating the characterized
feature of QAHE. However, the edge state has an op-
posite group velocity on the same edge for these two
configurations. This indicates that the propagating
direction of dissipationless edge current can be con-
trolled by the direction of in-plane magnetization. To
further identify the above QAHE, we have also done
more accurate hybrid functional calculations, and sim-
ilar topological edge state is observed, as shown in Fig.
S7 [22]. Therefore, our predicted QAHE with in-plane

edge state. (i)-(j) are the same to (g)-(h), but for in-plane

magnetization is validated, which doesn’t depend on
the calculation methods.

To map out the angle dependence of QAHE with
in-plane magnetization, 1D edge states are further cal-
culated for in-plane magnetization with different di-
rections, as shown in Fig. S8 [22]. For the same edge,
the edge state will reverse its propagating direction on
the interval of 60°. The topology can also be identified
by Berry curvature (Chern number) calculations. As
shown in Fig. 4(a)-(f) and Fig. S9 [22], there is a pe-
riodic jumping of Chern number between +1 and —1
on the interval of 60°. Such an anisotropic QAHE is
physically rooted in the lattice symmetry of monolayer
LaCl. It’s well known that the sign of Chern number is
determined by the relative spin orientation. If spin re-
verses its direction, Chern number will change its sign.
Therefore, this will explain why ¢ = 30° and 210° [Fig.
4(a) and (d)], ¢ = 90° and 270° [Fig. 4(b) and (e)],
¢ = 150° and 330° [Fig. 4(c) and (f)] have the op-
posite Chern number. Additionally, using the shadow
unit cells in Fig. 4(a)-(f) to guide the eye, one can
see that monolayer LaCl with in-plane magnetization
has three equivalent configurations by rotating 120°
and 240°, respectively. Therefore, ¢ = 30°, 150° and
270° [Fig. 4(a), (¢) and (e)] have one Chern number,
while ¢ = 90°, 210° and 330° [Fig. 4(b), (d) and (f)]
have the other Chern number. The reason for Chern
number changing every 60° can also be explained in
the same way. For example, if the shadowed unit cell
in Fig. 4(a) rotates anticlockwise 60° and then makes
an inversion operation, its atomic structure will be the
same to that in Fig. 4(b), but its spin direction will be



Figure 4: (a)-(f) Berry curvature and Chern number of
monolayer LaCl for in-plane magnetization along ¢ = 30°,
90°, 150°, 210°, 270° and 330°, respectively. The arrow
denotes direction of magnetization, and the shadow region
highlights unit cell chosen for different configurations. (g)
Schematic QAHE measurement by varying the direction of
in-plane magnetization. (h) Quantized Hall conductivity
vs. direction of in-plane magnetization.

opposite to that in Fig. 4(b). Consequently, ¢ = 30°
and 90° [Fig. 4(a) and (b)] have an opposite Chern
number. By continuously rotating the in-plane mag-
netization, the Hall conductivity can be measured, as
shown schematically in Fig. 4(g). The angle depen-
dent quantized Hall conductivity is shown in Fig. 4(h),
demonstrating a 120° symmetry. Such features are ab-
sent in QAHE with out-of-plane magnetization.

Lastly, we present a tight-binding (TB) model calcu-
lation for monolayer LaCl to better understand QAHE
with in-plane magnetization. Without magnetization
and SOC, the band structure of monolayer LaCl is
shown in Fig. 5(a). Comparing to Fig. 2(c), one
can see that the nodal line is generated by spin split-
ting of two bands near Fermi-level, which can be well
fitted by the maximally localized Wannier functions
(MLWF) [29, 30]. The WF shape can be considered
as a summation of four d,= orbitals, and WF center is
inside the tetrahedron surrounded by four La atoms,
forming a buckled 2D hexagonal lattice, as shown in
Fig. 5(b). These results inspire us to construct a four-
band TB Hamiltonian as [19, 22, 31]:

H=—t clej +idr Z vijels.c;
(4,3) ((3,9))
— i\R Z /j,ijCI(S X [iij)cj +tm Zci(m . S)Ci
((3,3)) K

(1)

where the first term is the nearest-neighbor (NN) hop-
ping, the second term is next NN intrinsic SOC, the
third term is next NN intrinsic Rashba SOC and the
fourth term is on-site in-plane magnetization.
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Figure 5: (a) DFT and Wannier fitted band structure of
monolayer LaCl without magnetization and SOC. (b) Top
and side view of two fitted WFs. (c¢) TB band structure
with in-plane magnetization along ¢ = 30°. (d) 1D rib-
bon band structure for (c). Red and blue color denotes
left and right edge state, respectively. (e) Berry curvature
and Chern number for (c). (f)-(h) are the same to (c)-(e),
but for in-plane magnetization along ¢ = 90°. The TB
parameters are t=1.0 eV, A\;=0.03 eV, Ag=—0.03 eV and
trr——2.0 eV.

The TB band structures without SOC are shown
in Fig. S10 [22]. The spin bands are splitting un-
der the weak in-plane magnetization, generating two
nodal lines centered at two inequivalent K points [Fig.
S10(d)]. With the increasing strength of in-plane mag-
netization, two K centered nodal lines will merge into
a I' centered nodal line [Fig. S10(e)]. If the strength
of in-plane magnetization is larger than band width,
the nodal line will disappear and two spin bands are
separated from each other [Fig. S10(f)]. Such a merg-
ing and disappearing of nodal line is accompanied
with a topological phase transition [19], and mono-
layer LaCl is within the nontrivial region, as shown
in Fig. S10(e). Turning on SOC, if the direction of
in-plane magnetization is perpendicular to the mirror
plane, i.e., ¢ = 0°,60°,120°,180°,240°,300°, the 2D
nodal-line semimetal [Fig. S10(e)] will be driven into
2D semimetal with a pair of degenerate points siting
on the mirror plane, as shown in Fig. S11 [22], which
is consistent with the results shown in Fig. 3. Next,
if the in-plane magnetization deviates from the above
six directions, a QAHE is realized. The bulk band,
1D ribbon band and Berry curvature (Chern number)
for ¢ = 30° and 90° are shown in Fig. 5(c)-(e), and
Fig. 5(f)-(h), respectively. All the features are con-
sistent with those shown in Fig. 3 and 4. Addition-
ally, the QAHE with in-plane magnetization has also
shown a 120° symmetry, as shown in Fig. S12 and S13
[22]. Therefore, the topological properties of mono-



layer LaCl are well reproduced by our TB model.

In conclusion, we establish the underlying relation-
ship between nodal line and magnetic anisotropy, in-
troduce a general rule for searching QAHE with in-
plane magnetization, and predict a real material to
realize it. Our results greatly enrich the physics and
expand the material family of QAHE, which are ex-
pected to draw immediate experimental attention.
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