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Two-dimensional Weyl half-semimetal and tunable quantum anomalous Hall effect
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Topological states of matter and two-dimensional (2D) magnetism are two fascinating topics attracting
tremendous interest in current research. In this work, we explore their interplay in a single 2D material system by
proposing a different topological quantum state of matter—the 2D Weyl half-semimetal (WHS), which features
2D Weyl points at the Fermi level belonging to a single spin channel, such that the low-energy electrons are
described by fully spin polarized 2D Weyl fermions. We provide the condition to realize this state, which
requires an in-plane magnetization and a preserved vertical mirror symmetry. Remarkably, we prove that the
WHS state is a critical state sitting at the topological phase transition between two quantum anomalous Hall
(QAH) insulator phases with opposite Chern numbers, such that a switching of the QAH states as well as the
direction of chiral edge channels can be readily achieved by rotating the magnetization direction. Furthermore,
we predict a concrete 2D material, monolayer PtCl3, as a candidate for realizing the 2D WHS state and the
above intriguing effects. Our findings open up a new direction of research at the confluent point of topology and
magnetism in two dimensions, and the revealed route towards switchable QAH phases will enable new designs
of topological nanoelectronic devices.
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I. INTRODUCTION

As an emerging topological phase of three-dimensional
(3D) materials, Weyl semimetals have been attracting exten-
sive attention in recent research [1–9]. In a Weyl semimetal,
the conduction and valence bands cross linearly at isolated
twofold-degenerate Weyl points in the Brillouin zone (BZ),
such that the low-energy electrons resemble the relativistic
Weyl fermions; on the surface of a Weyl semimetal, there exist
peculiar Fermi arc surface states. The bulk Weyl electrons and
the surface Fermi arcs endow Weyl semimetals with many
extraordinary properties [10–14], such as ultrahigh mobil-
ity [15], negative magnetoresistance [16,17], colossal pho-
tovoltaic response [18,19], and enhanced catalytic behavior
[20].

Is it possible to extend the concept of Weyl semimetals to
two dimensions (2D)? This extension is a nontrivial task. In
3D, a Weyl point is topologically stable: Any perturbation
can only displace it but cannot destroy it [9]. However, in
2D, the topological protection is lost due to the reduced di-
mension, and additional crystal symmetries must be required
for stabilizing a Weyl point [5]. Note that the “Dirac” point
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found in graphene and in some ferromagnetic materials
[21–23] is conceptually different from the Weyl point dis-
cussed here. The nodal points in those systems are unstable
under spin-orbit coupling (SOC) [24], whereas the 2D Weyl
point here is robust against SOC. In addition, the nodal point
in graphene is fourfold degenerate if spin is counted, whereas
a 2D Weyl point is twofold degenerate. So far, a 2D Weyl
semimetal has not been reported [25].

A prerequisite for realizing a Weyl semimetal, whether
2D or 3D, is to break either the inversion (P) or the time
reversal (T ) symmetry because otherwise, each band would
be at least twofold spin degenerate, and their crossing point
would be at least fourfold degenerate, not of Weyl type.
The case with broken T , i.e., a magnetic Weyl semimetal, is
especially interesting, as it offers an opportunity to study the
fascinating interplay between the magnetic ordering and band
topology [1,26–30]. In 2D, the interest further comes from the
potential applications in fast-response spintronic nanodevices
and is strongly motivated by the recent experimental demon-
stration of several 2D magnetic materials, such as CrI3 [31],
Cr2Ge2Te6 [32], and VSe2 [33].

In 2D, breaking T with magnetic ordering is also crucial
for another line of research, namely, the exploration of the
quantum anomalous Hall (QAH) effect. The QAH effect
is realized in a 2D magnetic insulating system. It features
dissipationless chiral channels on the edge of the sample,
which can be used to make topological transistors with
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FIG. 1. Schematic figure showing the condition for achieving the
two-dimensional Weyl half-semimetal state. Here, the low-energy
bands are from a single spin channel. The Weyl points formed at
Fermi level are protected by the vertical mirror plane (mirror line) My

of the 2D system. The magnetization is required to be perpendicular
to this mirror plane in order to preserve My.

ultralow dissipation and power consumption. So far, the QAH
effect has been demonstrated in only a few quantum well
systems via magnetic doping [34–41]. The research faces the
following challenges. First, the long-range ordering and the
uniformity of magnetism are difficult to control in the mag-
netic doping approach. It is therefore much desired to achieve
the QAH effect in a 2D material with intrinsic magnetic
ordering. Second, in the existing QAH systems, the switch of
the edge channel propagating direction requires the reversal
of the magnetization, which typically involves a large applied
magnetic field (higher than the coercive field). Hence, to
enable practical applications, an alternative switching method
must be explored.

