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Multiple magnetism-controlled topological states in EuAgAs
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The interplay between magnetism and band topology is a focus of current research on magnetic topological
systems. Based on first-principle calculations and symmetry analysis, we reveal that multiple intriguing topo-
logical states can be realized in a single system EuAgAs, controlled by the magnetic ordering. The material is
a Dirac semimetal in the paramagnetic state, with a pair of accidental Dirac points. Under different magnetic
configurations, the Dirac points can evolve into magnetic triply degenerate points, magnetic linear and double
Weyl points, or being gapped out and making the system a topological mirror semimetal characterized by mirror
Chern numbers. The change in bulk topology is also manifested in the surface states, including the surface
Fermi arcs and surface Dirac cones. In addition, the antiferromagnetic states also feature a nontrivial Z4 index,
implying a higher order topology. These results deepen our understanding of magnetic topological states and
provide different perspectives for spintronic applications.
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I. INTRODUCTION

Topological states of matter have been attracting great
interest in physics research [1–4]. Such states can be fully
gapped in the bulk, as in topological insulators, where gap-
less excitations appear at boundaries in the form of protected
boundary modes [1,2]. Meanwhile, in topological semimet-
als, unconventional quasiparticle excitations emerge in the
bulk around protected band degeneracies [3,4]. The degree
of degeneracy directly determines the internal structure of
the quasiparticles. For example, Weyl and Dirac points have
twofold and fourfold degeneracy, respectively, and they give
rise to quasiparticles analogous to Weyl and Dirac fermions in
relativistic quantum field theory [5–9]. The crystalline sym-
metry also allows degenerate points beyond the Weyl and
Dirac types [10,11]. The first example discovered is the triply
degenerate point (also known as the triple point), which leads
to three-component quasiparticles [12–17]. Some of the topo-
logical semimetals also possess protected boundary modes,
such as the surface Fermi arcs for Weyl semimetals [5,18,19].
These topological states have been extensively studied in
nonmagnetic materials which respect the time reversal sym-
metry [20–22].

Recently, the research has been expanded to magnetic sys-
tems [23]. Due to the broken time reversal symmetry, some
of the topological classifications are fundamentally changed
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and lead to rich topological states. Various topological insu-
lating states, Weyl points, and Dirac points have been reported
in magnetic materials [5,24–34]. Particularly, an important
feature of magnetic topological systems is that the topol-
ogy is sensitive to the magnetic configuration and may be
conveniently controlled by tuning the magnetic order. For
example, it was predicted that, in magnetic materials such
as EuCd2As2 [27] and EuB6 [30], multiple topological states
can be realized by rotating the magnetization direction or
by switching the ordering between ferromagnetism and anti-
ferromagnetism. The techniques for manipulating magnetism
have been well developed in spintronics [35,36], such that the
close interplay between magnetism and band topology may
generate interesting effects and open different perspectives for
applications.

Regarding materials, compounds containing the lanthanide
element Eu are appealing candidates, as Eu ions typically have
large magnetic moments. The most desired case is that the
magnetism is from the Eu f orbitals, while the low energy
bands around the Fermi level are from the dispersive s or p
orbitals of other constituents, so that the topological features
can be more clearly exposed and the carrier mobility can be
enhanced.

In this work, we investigate the topological states in such
a candidate material EuAgAs. EuAgAs single crystal was
synthesized in 1981 [37]. The magnetic property of EuAgAs
has been studied in experiment and the material was shown
to be metamagnetic, i.e., its magnetic configuration can be
readily tuned by external means such as applied magnetic
field [38]. Here, based on first-principles calculations and
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symmetry/topology analysis, we show that rich magnetic
topological states can be realized in EuAgAs depending on the
magnetic configurations. The high-temperature paramagnetic
phase of EuAgAs is a Dirac semimetal with a pair of Dirac
points. The ground state of EuAgAs is found to be anti-
ferromagnetic (AFM), which is consistent with experimental
result [38]. We show that the band topology is sensitive to the
Néel vector direction. For the Néel vector along the c axis,
the state has two pairs of triply degenerate points (TDPs),
which were not observed in magnetic materials before. When
the Néel vector lies in the ab plane, the system is a special
topological mirror semimetal that is adiabatically connected
to a topological crystalline insulator characterized by two mir-
ror Chern numbers and Dirac type surface states. In addition,
we find that the ferromagnetic (FM) state of EuAgAs, which
may be achieved by strain or applied magnetic field, possesses
four pairs of Weyl points. Interestingly, one pair belongs to the
double Weyl points, which feature quadratic band splitting in
a plane and Chern numbers of ±2. The states reported here,
including the magnetic TDPs, the magnetic topological mirror
semimetals, and the magnetic double Weyl points, enrich the
family of topological states in magnetic systems. Our work
also suggests EuAgAs as a promising platform to explore the
interplay between magnetism and band topology.

