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Large Fermi arc and robust Weyl semimetal phase in Ag2S

Zhenwei Wang,1 Kaifa Luo,1 Jianzhou Zhao,2,3,* and Rui Yu 1,†

1School of Physics and Technology, Wuhan University, Wuhan 430072, China
2Co-Innovation Center for New Energetic Materials, Southwest University of Science and Technology, Mianyang, Sichuan 621010, China

3Theoretical Physics and Station Q Zurich, ETH Zurich, 8093 Zurich, Switzerland

(Received 18 September 2018; published 12 November 2019)

Three-dimensional Dirac and Weyl semimetals have attracted widespread interest in condensed matter physics
and material science. Here, based on the first-principle calculations and symmetry analysis, we report that Ag2S
with P212121 symmetry is a topological Dirac semimetal in the absence of spin-orbit coupling (SOC). Every
Dirac point is composed of two Weyl points with the same chirality overlapping in the momentum space. After
taking the SOC into consideration, each Dirac point is split into two Weyl points. The Weyl points with the
opposite chirality are far from each other in the momentum space. Therefore, the Weyl pairs are not easy to
annihilate and are robust in the Ag2S compound, which also leads to long Fermi arcs on material surfaces. The
robustness of the Weyl points against the strain is discussed.
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I. INTRODUCTION

Topological semimetals with nodal-point-type and nodal-
line-type band-crossing points have attracted tremendous at-
tention in condensed matter physics and material science
[1–22]. According to the degree of degeneracy at the band-
crossing point, the nodal points can be further classified as
Dirac point, Weyl point, and the point beyond Dirac and Weyl
types [23–26]. For example, the Dirac points are fourfold
degenerate band-crossing points, which are protected by crys-
talline symmetries as discussed in Refs. [27–29]. The Weyl
points do not need the protection of crystal symmetries except
the translation invariance, while the time-reversal or spatial-
inversion symmetry must be broken to guarantee their twofold
degeneracy. These novel band-crossing points in practical
materials lead to many exotic transport and optical properties
[30–37]. An important hallmark of topological semimetals is
their unusual surface states, such as the Fermi-arc states for
Weyl semimetals and the drumheadlike states for nodal-line
semimetals [2,3,13,14,38]. The topological nature of the Weyl
points can be characterized by their topological charge. Ac-
cording to the no-go theorem, the Weyl points with opposite
topological charge always appear in pairs in order to make
the total topological charge neutral in the whole Brillouin
zone (BZ) [39]. The Weyl points can only be removed if
pairs of opposite Weyl points meet and annihilate each other.
A large k-space separation of the Weyl nodes can guarantee
a robust Weyl semimetal state, which is a prerequisite for
observing the many exotic phenomena in spectroscopic and
transport experiments. Therefore, it is significant to discover
a more stable, nontoxic, and earth-abundant Weyl semimetal
[40–47], whose Weyl nodes with opposite chirality are
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separated tremendously in momentum space and locate near
the chemical potential in energy.

In this work we report the Dirac and Weyl states in
P212121-phase Ag2S. By means of the first-principle cal-
culations and symmetry analysis, we reveal that the SOC
splits each Dirac point into two Weyl points with the same
topological charge in Ag2S. The formation of the Weyl points
in Ag2S is different from the Weyl points originated from
the nodal-line structure. For example, in the TaAs family of
materials [8,9], the bands inversion leads to 12 nodal lines in
the BZ without SOC. After including the SOC effect, each
nodal line is broken but leaves a pair of discrete Weyl points.
The pair of Weyl points originated from the nodal line and
have opposite chirality, and the distance between them is
dependent on the strength of the SOC. In the TaAs compound,
the distance between each positive-negative charged Weyl pair
is short. Therefore, the Weyl points are easy to annihilate by
perturbations and the Fermi arcs linking the Weyl points with
opposite charge are short. The Weyl points in Ag2S originated
from the Dirac points. Without SOC, band inversion happens
in Ag2S and leads to four Dirac points near the Fermi energy.
The Dirac points with opposite charge ±2, as calculated in
the later section, are separated by a long distance in the
momentum space. Including the SOC, each ±2 charged Dirac
point is split into two ±1 Weyl points. While the weak SOC
in Ag2S cannot make the long separated and opposite charged
Weyl points annihilate each other. Therefore, the Weyl points
are robust and have long Fermi-arc states linked with them
on the Ag2S surface. The above topological properties found
in P212121-phase Ag2S are different than the topological
states in the Cmce-phase Ag2S for the different symmetries
of these two phases of Ag2S. In the Cmce-phase Ag2S, a
topological nodal-ring state protected by the glide symmetry
of a nonsymmorphic space group appear and lead to surface
drumhead states for the bulk-boundary correspondence [48].