Herein, we address all above-mentioned challenges by
discovering a different state of matter—a 2D Weyl half-
semimetal (2D WHS). As indicated by its name, this state is
both a Weyl semimetal and a half-metal, with fully spin po-
larized Weyl points at the Fermi level formed in a single spin
channel (see Fig. 1). The low-energy carriers in the state are
therefore fully spin polarized 2D Weyl fermions. We analyze
the condition to realize this state, which requires an in-plane
magnetization and a preserved vertical mirror symmetry (i.e.,
the mirror line in 2D). Remarkably, we show that breaking the
mirror will open a gap at the Weyl points and turn the system
into a QAH insulator, which can be readily achieved by rotat-
ing the in-plane magnetization. More importantly, we prove
that the 2D WHS state represents a critical point between
two QAH insulator phases with opposite Chern numbers (i.e.,
with opposite propagating edge channels). Thus, a moderate
applied in-plane magnetic field can switch the propagating
direction of QAH edge channels. As a concrete example, we
show that the 2D WHS state and the above interesting effects
can be realized in monolayer PtCl3. Our work addresses both
conceptual and practical challenges. It not only reveals a state
of matter but also offers promising material platforms for
novel topological spintronics applications at nanoscale.

II. CONDITION FOR 2D WHS

Let’s start by analyzing the condition needed for realizing
a 2D WHS state. To have a half-metal, we need to have
ferromagnetic ordering, which in most cases is achieved by

incorporating transition-metal elements with partially filled d
or f shells. By definition, a Weyl point is a twofold-degenerate
nodal point formed by linear crossing between two bands.
To stabilize the Weyl point in 2D, we need a symmetry to
decouple the two crossing bands; namely, if the two bands
have different symmetry eigenvalues, then their crossing point
will be protected. Note that the added ferromagnetic ordering
typically destroys many symmetries of the underlying crystal
lattice but leaves a possible mirror perpendicular to the mag-
netization intact; that is, if the crystal lattice has a mirror and
if the magnetization direction is normal to the mirror, then
the mirror will still be preserved in the ferromagnetic state
(because the magnetization is a pseudovector). It follows that
two bands can linearly cross to form a Weyl point if they have
opposite mirror eigenvalues.

In the following, we discuss two possible cases depending
on the orientation of the magnetization vector m̂.

Case 1. If m̂ is perpendicular to the 2D material layer,
i.e., in the z direction, then a horizonal mirror plane may
be preserved (if the crystal lattice has such a symmetry).
However, since the whole 2D BZ is invariant under the mirror
plane, the generic band crossing for this case would be a Weyl
loop rather than a Weyl point. Such a magnetic Weyl loop in
2D was recently proposed by Wang et al. [42] and identified
in monolayer MnN.

Case 2. If m̂ is in the 2D material plane, then a mirror line
in the plane may be preserved. In this case, a Weyl point can
be stabilized on the mirror-invariant path in the BZ. This case
is schematically illustrated in Fig. 1.

This analysis shows that a ferromagnetic 2D material
having a magnetic ground state corresponding to case 2 may
realize a 2D WHS. In addition, we note that a single Weyl
point in the BZ is forbidden by the no-go theorem [43]. There
must be at least a pair of Weyl points (see Fig. 1). To have
both Weyl points pinned at the Fermi level, they need to be
connected by a certain symmetry operation (which is not T
since it is already broken). For example, the two Weyl points
can be connected by P if inversion is preserved for the system.
Another point to note is that to have the Weyl points fully
exposed at the Fermi level (without other extraneous bands),
it is preferred to have low-energy bands with higher dispersion
and hence larger band widths. Thus, the d elements would be
a better choice than the f elements.