II. CALCULATION METHODS

Our first-principles calculations were based on the density
functional theory (DFT), using a plane-wave basis set and
projector augmented wave method [39], as implemented in
the Vienna ab initio simulation package (VASP) [40,41]. The
generalized gradient approximation (GGA) parametrized by
Perdew, Burke, and Ernzerhof (PBE) was adopted for the
exchange-correlation functional [42]. We have also tested
other functionals including PBEsol [43] and SCAN [44,45],
which gave qualitatively the same results. The energy cutoff
was set to 360 eV and a 11 × 11 × 5 Monkhorst-Pack k mesh
was used for the Brillouin zone (BZ) sampling. The atomic
positions were fully optimized until the residual forces were
less than 10−3 eV/Å. The convergence criterion for the total
energy was set to be 10−6 eV. Spin-orbit coupling (SOC) was
included for all the results presented in the paper. In simulat-
ing the high-temperature paramagnetic state, the usual “open
core” treatment of 4f electrons was adopted. To account for the
correlation effects of the f electrons in the magnetic phases, we
have adopted the GGA+Hubbard-U (GGA + U ) method [46]
with the value of U = 8 eV, which was commonly used in
studying Eu compounds. We have also tested the U values
from 3 to 8 eV and found qualitatively consistent results. The
surface states were investigated by using the iterative Green’s
function method [47] as implemented in the WANNIERTOOLS

package [48].

III. CRYSTAL STRUCTURE AND MAGNETISM

EuAgAs crystallizes in the modified Ni2In-type hexagonal
structure with space group P63/mmc (No. 194) as shown
in Fig. 1. In the structure, Ag and As together form planar
honeycomb layers parallel to the ab plane. In each honeycomb
layer, the A and B sites are occupied by different atoms. These
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FIG. 1. (a) Unit cell of EuAgAs. (b) Top view of the EuAgAs
lattice, where the x and y axis are defined. Panels (c)–(e) show the
three magnetic configurations discussed in the main text. Red arrows
indicate the local moment direction. (f) Bulk and surface BZ for
EuAgAs

layers are stacked along the c direction, with an alternation in
the type of atoms at A and B sites. Eu atoms are intercalated
between the adjacent Ag-As layers. In a unit cell, Eu is at the
Wyckoff position of 2a and Ag (As) is at the position of 2d
(2c). The experimental lattice constants with a = 4.516 Å and
c = 8.107 Å were adopted in our calculations [37].

The lattice symmetry group contains the following gen-
erators: threefold rotation C3z, inversion P , twofold rotation
C2y, and twofold screw rotation S2z = {C2z|00 1

2 }, with a half
translation along the c (z) direction [the directions are labeled
in Fig. 1(b)]. Combining inversion with the twofold rotations,
we also have three mirror symmetries Mz, Mx, and M̃y, where
M̃y = {My|00 1

2 } is a glide mirror.
Magnetic properties of EuAgAs have been experimentally

studied in Ref. [38]. It was shown that the ground state is
AFM with a Néel temperature about 11 K. The measurement
showed that the magnetic moments are mainly on the Eu sites
with a magnitude of ∼7.45μB, which is consistent with the
Eu2+ ions being in the high-spin state of 4 f 7. From experi-
ment [38], it was found that the AFM is of A type, i.e., the
coupling within each Eu hexagonal layer is FM, whereas the
coupling between two neighboring layers along c axis is AFM
[see Figs. 1(c) and 1(d)]. Nevertheless, the measurement in
Ref. [38] cannot resolve the direction of the Néel vector. In
Table I, we compare the calculated energies of the different
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TABLE I. Comparison of different magnetic configurations for
EuAgAs. Here, MSG stands for the magnetic space group, we show
the energy comparison obtained by three exchange-correlation func-
tionals, the energy has units of meV per formula unit and is with
reference to the AFM-x configuration, and the last column indicates
the topological feature of each state. DP, TMS, and WP stand for the
Dirac point, topological mirror semimetal, and Weyl point, respec-
tively. All the AFM configurations also carry a nontrivial Z4 index
κ = 2.