The rest of the paper is organized as follows. In Sec. II we
present the crystal structure and the first-principle calculation
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FIG. 1. (a) The crystal structure of P212121 phase Ag2S. (b) The
bulk BZ and its projection onto the (001) direction. The red (blue)
points indicate the positive (negative) charged Weyl points located
on the kx = 0 (kz = 0) plane.

methodology. Without SOC, the Dirac states of Ag2S are dis-
cussed by the first-principle calculations and the k · p model
analysis in Sec. III. Then the Weyl states and the long surface
Fermi-arc states with SOC are studied in Sec. IV. Discussions
and conclusions are given at the end of this paper.

II. CRYSTAL STRUCTURE AND CALCULATION METHOD

The Ag2S compound with the nonsymmorphic space group
P212121 (No. 19) is investigated in this work. The crystal
structure is composed of chains of trigonal prisms formed
by Ag atoms connected by common edges, each of these
prisms being centered by an S atom as shown in Fig. 1(a).
The lattice parameters and the atomic positions of Ag2S was
experimentally determined [49] and listed in Table I. The
symmetry operations of the Ag2S crystal include three screw
rotations around the principal axes: C2x : (x, y, z) → (x +
1
2 ,−y + 1

2 ,−z), C2y : (x, y, z) → (−x, y + 1
2 ,−z + 1

2 ), and
C2z : (x, y, z) → (−x + 1

2 ,−y, z + 1
2 ).

The first-principle calculations are performed by using the
Vienna ab initio simulation package (VASP) [50,51] based
on the generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) functional and the projector
augmented-wave (PAW) pseudopotential [52,53]. The energy
cutoff is set to 400 eV for the plane-wave basis and BZ inte-
gration was performed on a regular mesh with 9 × 11 × 7 k
points [54]. The band structure here is also checked by nonlo-
cal Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional cal-
culations [55]. The surface states are studied by constructing
the maximally localized Wannier functions [56–58] and using
the WannierTools package [59].

TABLE I. Lattice parameters and atom positions of Ag2S.

a (Å) b (Å) c (Å) α β γ

6.72500 4.14790 7.29450 90 90 90

Site Wyckoff symbol x y z
1 Ag1 4a 0.02850 0.23030 0.40790
2 Ag2 4a 0.12740 0.40740 0.82100
3 S 4a 0.22100 0.15700 0.14500

FIG. 2. (a) The band structure of P212121 Ag2S without SOC.
(b) The surface states on the (001) surface. (c) The Fermi arcs
connect the −2 Dirac points (blue points) and the +2 Dirac points
(red points) on the (001) surface at the Fermi energy.

III. BAND STRUCTURE WITHOUT SOC

The electron configurations for Ag and S atoms are
[Kr]4d105s1 and [Ne]3s23p4, respectively. In the Ag2S com-
pound, the Ag atoms have a tendency to lose 5s electrons,
while S atoms have a tendency to gain electrons from Ag
atoms to form a full outer shell. One may expect an insu-
lating phase for this compound. However, the first-principle
calculations indicate that Ag2S is a semimetal as shown in
Fig. 2(a). Near the Fermi energy, the valence bands are mostly
from S-3p and Ag-4d orbitals, while the conduction band
with very strong dispersion is mostly from Ag-5s states. At
the � point, the energy of the Ag-5s band is lower than the
S-3p and Ag-4d bands about 1.1 eV, which form an energy
inverted band structure. The band-crossing points in the �-X
and �-Y directions are clearly shown in Fig. 2(a). These
band-crossing points are protected by crystalline symmetries,
which are revealed by the k · p effective model Eq. (1) near
the � point. To construct the k · p model Hamiltonian, we
find the symmetries at the � point include the time-reversal
symmetry T̂ and the D2 point group. The character table for
D2 is shown in Table II. The basis wave functions for the k · p
Hamiltonian are chosen as the two energy inverted bands, the

TABLE II. Character table and basis functions for point group D2.