To summarize, in searching for 2D WHS materials,
we require the system to satisfy the following conditions:
(1) The 2D material must contain transition-metal elements
and have a ferromagnetic ground state. (2) In the ground state,
the magnetization direction must be in plane and preserves
a mirror line. (3) It is desired to have two bands close to
the Fermi level which have opposite mirror eigenvalues on
the mirror-invariant path. (4) Besides the mirror line, another
symmetry must exist that can connect the pair of Weyl points
on the mirror-invariant path.

III. MATERIAL EXAMPLE

We reveal a concrete example of 2D WHS, monolayer
PtCl3, which is illustrated in Fig. 2(a). It consists of a Pt
atomic layer sandwiched by two Cl atomic layers, where the
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FIG. 2. (a) Top and side views of monolayer PtCl3, with the
edge-sharing PtCl6 octahedron forming a honeycomb lattice. (b) First
Brillouin zone for monolayer PtCl3 with high-symmetry points
labeled. We also mark the orientation of the three vertical mirror
planes for the lattice structure (red lines). (c) Phonon spectrum
for monolayer PtCl3. (d) Possible magnetic configurations consid-
ered: ferromagnet (FM), Néel antiferromagnet (NAFM), stripe AFM
(SAFM), and zigzag AFM (ZAFM). The magnetic moments are on
the Pt sites forming a honeycomb lattice.

Pt atoms form a honeycomb lattice and each Pt is surrounded
by six Cl atoms forming an octahedral crystal field. It takes the
same structure as monolayer CrI3 [31] and RuCl3 [44], which
have been experimentally shown to be 2D magnetic materials.
The lattice has point group symmetry D3d , with generators of
a rotoreflection S6 and a vertical mirror My. Combining these
two operations leads to another two mirrors, as illustrated
in Fig. 2(b), and also inversion P . The optimized lattice
constant from our first-principles calculations is 6.428 Å. (The
calculation details are presented in the Appendix.) To confirm
its stability, we calculate the phonon spectrum, which shows
no imaginary frequency mode [see Fig. 2(c)], indicating that
monolayer PtCl3 is dynamically stable. Moreover, we have
performed a first-principles swarm structural search and found
that the structure in Fig. 2(a) is the global minimum for 2D
PtCl3 [45].

Here, Pt is a 5d transition-metal element with a partially
filled d shell, which may provide the magnetism needed.
Indeed, our calculations show that monolayer PtCl3 favors a
ferromagnetic (FM) ground state over the antiferromagnetic
(AFM) or the paramagnetic (PM) states [see Fig. 2(d) and
Table I]. Furthermore, the FM state is found to be a half-metal,
i.e., with a single spin channel present at the Fermi level, as
can be observed from the projected density of states (DOS) in
Fig. 3(b) and the band structure in Fig. 3(c).

To understand this, we note that under the octahedral
crystal field, Pt 5d orbitals are split into t2g and eg groups,
with the latter being energetically higher. For Pt3+ with seven
valence electrons, Pt t2g orbitals will be fully filled. Since
the crystal field in PtCl3 is stronger than the exchange field,

TABLE I. The total energy Etot per unit cell (in meV, relative
to Etot of the FMy ground state) as well as spin 〈S〉 and orbital
〈O〉 moments (in units of μB) for several magnetic configurations
calculated by the generalized gradient approximation + SOC + U
method. The superscript in each configuration indicates the magnetic
polarization direction.

FMy NAFMy SAFMy ZAFMy FMz FMx PM

Etot 0.00 316.61 233.84 96.19 5.29 0.67 331.07
〈S〉 0.76 0.80 0.78 0.77 0.76 0.76 0
〈O〉 0.19 0.23 0.20 0.20 0.25 0.19 0

the fully filled t2g orbitals are away from the Fermi level.
On the other hand, Pt eg orbitals are filled by one electron
and hence are fully spin polarized. Because there are two
Pt atoms in the primitive cell, the bands dominated by eg

orbitals are half filled for one spin channel and empty for the
other, as schematically depicted in Fig. 3(a). The bands around
the Fermi level are completely from the spin-up subband of
eg orbitals, therefore making it a half-metal with 100% spin
polarization.