MSG PBE PBEsol SCAN Topology

PM P63/mmc DP
AFM-x Cmcm 0 0 0 TMS
AFM-y Cm′c′m 0.014 0.017 0.038 TMS
AFM-z P6′

3/m′m′c 0.163 0.098 0.153 TDP
FM-z P63/mm′c′ 6.788 12.732 8.975 WP

magnetic configurations. It shows that, consistent with ex-
periment, the AFM state is energetically favorable. Among
the AFM configurations, the Néel vector prefers to stay in
the ab plane, with small in-plane anisotropy. The AFM-x
state with Néel vector along x has the lowest energy, while
the energies for the AFM-y and AFM-z states are also quite
close. Experiments found that EuAgAs is a metamagnetic
material [38], indicating that the magnetic configuration is
sensitive to external perturbations, particularly the applied
magnetic field. Hence the FM configuration is also considered
here. The different magnetic configurations may be switched
by applied strain, magnetic field, or electric current. In the
following sections, we shall analyze the topological features
of each magnetic configuration in Table I, since the topolog-
ical features in Table I all occur on the �-A path in the BZ.
In Table II, we give the character table of little groups on
this path for different magnetic configurations, which will be
useful for later discussions.

IV. PARAMAGNETIC STATE: DIRAC SEMIMETAL

Let us first consider the paramagnetic phase of EuAgAs,
which occurs when the temperature is above the magnetic

TABLE II. Character table of little group on the �-A path for the
PM (C6v), AFM-x (C2v), AFM-y (C2), AFM-z (C3v), and FM-z (C6)
states. Here, ω = exp(iπ/6).

Little group E C2 C3 C6 σv

C6v �7 2 0 1
√

3 0
�9 2 0 −2 0 0

C2v �5 2 0 0
C2 �3 1 i

�4 1 −i
C3v �4 2 1 0

�5 1 −1 i
�6 1 −1 −i

C6 �7 1 i ω2 ω

�8 1 −i −ω4 −ω5

�11 1 i −1 −i
�12 1 −i −1 i
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FIG. 2. (a) Band structure of EuAgAs in the paramagnetic phase.
The inset shows the enlarged view of the red box. The point D is a
fourfold Dirac point. (b) Calculated surface spectrum for the surface
normal to y. Arrows indicate the surface states. (c) Constant energy
slice of the surface spectrum at the energy of bulk Dirac points. The
white dots indicate the surface projections of Dirac points.

transition temperature. The calculated band structure (with
SOC included) is plotted in Fig. 2. The system shows a
semimetal character. Interestingly, one observes that, close to
the Fermi level, the conduction and the valence bands cross
each other at a point D with coordinate (0, 0, kD) (kD = 0.316
in units of π/c) on the �-A path. Here, since the system
preserves both the time reversal and the inversion symmetries,
each band is doubly degenerate. It follows that the crossing
point D is a fourfold degenerate Dirac point. From a symmetry
point of view, the little cogroup on the �-A path is C6v and the
two crossing bands belong to two different two-dimensional
irreducible representations �9 and �7 of C6v , as indicated
in Fig. 2(a). This shows that the Dirac point is symmetry
protected.

Based on the symmetry, we derive the following k · p effec-
tive model for the states around the Dirac point D in Fig. 2(a):

HD(q) = a0qz + a1(σyτzqx − σxqy) + a2σzqz, (1)

where the energy and the momentum q are measured from
the Dirac point; σi and τi are Pauli matrices. The model
parameters ai can be extracted from fitting the DFT band
structure. The obtained values are a0 = 0.49 eV Å, a1 = 3.25
eV Å, and a2 = 2.10 eV Å. This model clearly demonstrates
the character of a Dirac point. There is another Dirac point D′
at (0, 0,−kD), related to D by P or T symmetry.

This pair of Dirac points belong to the accidental band
degeneracies. Their existence requires the local band inversion
at � and can be removed without breaking the symmetry of the
system, e.g., by switching the order of �−

7 and �−
9 states at �

[see Fig. 2(a)]. Due to the band inversion, the 2D slice kz = 0
features a nontrivial Z2 invariant ν = 1, which is verified by
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FIG. 3. Band structure and projected density of state (PDOS) for
EuAgAs in the AFM-z state. The inset shows an enlarged view of the
red box. T1 and T2 are TDPs.

the Wilson loop method and parity analysis [49,50]. It follows
that there must exist a time reversal pair of surface states
on the kz = 0 line in the surface BZs for side surfaces. In
Figs. 2(b) and 2(c), we show the surface spectrum for the
surface normal to y. One pair of surface Fermi arcs connecting
the surface projections of Dirac points are spotted, similar to
the cases of Na3Bi [7] and Cd3As2 [8].

