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Introduction

ABSTRACT

Topological quantum phases in two-dimensional materials have been a fasci-
nating research topic since the discovery of graphene. Particularly, the topo-
logical quantum phases could appear in two-dimensional magnetic systems.
However, identifying concrete materials that host topological quantum phases is
still a challenge, especially the magnetic ones. In this work, we propose a novel
hybrid Weyl semimetal in two dimensions, the monolayer AgCrS,. We show
that this material has a stable ferromagnetic ground state with an in-plane
magnetic moment. Particularly, it hosts a hybrid of two Weyl nodes close to the
Fermi level: one is a double Weyl point, and the other one is type-II linear Weyl
point. The features of their band structure could be inferred from the effective
models for them. When the spin-orbital coupling is included, the double Weyl
point is gapped. In comparison, the type-II linear Weyl nodes on high-symmetry
path can be tuned by controlling the orientation of the magnetization direction.
To be specific, the magnetization could change locations of type-II linear Weyl
nodes and control its stability. Therefore, our results offer a platform to study
novel hybrid of Weyl nodes in two-dimensional ferromagnetic system.

massless Dirac points, at the corner of its Brillouin
zone (BZ) [6-9]. Since then, many intriguing physical
phenomena, such as ultrahigh mobility and Klein

Two-dimensional (2D) materials and topological
quantum states have attracted tremendous attention
in recent years [1-5]. A prominent example is gra-
phene, in which the electronic band structure exhibits
topologically protected band crossings, denotes as 2D
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tunneling effect, have been attributed to the topo-
logical nature of the nontrivial band crossings [10].
Over the past decades, inspired by the discovery of
graphene [11, 12], many 2D topological materials
featured by 2D massless Dirac point have been
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predicted theoretically and experimentally [13-16].
Apart from 2D massless Dirac point, other types
emergent fermions are also predicted to exist in 2D
materials. For example, the monolayer blue phos-
phorene oxide [17] have been predicted simultane-
ously to host the double Weyl points and the
pseudospin-1 point. The fourfold Dirac point is also
proposed in monolayer HfGeTe [18]. In addition,
based on the manifold of band crossings, nodal lines
are also discovered in many materials, such as
monolayer metal-group VI compounds [19], mono-
layer X55iTeq (X = Ta, Nb) [20], and monolayer Cu,Si
[21, 22]. Besides, a new classification method for lin-
ear dispersion is proposed, which is based on the
signs of slopes of the crossing bands. For concrete-
ness, if the crossing bands have opposite signs of
slopes, the crossing point is regarded as type-I nodal
point. In contrast, if the crossing bands share a sign of
slopes, the cone of the crossing point will be com-
pletely tipped over, giving rise to a type-II nodal
point [23-27]. Until now, the type-II nodal point has
been proposed in a few 2D materials, such as WTe,
[28], MoTe, [29], TasS, and TalrTe, [30, 31]. So far,
majority of the proposed materials are nonmagnetic,
and the magnetic 2D materials with emergent fer-
mions are still limited, especially the materials with
coexistence of different types of fermions.

Most recently, the fully spin-polarized hybrid Weyl
semimetal, the ferromagnetic monolayer Cr,C, is
identified [32]. This material is a new type Weyl
semimetal, in which one of Weyl point is type-l,
while the other one is type-IL Is it possible to realize a
coexistence of type-I double Weyl and type-II linear
Weyl points, especially in magnetic systems?

Our work answers this question in the affirmative.
We reveal a 2D material as an example of a new type
of hybrid Weyl semimetal. Via the first-principles
calculation and theoretical analysis, we predict that
the ferromagnetic monolayer AgCrS, simultaneously
hosts a double Weyl point at the I" point and a type-II
linear Weyl point on the high-symmetry path. We
demonstrate its stability in the monolayer form.
Importantly, its bulk form has been experimentally
synthesized by chemical vapor transport (CVT) [33],
exhibiting a layered structure. Then, its monolayer
form is obtained by exfoliation from the bulk. Since
the monolayer AgCrS, exhibits a ferromagnetic
ground state, the hybrid of Weyl points could be
spin-polarized. Moreover, considering the stability of
Weyl points, we show that the double Weyl point is
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protected by a threefold rotation symmetry, and the
type-1I linear Weyl points are stabilized by a mirror
symmetry. Then, based on the symmetry analysis, the
effective models are constructed to describe the
double Weyl and type-Il linear Weyl points. We
further show that, under the symmetry breaking, this
hybrid of Weyl points shall undergo a phase transi-
tion. For concreteness, the double Weyl point could
transform into a pair of type-I linear Weyl points with
breaking the threefold rotation symmetry. On the
other hand, the type-II linear Weyl can be tuned by
controlling the magnetization. Therefore, our work
provides an example to study a new type of hybrid
Weyl semimetals in 2D.