Next, we shall pin down the magnetization direction for
the FM ground state. We compare the energies by scanning
the magnetization direction m̂ (with SOC included), and find
that (i) in-plane directions are energetically preferred over
the out-of-plane ones and (ii) among the in-plane ones, the
directions perpendicular to the vertical mirrors (i.e., the arm-
chair direction for the Pt honeycomb lattice) have the lowest
energy (see Table I). Thus, one of the three mirrors (the one

FIG. 3. (a) Schematic depiction of the orbital splitting in mono-
layer PtCl3. (b) Spin-resolved partial density of states (PDOS) for
monolayer PtCl3 projected on different orbitals. (c) Band structure
without spin-orbit coupling (SOC). The red and blue bands are
for spin-majority (spin-up) and spin-minority (spin-down) channels,
respectively. (d) Enlarged view of the band structure around the
Weyl point. The red solid (blue dashed) lines are for the bands with
(without) SOC. (e) Two Weyl points are located at K/K ′ points
without SOC (blue points), and they are shifted along the x direction
on the mirror-invariant line after considering SOC (red points).
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perpendicular to m̂) is maintained in the FM ground state.
The magnetic interaction around the ground-state configura-
tion may be approximately described by the following spin
Hamiltonian

H = −
∑

〈i, j〉
J
(
Sx

i Sx
j + Sy

i Sy
j

) −
∑

i

D
(
Sy

i

)2
, (1)

where Sx,y is the spin operator, 〈i, j〉 denotes the summation
over nearest neighboring sites, J and D denote the strengths
for exchange interaction and anisotropy, respectively. The
values of J and D can be extracted from the first-principles
calculations. Approximating the model as an anisotropic 2D
XY ferromagnet, the Curie temperature for the FM state can
be estimated [46–48] as TC ≈ 200 K.

Our analysis so far confirms that the magnetic configura-
tion for monolayer PtCl3 satisfies the condition for 2D WHS
posed at the beginning. Next, we investigate its electronic
band structure. From the band plot in Fig. 3(c), one observes
the following remarkable feature: the conduction and valence
bands cross linearly at the Fermi level both without and with
SOC. Since the two crossing bands are fully spin polarized
(spin up), the crossing point is twofold degenerate and rep-
resents a 2D Weyl point. Owing to the preserved inversion
symmetry, there is a pair of Weyl points in the BZ, sitting
on the mirror-invariant path [see the illustration in Fig. 3(e)].
Thus, the ground state for PtCl3 is indeed a 2D WHS, with
the low-energy electrons being 100% spin-polarized 2D Weyl
fermions.

IV. EFFECTIVE MODEL

To characterize the low-energy band structure for the 2D
WHS state, we construct a k · p effective model. In the ab-
sence of SOC, the pair of Weyl points is located at the K and
K ′ points of the BZ, similar to graphene, but here they are
formed by a single spin species. Without SOC, the spin and
the orbital part of the electronic wave function are decoupled,
and hence, all crystalline symmetries are preserved for each
spin channel separately like for spinless particles. The k · p
model H0 is subjected to the C3v little group at K (K ′), with
two generators, C3z and My. The symmetry constraints are
given by

C3zH0(q+, q−) C−1
3z = H0(q+ei2π/3, q−e−i2π/3), (2)

MyH0(qx, qy)M−1
y = H0(qx,−qy), (3)

where q is measured from K (K ′) and q± = qx ± iqy. And the
two Weyl points are related by inversion P . In the basis of the
2D irreducible representation E for C3v , we find that to linear
order in q, the effective model takes the form of the 2D Weyl
model,

H0(q) = vF (τqxσx + qyσy), (4)

where vF is the Fermi velocity, τ = ± for the K or K ′ point,
and σi are the Pauli matrices acting in the space of the two
basis states. Thus, the low-energy electrons indeed resemble
2D Weyl fermions. It is worth noting that despite its similarity
to the low-energy model for graphene [49], the model basis
and hence the described fermions here for the 2D WHS are
fully spin polarized.

The inclusion of SOC pins the ground-state magnetization
perpendicular to one of the vertical mirrors (taken to be My

here). It follows that the C3z symmetry is broken but My is
still preserved. The preserved My dictates that the spin-up
and spin-down bands are still fully spin polarized (along y)
without hybridization by SOC. And the two Weyl points are
still protected on My, except their locations are slightly shifted
from K and K ′ to some nearby points on the My-invariant
path K-K ′, as shown in Fig. 3(e). On the level of the effective
model, to leading order in k, SOC introduces the following
term:

HSOC = ησx (5)

for both K and K ′ points. As a result, the original Weyl point
at K or K ′ is shifted by ∓η/vF along the x direction (i.e., on
the mirror-invariant line) but does not open a gap. This is con-
sistent with our theoretical analysis, and the first-principles
calculation result in Fig. 3(d). Thus, we can conclude that the
ground state of monolayer PtCl3 indeed realizes a 2D WHS,
with a pair of fully spin polarized Weyl points robust under
SOC.