D2 E C2z C2y C2x Linear functions

�1 +1 +1 +1 +1 –
�2 +1 −1 +1 −1 y
�3 +1 +1 −1 −1 z
�4 +1 −1 −1 +1 x
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�3 and the lowest �1 states as indicated in Fig. 2(a), which
behave as pz and s orbitals under the operations of the D2

group symmetries, respectively.
The Hamiltonian, projected onto these two bases, which is

invariant under all symmetry operations at � point, has the
following form:

H0(k) =
(

ε1 c1kxky + ic2kz

† ε2

)
(1)

up to the quadratic order of k, where εi = εi0 + εi jk2
j (i =

1, 2, j = x, y, z). The details of derivation of the k · p Hamil-
tonian, the parameters, and the dispersions from the k · p
model compared with the first-principle results are given in
Appendix A. It is easy to check that the s and pz band are
decoupled on the kx and ky axis, and form band-crossing
points in these two axes as long as the band inversion happens
between s and pz bands. There is no band-crossing point along
kz axis for the existence of the c2kz term.

In the process of constructing the model Hamiltonian
Eq. (1), we do not take the SOC into consideration. The spin-
up and spin-down channels are decoupled. We can deal with
each channels separately. Here we first consider the spin-up
channel. The band-crossing points between s∗ and pz states
are all twofold degenerate Weyl points. The Weyl points on
the +kx axis can be rotated to the −kx direction by the C2z

operation. The C2z rotation does not change the topological
charge of the Weyl points, therefore the two Weyl points on
±kx axis have the same topological charge. With the same
argument, the two Weyl points on ±ky axis also have the
same topological charge. Because the total topological charge
of the Weyl points in the BZ must be zero, the topological
charge of the Weyl points on ±kx axis must be opposite to
that on the ±ky axis. To determine the particular value of the
topological charge, we can check the Berry curvature near
these Weyl points. The result is that the topological charge
for the Weyl points on ±kx (±ky) axis is negative (positive) as
shown in Fig. 2(c). For the spin-down channel, there are four
Weyl nodes located at the same positions in the BZ and with
the same chirality as the spin-up channel Weyl nodes due to
the time-reversal symmetry. One of the key characters of the
Weyl semimetal is the existence of Fermi arcs on the surface
of the material. To calculate the surface states, we generate
the Wannier-type tight-binding Hamiltonian for Ag2S. The
calculated (001) surface states are shown in Figs. 2(b) and
2(c). It clearly shows that the Fermi arcs start from the
projected points of the positive Weyl nodes and end up at the
negative nodes.

IV. BAND STRUCTURE WITH SOC

In this section we consider the SOC effect on the band-
crossing points discussed in the previous section. Recall the
conclusions we got in the previous section that the Weyl
points overlapping on the ±kx axis have opposite chiral-
ity to the Weyl points on the ±ky axis. The strength of
the SOC cannot make the long separated opposite charged
Weyl points annihilate each other. Therefore, the Dirac points
are not gapped by SOC in Ag2S but are split into two
Weyl points and shifted away from the ±kx and ±ky axes.

The possible positions of the split Weyl points can be deter-
mined by symmetry considerations in the following way.

We denote the position of one of the Weyl points around
the +kx axis as w1 = (kx, ky, kz ). The position of the other
one Weyl point can be obtained by C2x rotation, which reads
w2 = (kx,−ky,−kz ). The remaining symmetry operators Ĉ2z,
Ĉ2y, and T̂ transform the above two Weyl points to the −kx

direction: w1
Ĉ2z→ (−kx,−ky,+kz ), w2

Ĉ2z→ (−kx,+ky,−kz ),

w1
Ĉ2y→ (−kx,+ky,−kz ), w2

Ĉ2y→ (−kx,−ky,+kz ), w1
T̂→

(−kx,−ky,−kz ), w2
T̂→ (−kx,+ky,+kz ). Because there are

only two Weyl points around the −kx axis, which leads to
kz = 0 or ky = 0. Therefore, the Weyl points around ±kx

must be located on the kz = 0 or ky = 0 plane. With a similar
argument we find that the Weyl points around the ±ky axis
are shifted to the kz = 0 or kx = 0 plane.