Computational method

This work was carried out using first-principles cal-
culations using the Vienna ab initio simulation soft-
ware package [34, 35]. The correlation potential was
selected as the generalized gradient approximation
(GGA), and Perdew-Burke-Ernzerhof (PBE) was
adopted [36]. Set the plane wave cutoff energy to
520 eV. For Brillouin area sampling, Monkhorst-Pack
K-mesh was used and the size was set to 9 x 9 x 1.
The convergence criterion of energy is 107 eV, and
the convergence criterion of force is 0.01 eV/ A. The
long-range van der Waals interactions are account by
using the DFT-D2 method [37]. In order to explain the
strongly correlated interaction of transition metal
element Cr atom in AgCrS,, the GGA + U method
was adopted [38], and the effective U value was
selected as 1 eV. To be noted, changing the U values
in the range of 0—4 eV will not change the conclusion
of the work. Topological surface states are calculated
by using the WANNIERTOOLS software package
[39].

Results and discussion

Crystal structure, magnetism
and topological structure

The lattice structure and Brillouin zone of AgCrS, are
shown in Fig. 1a, b, respectively. For the top and side
views, one could obtain that it possesses hexagonal
atomic layers: the plane of Cr atoms sandwiched by
two layers of S atoms with an ABC-type stacking,
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then sandwich the Ag atoms layer. The lattice struc-
ture belongs to space group P3ml and has a point
group Cz,. The primitive cell is indicated by the
shadow region in Fig. 1a, with one Ag atom, two Cr
atoms and four S atoms. By optimizing the lattice
constant, as shown in Fig. 1c, the most stable lattice
constant is a = b = 3.4281 A, with which the system
has the lowest energy. In addition, its thermal sta-
bility can be inferred from Fig. 1d calculated by the
ab initio molecular dynamics (AIMD). It shows good
stability around the room temperature. Importantly,
its bulk form has been experimentally synthesized by
chemical vapor transport (CVT) exhibiting a layered
structure. Interesting, bulk AgCrS, is an antiferro-
magnetic semiconductor (See Supporting Informa-
tion). In previous reports, we find that the NaCrS,
family with the same structure shows similar results
as AgCrS,, namely the bulk is antiferromagnetic,
while the monolayer shows intrinsic ferromagnetism.
[40] Then, its monolayer form is obtained by exfoli-
ation from the bulk [33]. We further calculate the
exfoliation energy of monolayer AgCrS,, and the
exfoliation energy is 1.27 (J/ m?) (as shown in Fig. S5).
Compared with the exfoliation energy of other 2D
materials, such as graphene (0.37 ]/ m?) [41], GePs

Figure 1 a Top view and side
view of two-dimensional
material AgCrS, monolayer
structure. b The first Brillouin
zone of monolayer AgCrS,,
marked with high-symmetry
points. ¢ The schematic
diagram of optimized lattice
constant. d Total potential
energy fluctuations of the
AgCrS, monolayer during
AIMD simulations at 300 K,
and the insets show the final
state of the structure after

(1.14 J/m?) [42], InP; (1.32 J/m?) [43], GaoN (1.09 J/
m?) [44], ReS, (2.15 J/m?) [45], the monolayer AgCrS,
is feasible to be exfoliated from the bulk structure.
Before studying its electronic band structure, it is
essential to study its magnetic ground state. The
magnetic ground state of monolayer AgCrS, was
evaluated by constructing nonmagnetic (NM), ferro-
magnetic (FM) and antiferromagnetic (AFM) config-
urations including (AFM1, AFM2, AFMS3) in
2 x 2 x 1 supercell. We compared the energies of
different magnetic configurations at different U val-
ues, and the results are shown in Fig. S3 and Fig. S4.
Here, the energy of FM state is set as reference
energy. We can find that the FM state always has the
lowest energy at different U values. Therefore, the
FM state is most energetically stable in all magnetic
configurations. We find that the magnetic moment is
closest to the experimental value [46, 47] when set the
U value as 1 eV (see Fig. 54). Therefore, the U value
for Cr is chosen as 1 eV in the following calculation.
Then, it is important to determine the direction of
the magnetic moment. The magnetic anisotropy
energy (MAE) is performed via DFT + U + SOC
calculation. Here, the calculations include the spin
rotating in X-Y and X-Z planes, as shown in Fig. 2a,
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' 645 | o SER
= = 650} éfgﬁg
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v [}
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b, respectively. In comparison, the easy axis of mag-
netic moment is in-plane (as shown in Fig. 2c), and
the energy of this state is lower (the maximal value is
up to 0.53 meV) than that of the out-of-plane mag-
netization. In addition, its magnetic moment is iso-
tropic in the X-Y plane. One may note that the energy
difference between in-plane and out-of-plane is tiny,
such that the magnetic moment could be easily
changed under external fields. Based on Heisenberg