V. TUNABLE QAH PHASES

Next, we investigate the transition from 2D WHS to QAH
phases. Because the Weyl points in 2D WHS are protected
by the mirror My, breaking My will generally remove the
Weyl points and open an energy gap. This symmetry breaking
can be easily achieved by slightly rotating m̂ away from the
ground-state orientation. On the level of the effective model,
this effect is represented by adding a mass term, H� = �

2 σz

(with |�| being the gap size), such that the model becomes

H = H0 + HSOC + H�. (6)

It is well known that the gap opening at a 2D Weyl point would
induce a finite Berry curvature �(q) = −2Im〈∂qx uv|∂qy uv〉,
where |uv〉 is the eigenstate of the valence band. The integral
of Berry curvature in a region around the (original) Weyl
point gives a valley topological charge of ±1/2 [50,51], with
the sign determined by sgn(�). Since T is broken in the 2D
WHS state, the Chern number C = ∫

BZ �(k)dk, which is the
integral of Berry curvature over the BZ, is typically nonzero.
Particularly, because � is an even function under inversion,
when the two Weyl points are connected by P , the two valley
topological charges must be identical, and we should have
C = 1 or −1. (Note that there may exist a Chern number
contribution from deeper valence bands, although the chance
is unlikely for real materials.) This analysis demonstrates that
breaking the mirror symmetry will transform a 2D WHS into
a QAH insulator.

Furthermore, we prove that the 2D WHS state must be
a critical point between two QAH phases with opposite
Chern numbers. Because the Berry curvature in 2D is an
odd function under a vertical mirror, any two QAH phases
related by the mirror operation [such as the two in Fig. 5(b)
below] must have opposite Chern numbers. Therefore, the
WHS state must sit at the critical point of a topological
phase transition between two different QAH insulator phases.
Since a topological phase transition happens only when the
conduction and valence bands touch, this argument in turn
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FIG. 4. (a) A gap is opened at the original Weyl point when the
magnetization is along the zigzag direction. (b) The flowerlike curve
(red line) shows the band gap as a function of the azimuthal angle φ

for the magnetization direction, where the polar radius indicates the
gap value (in meV). Blue (orange) indicates the regions with Chern
number C = +1 (−1).

shows that the gap closing and hence the Weyl points in the
2D WHS state are protected.

To verify these conclusions in monolayer PtCl3, in
Fig. 4(a), we plot the band structure when the magnetization
is along the the +x direction (i.e., the zigzag direction for the
Pt honeycomb lattice). Clearly, a finite band gap ∼ 15.5 meV
is opened at the original Weyl point. By evaluating the Chern
number from first-principles calculations, we confirm that this
is a QAH insulator with a finite Chern number C = −1. In
Fig. 4(b), we plot the band gap and the Chern number as
functions of angle φ, which is the azimuthal angle for the
magnetization vector m̂, assuming m̂ is rotated in plane. One
observes that the gap vanishes at φ = ±π

6 , ±π
2 , and ± 5π

6 ,
at which one of the three vertical mirrors is preserved, and
the state corresponds to a 2D WHS. In regions between these
values, the gap becomes nonzero, and the Chern number takes
values alternating between +1 and −1 for the QAH phases.
These observations perfectly agree with our theory.

The hallmark of the QAH phase is the existence of chiral
edge states, i.e., gapless channels at the edge propagating uni-
directionally. Figure 5(a) shows the edge spectrum for mono-
layer PtCl3 in the QAH phase in Fig. 4(a) (with C = −1),
obtained from first-principles calculations, which confirms the

FIG. 5. (a) The edge spectrum corresponding to the case in
Fig. 4(a), showing the existence of gapless chiral edge states.
(b) Schematic top views of a finite-size sample. By tuning the
magnetization direction to regions with opposite Chern numbers, one
can switch the propagation direction of the chiral edge channel. This
can be probed by the standard transport measurement setup as in (c).

existence of one chiral channel per edge. Because the chirality
of the edge channel is determined by the sign of Chern
number, the two QAH phases with C = ±1 must have edge
channels propagating in opposite directions. Consequently, by
tuning across the topological phase transition (through the
WHS state) between the two QAH phases, one can switch
the propagating direction of the edge channel [see Fig. 5(b)].
This can be easily detected with a standard electrical transport
measurement, as shown in Fig. 5(c).