Now we construct a four-band k · p model Hamilto-
nian including SOC on the basis {s↑, pz↑, s↓, pz↓}, which is
given as

H1 = σ0 ⊗ H0 +
(

0 hso

† 0

)
,

hso =
(

α1kx + iα2ky γ1kx + iγ2ky

−(γ1kx + iγ2ky) β1kx + iβ2ky

)
, (2)

where αi, βi, γi (i = 1, 2) are real-valued parameters depend-
ing on the strength of SOC in specific materials. hso couples
the orbitals with a different spin channel, leading to a full
gap along the kx and ky axes. As the Weyl points can only
be gapped by annihilation of pairs with opposite topological
charges, therefore the gap closing points still exist but have
been shifted away from the kx and ky axes. The details of this
SOC included k · p model are given in Appendix B.

To check the above results, we perform the first-principle
calculations with SOC. The band-crossing points on the ±kx,y

axes are shifted away as shown in Fig. 3(a). Carefully search-
ing the band-crossing points in the whole BZ, we get eight
Weyl points as a schematic shown in Fig. 1(b). Four Weyl
points with positive chirality are located on the kx = 0 plane
and four with negative chirality are located on the kz = 0
plane. Based on the Wannier-type tight-binding Hamiltonian,
we compute the (001) surface states as shown in Figs. 3(b) and
3(c). The projections of the four negative Weyl nodes on the
kz = 0 plane are indicated as blue points. The positive Weyl
points on the kx = 0 plane overlap on the (001) surface BZ,
therefore there are two red points as shown in Fig. 3(c). Two
Fermi arcs start from the positive Weyl points and end in the
negative Weyl points.

V. DISCUSSIONS AND CONCLUSIONS

In this section we discuss the stability of the Weyl points
against strain in Ag2S. We perform calculations for adding
compressive strain on a, b, and c directions, respectively.
The results for 3% and 6% compression of each axis while
retaining the lattice volume are shown in Fig. 4. For the strain
adding along a (b) axis, the band-crossing points remaining
for the lattice parameter a0 (b0) is compressed by 6%, but
the distance between the band-crossing point on kx and
ky directions decrease as the compressive strain increases.
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FIG. 3. (a) The band structure of Ag2S with SOC. A gap opens
around the Dirac points as shown in the inset. (b) The surface state
on the (001) surface. (c) The Fermi arcs on the (001) surface with
energy located at Fermi level. Each −2 charged Dirac point is split
into two −1 Weyl points on the kz = 0 plane (blue points), while
each +2 charged Dirac point is split into two +1 Weyl points on the
kx = 0 plane (red points).

These results indicate that the stability of the Weyl points is
weakened by compressive strain along a and b axes. For the
strain effect adding along c axis, this distance increases as
increasing the compressive strain. Therefore, the stability of
the Weyl points is strengthened with the compressive strain
along the c axis. The Weyl points in Ag2S discussed in this
work are different from the Kramers-Weyl points proposed
in Ag2Se [60–62]. Though Ag2S and Ag2Se possess the
same symmetries, the more strong SOC in Ag2Se annihilates
the type of Weyl points of our interest existing in Ag2S
while the Kramers-Weyl points can survive and are located
at the time-reversal invariant momentum points clearly
presented.

In summary, based on the first-principle calculations and
symmetry analysis, we predict Ag2S can be changed from a
Dirac semimetal to a Weyl semimetal by including the SOC.
The Dirac points with ±2 topological charge are protected by
the crystalline symmetries and located on the kx and ky axes,
respectively. The SOC split each Dirac point into a pair of
Weyl points with the same chirality, while the strength of the
SOC cannot make the opposite charged Weyl points with large
distance in the momentum space meet and annihilate each
other. Therefore, the Weyl points are stable in Ag2S and lead
to long Fermi arcs on the material surface.