model [48, 49], namely H = — " J;S; - Sj — KTNZ(Sf)Z,
iZi i

where i and j represent the sites of Cr atoms, J;; rep-
resents the exchange interaction strength, and Ky
represents the magnetic anisotropy. The magnetic
moment of Cr atom 3 up for monolayer AgCrS,.
Based on DFT calculations, we calculated the
exchange constants for the nearest- and next-nearest-
neighbor interactions of monolayer AgCrS, are
J1 = 0.176181 meV and J = 1.756597 meV,
respectively.

After determining the magnetic configuration, we
begin to study its electronic band structure and cor-
responding symmetry protections. Given the ferro-
magnetic ground state, we plot the electronic band
structure for spin-up and spin-down states in Fig. 3a,
b, respectively. In comparison, one can obtain that the
low-energy states are mainly contributed by states of
spin-up. The zoom-in image for the spin-up states in
the low-energy region is given in Fig. 4a, from which
one can observe that a double Weyl point appears at
the I point. Remarkably, the double Weyl point lies
in the gap of spin-down states, exhibiting a fully spin-
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polarized property. Meanwhile, a type-II linear Weyl
point appears on path I'-M. Notably, the type-II
Weyl point is another crossing point of the crossing
bands for the double Weyl point, thus constructing a
hybrid of Weyl nodes: one is a double Weyl point,
and the other one is a type-II linear Weyl point. Their
dispersion features can be further demonstrated by
their 3D energy band structures in Fig. 4b. Indeed,
the double Weyl point has an upright Weyl cone,
while the cone of the type-II linear Weyl point is
tipped over.

Furthermore, due to the presence of Cs,, there are
totally three pairs of type-II Weyl points in the first
Brillouin zone, and their distribution is given in the
right panel of Fig. 4c. The presence of nontrivial band
crossing points is accompanied by edge states. We
plot the surface spectrum in [100] direction in Fig. 4c.
One can observe that there are two Fermi arcs stem-
ming from the projections of type-II linear Weyl
points, because each projected point is an overlap-
ping of two linear Weyl points. Regarding the pro-
jection of the double Weyl point, two Fermi arcs
emanate from this projection (see in Fig. 4d). It is
worth pointing out that the double Weyl point lies in
the gap of the spin-down channel, Fermi arcs are far
from other trivial bands. This makes them more
accessible in experiments.

Effective models

In the following, we turn our attention to the sym-
metry protection for the double Weyl point and the
type-Il linear Weyl point. As aforementioned, the
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Figure 2 The magnetic anisotropy energy (MAE) by rotating the spin within a XY plane and b XZ plane, respectively. ¢ Schematic
diagram of ferromagnetic structure of monolayer AgCrS,. (The direction of purple arrow is magnetic moment direction of Cr atom).
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Figure 3 The electronic band structure and the corresponding projection state density (PDOS) in a spin up channel and b spin down

channel of monolayer AgCrS, in the absence of SOC.

point group at I point is Cs,, which is generated by a
threefold rotation symmetry Cs, and a mirror sym-
metry M,. For this point group, there is a 2D irre-
ducible representation, namely, E, which determines
a double degeneracy. Such that the double degener-
ate point at I' point is an essential band crossing.
After a unitary transformation, we can write the
matrix representations for the generating elements in
the eigenstates of Cs;, to be specific,
ng:f%007i§az,My:ay. (1)
Here, ¢ is the Pauli matrix. In addition, since the
double Weyl point only appears in spin-up channel at
the I' point, it also enjoys an effective time-reversal
symmetry, with T = ¢,K, and K is the complex con-
jugation. Constrained by these operations, the effec-
tive model for the double Weyl point is written as

Hw (ke k) = o+t (R +2) + [t oy +hel],  (2)

where ¢ is real parameter and « is an imaginary
parameter. Such an effective Hamiltonian leads to a
quadratic dispersion, with energy eigenvalues

E=co+a(R+i)£[P(R+R), (3)

in line with our DFT calculation. Here, it is neces-
sary to mention that the essential symmetry for the
stability of the double Weyl point is Cs,, which have
been discussed in Ref. [50]. When breaking Cs,, a
double Weyl point transforms into a pair of 2D linear
Weyl points, as demonstrated in Fig. 4e, f.