VI. DISCUSSION AND CONCLUSION

We have some remarks before closing. First, the proposed
2D WHS here is protected by the mirror symmetry. Hence,
it should be robust under biaxial strain or uniaxial strains
along the in-plane high-symmetry directions, which preserve
the mirror. For more general strains (like shear strain), the 2D
WHS state would transform into the QAH phase. Strains can
further be used to tune the gap of the QAH state. For example,
the band gap for the case in Fig. 4(a) can be increased to
∼20 meV under a biaxial 5% compressive strain on mono-
layer PtCl3.

Second, the electronic correlation effect could be important
for transition-metal compounds, although it is typically weak
for 5d elements like Pt. Here, we test the effect of correlation
on monolayer PtCl3 via the density-functional theory + U
approach [52,53]. We find that the results are qualitatively
unchanged for U values up to 2 eV, and only for very large
U (> 2.8 eV) can the system be transformed into a Mott
insulator. Since a typical U value for 5d elements is less than
1.5 eV [54,55], the calculation results presented here should
be robust.

Third, we have provided conditions for a 2D WHS in
Sec. II. However, the search for real material candidates is
still a nontrivial task. This is because the magnetic ground
state and the low-energy band structure cannot be easily
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inferred from the material structure and composition. We have
investigated several 2D materials with a CrI3-type [31] lattice
structure, but only PtCl3 turns out to be a 2D WHS in the
ground state. For example, we find that monolayer PtBr3

[56] has an out-of-plane magnetization in the ground state,
and it is a quantum anomalous Hall insulator. On the other
hand, monolayer VCl3 [23,55], OsCl3 [55], and PtI3 [56] have
in-plane magnetization, but the magnetization is along the x
direction, which breaks the mirror line. As a result, the Weyl
point is gapped when the SOC is included. In the future,
high-throughput computation may be a possible approach to
search for 2D topological materials. For the case of 2D WHSs,
it should combine an intelligent structural search and mag-
netic ground-state determination. The symmetry conditions
we obtained here could be of great help in facilitating the
search process.

In conclusion, we have proposed a topological state of mat-
ter in 2D: the 2D WHS. It represents a nontrivial conceptual
development that extends the Weyl concept from 3D to 2D.
We obtained symmetry conditions to realize this state. We
showed that compared to the 3D Weyl semimetals, the loss
of topological protection in 2D actually turns out to be an
advantage: Gapping out the 2D WHS via symmetry breaking
offers a route to achieve the long-sought QAH phase. Further-
more, through coupling magnetism with Weyl band topology,
we demonstrated topological phase control by tuning the
magnetic ordering. We proved that the 2D WHS represents
a critical point at the topological phase transition between two
QAH phases with opposite Chern numbers, so that switching
the direction of the chiral edge channels requires only a small
tuning by an in-plane magnetic field. In practice, such mag-
netic field is typically much smaller than the field needed to

achieve a magnetic reversal. This may offer a new mechanism
for designing novel topological electronic devices.
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APPENDIX: FIRST-PRINCIPLES METHOD

Our first-principles calculations were based on density-
functional theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP) [57,58], using the projec-
tor augmented-wave method [59]. The generalized gradient
approximation with the Perdew-Burke-Ernzerhof [60] realiza-
tion was adopted for the exchange-correlation functional. The
plane-wave cutoff energy was set to 520 eV. A Monkhorst-
Pack k-point mesh [61] with a size of 11 × 11 × 1 was used
for the BZ sampling. To account for the correlation effects for
transition-metal elements, the DFT + U method [52,53] was
used for calculating the band structures. The crystal structure
was optimized until the forces on the ions were less than
0.01 eV/Å. The surface spectrum was calculated by using the
Wannier functions and the iterative Green’s function method
[62–65].
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