ACKNOWLEDGMENTS

The authors thank Nan Xu for very helpful discussions.
This work was supported by the National Key Research

FIG. 4. The band structure of Ag2S with a, b, and c axes com-
pressed by 3% (blue dashed lines) and 6% (red solid lines) compared
with an uncompressed lattice (black dashed-dotted lines).

and Development Program of China (No. 2017YFA0304700
and No. 2017YFA0303402), the National Natural Science
Foundation of China (No. 11674077 and No. 11604273).
J.Z.Z. was also supported by the Longshan academic talent
research-supporting program of SWUST (17LZX527), and
ETH Zurich funding for his visit. The numerical calculations
in this work have been done on the supercomputing system in
the Supercomputing Center of Wuhan University.

Z.W.W. and K.F.L. equally contributed to this work.

APPENDIX A: THE EFFECTIVE MODEL WITHOUT SOC

We first derive the k · p model Hamiltonian without SOC
near the � point. According to the first-principle results, we
can chose the valence state with highest energy near the Fermi
energy and one state with inverted energy at the � point
as basis functions for the k · p Hamiltonian. The irreducible
representations for these states are �1 and �3, respectively, in
an ascending order of energy. These two bands have the sym-
metries the same as s and pz orbitals, denoted 	 = (s, pz )T .

As stated in the main text, the effective model near the
� point is dictated by time-reversal symmetry T̂ and little
group D2. The model is constructed near the � point, hence
there is no extra phase from the fractional translation for the
nonsymmorphic operations. The D2 point group is generated
by two twofold rotations C2z and C2y, and the symmetry
operators can be represented by C2y = τ3, C2z = τ0, T = K,
where τi are Pauli matrices acting on the orbital space spanned
by {s, pz}. These symmetries give the following constrains to
Hamiltonian H (k):

C2yH (kx, ky, kz )C−1
2y = H (−kx, ky,−kz ),

C2zH (kx, ky, kz )C−1
2z = H (−kx,−ky, kz ), (A1)

T H (kx, ky, kz )T −1 = H (−kx,−ky,−kz ).
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TABLE III. Parameters for the Hamiltonian Eqs. (A2) and (B2).

ε10 ε1x ε1y ε1z c1 α1 β1 γ1

−1.001 53 27 3.31 5.5 0.01 −0.2 0.18

ε20 ε2x ε2y ε2z c2 α2 β2 γ2

0.106 −8.6 −3.1 0.2 1.25 −0.03 0.02 0.05

Keeping up to the quadratic order of k, we find the following
Hamiltonian:

H0(k) =
(

ε1 c1kxky + ic2kz

† ε2

)
(A2)

satisfies the constraints in Eq. (A1), where

εi = εi0 + εi jk
2
j (i = 1, 2, j = x, y, z) (A3)

and the ci terms denote the lowest couplings between s and
pz orbitals. The parameters in Eq. (A2) are listed in Table III.
The band dispersions form the k · p model are compared with
the first-principle results as shown in Fig. 5.

APPENDIX B: THE EFFECTIVE MODEL WITH SOC

Now we deal with the coupling between spin-up and spin-
down channels of s and pz orbitals, namely, the spin-orbital
coupling. The representations of symmetry operators on the
chosen basis ψ = (s↑, pz↑, s↓, pz↓)T are

C2y = iσ2 ⊗ τ3, C2z = iσ2 ⊗ τ0, T = C2yK. (B1)

Through the standard k · p method again, we obtain the
symmetry-constrained effective Hamiltonian of SOC, up to
linear order of k:

Hso =
(

0 hso

† 0

)
,

hso =
(

α1kx + iα2ky γ1kx + iγ2ky

−(γ1kx + iγ2ky) β1kx + iβ2ky

)
, (B2)

FIG. 5. The energy dispersion obtained from k · p model Hamil-
tonian (red dashed line) is compared with that from the first-principle
calculations (blue solid line).

where σi are Pauli matrices acting on the spin space, and αi, βi,
and γi are relevant to the coupling strengths of s↑-s↓, pz↑-pz↓,
and s↑(↓)-pz↓(↑), respectively.

At the � point, i.e., kx = ky = kz = 0, these spin-up and
spin-down channels are decoupled, consistent with the first-
principle calculations that the s and pz are doubly degenerate
with the irreducible representation �5. The parameters in
Eq. (B2) are listed in Table III. The band dispersions from
the k · p model are compared with the first-principle results as
shown in Fig. 6.

FIG. 6. The energy dispersion obtained from k · p model Hamil-
tonian including SOC (red solid line) is compared with that from the
first-principle calculations (blue solid line).
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