Turn to the type-II Weyl points on I'-M, their sta-
bility is ensured by M,. On this path, due to the
absence of T, the linear term proportional to identity
matrix could be allowed. Together with M, the linear
term a1k, could exist on this path. Interestingly, this
ark, could play a role in tilting the Weyl cone. For
concreteness, the crossing bands are characterized by
opposite eigenvalues. Considering the mirror sym-
metry M, = o, a low-energy model around the type-
I Weyl point can be given by,

Hr_m (kxyky> = ag + arky + (azky — A)Uy
+ ky(as0y + ay0). 4)

Here, a is real parameter. According to Eq. (4),
there is indeed a crossing point at position

ko= (% ) 0), and the dispersion around this point is

linear. Particularly, the Weyl cone is determined by
the titled term ajk,, when |a1| > |a2|(|a1] <|a2]), the
effective model indicates a type-II (type-I) Weyl
point. In our work, one should have |41| > |a2], thus
leading to a type-II Weyl point.

When considering the spin-orbital coupling (SOC),
the presence of in-plane magnetic moment may
destroy the double Weyl point due to the breaking of
Cs,. For example, the magnetization in [100] direction
gap the double Weyl point (see Supporting Infor-
mation). On contrast, the type-II linear Weyl point
could be tuned by controlling the orientation of
magnetization. To be specific, if the magnetization is
on y-axis, with my, = Mo, the mirror M, allows its
presence in Eq. (4) due to [M,,, m,] = 0. Consequently,
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Figure 4 a Enlarged view of AgCrS, electron band structure
along the M-I'-K path. b The enlarged image of the 3D band
dispersion of the type-II Weyl point (labeled W1) and the quadratic
Weyl point (labeled W2) along the M—T" path. The edge spectrum

the presence of this term only changes the position of

the type-II Weyl point, from ko to (A‘M , 0). It could

€
be demonstrated in Fig. 5b. In another word, m,
could be used to control the position of type-II Weyl
points. When the magnetization direction removes
from this direction, the type-II linear Weyl point on
path I'-M is gapped, as shown in Fig. 5a. The maxi-
mal gap is 11.11 meV with magnetization in x-axis,
with m, = Mo,, as indicated in Fig. 5c. After a
60-degree rotation, the crossing point reappears, as
shown in Fig. 5d. Because of the threefold rotation
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(b)

7 s

W1 - W2
P — - o

corresponding to ¢ W1 and d W2 of monolayer AgCrS,. e The
electronic band structure of monolayer AgCrS, along the path X—
I'-X' at 0.15% uniaxial stress. f 3D dispersion of two Weyl points
P1 and P2 along the X-I'-X' path.

symmetry and mirror symmetry, there are six equal
regions, as shown in Fig. 5a. Therefore, the presence
of magnetization also could permit the presence of
type-1I linear Weyl points in the 2D AgCrS,. Partic-
ularly, the magnetization can be used to manipulate
the type-II Weyl points.
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Figure 5 a The flowered
curve (yellow line) shows the
relationship between the band
gap at W1 point and azimuth
in the in-plane magnetization
direction, where the polar
radius represents the band gap
value. The band structures
near W1 point under SOC
when the azimuth in the in-
plane magnetization direction
is b 0 degree, ¢ 30 degree and

d 60 degree.
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Conclusion

We have revealed that the 2D AgCrS; hosts a hybrid
of two Weyl points: one is double Weyl point, and the
other one is type-II linear Weyl point. Remarkably,
such a hybrid of Weyl nodes only appears in one
spin-channel; thus, the Weyl nodes are fully spin-
polarized. Based on the symmetry analysis, we con-
struct the effective models for the double Weyl and
type-1I linear Weyl points. We also find that the
essential symmetry for the double Weyl point is Cs,.
Breaking the threefold rotation symmetry, the double
Weyl point vanishes, transforming into a pair of lin-
ear Weyl points. Regarding the stability of type-II
Weyl points, the mirror symmetry M, is significant
for their existence. Such that the stabilities of double
Weyl point and type-II Weyl point are separately
protected by symmetries at I' point and on I'-M path.
Particularly, the type-II linear Weyl points can be
controlled by tuning the orientation of magnetization:
if the magnetic moment is invariant under M,, say
my, the type-Il Weyl point still persists in AgCrS,, but
the double Weyl point is gapped. In comparison, the
magnetization in a generic direction in the plane, the
type-I Weyl point and double Weyl point are
expected to be simultaneously destroyed. In
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conclusion, our work provides an excellent platform
for exploring the intriguing physics of 2D magnetic
hybrid Weyl semimetals, which can lead to potential
applications in nanoscale spintronics.
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