V. AFM-z STATE: MAGNETIC TDP

Next, we consider EuAgAs in the AFM-z state. The calcu-
lated band structure is plotted in Fig. 3. The overall structure is
similar to the paramagnetic state. However, since the magnetic
ordering breaks the time reversal symmetry, the original Dirac
points will no longer be stable. Interestingly, from the inset
of Fig. 3, one observes that the Dirac point D splits into
two TDPs T1 and T2 on the �-A path. Each TDP is a cross-
ing between a doubly degenerate band and a nondegenerate
band. Here, the doubly degenerate band belongs to the �4

representation of the C3v group, while the nondegenerate band
corresponds to the �5 (�6) representation for T1 (T2). TDPs
have been extensively studied in nonmagnetic systems be-
fore [12–16,51], and their existence in materials MoP and WC
have been experimentally verified [15,16]. In comparison, the
TDPs here are realized in a magnetic system, and we find that
they can be derived from Dirac points via breaking the time
reversal symmetry. Based on the symmetries C3v on the �-A
path, we derive the following k · p effective model for T1:

HT1 (q) = b0I3qz + (b1	3 + b2	6 + b3	7)qx

+ (b1	1 + b4	4 + b5	5)qy + b6	8qz, (2)

where the energy and the momentum are measured from T1,
	i’s are the 3 × 3 Gell-Mann matrices (see Appendix A for
their concrete forms), I3 is the 3 × 3 identity matrix, and bi’s
are real parameters. The obtained model for T2 is quite similar,
taking the form of

HT2 (q) = c0I3qz + (c1	3 + c2	4 + c3	5)qx

+ (c1	1 + c4	6 + c5	7)qy + c6	8qz, (3)

where the energy and the momentum are measured from T2.
We note that some recent works reported non-Abelian

topology in three-band spinless systems [52,53]. In compar-
ison, the triple points here (also a three-band system) exist
only when SOC is considered. Whether similar non-Abelian
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FIG. 4. (a) Band structure of EuAgAs in the AFM-x state. The
inset shows an enlarged view of the red box. A local gap exists
between conduction and valence bands throughout the BZ. (b) Spec-
trum for the surface normal to y. (c) Constant energy slice for the
surface spectrum at 60 meV.

physics can emerge in spinful systems is an interesting ques-
tion to explore in future studies.

VI. AFM-x STATE: TOPOLOGICAL MIRROR SEMIMETAL

When the Néel vector is oriented along the x direction,
besides the time reversal symmetry, the rotational symmetry
along z will also be broken. It turns out that all the crossings
between conduction and valence bands will be destroyed,
and the two bands are detached from each other. As shown
in Fig. 4(a), the original Dirac point in the paramagnetic
phase is indeed removed and a local band gap is maintained
throughout the BZ, although there is a small indirect overlap
in energy between the two bands. This means that the band
structure is adiabatically connected to an insulator state. Note
that the band inversion feature at � is still maintained, so this
semimetal state is in fact topological.

As the AFM-x state preserves the mirror symmetries Mx,
M̃y, and Mz, the band inversion at � may be characterized by
the mirror Chern numbers [54–56] for the three mirror planes
ki = 0 in the BZ, with i ∈ {x, y, z}. Here, the mirror Chern
number is defined as

CMi = (CMi+ − CMi− )/2, (4)

where C± is the Chern number for valence bands with ±
eigenvalue for the mirror i. From DFT calculations, we find
that the mirror Chern number is indeed nontrivial for the three
mirror planes, capturing the band inversion at �.

Due to the nontrivial mirror Chern numbers, there will
be Dirac type surface states for surfaces that respect at least
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FIG. 5. (a) Spectrum for the surface normal to y in the AFM-y
state. (b) Constant energy slice for the surface spectrum at 0 meV.

one of the three mirrors. This is similar to the nonmagnetic
topological crystalline insulator SnTe [51,55]. In Figs. 4(b)
and 4(c), we plot the surface spectrum for the surface normal
to y. We can see that Dirac type surface states appear on the
surface, determined by the mirror Chern numbers. The Dirac
cone is located at the � point, as constrained by the presence
of both Mz and Mx symmetries for this surface.

As for the AFM-y state, the bulk band structure is very
similar to the AFM-x state in Fig. 4 (see Appendix B). There
is also a local gap maintained throughout the BZ, which sep-
arates the conduction and valence bands. In this case, both
Mx and M̃y are broken, but Mz is still preserved and so the
nontrivial CMz remains. Therefore, the AFM-y state is also
a topological mirror semimetal. Different from the AFM-x
state, here the protected Dirac surface states only appear on
side surfaces that preserve Mz. In Fig. 5, we plot the spectrum
for the surface normal to y. One can observe the surface Dirac
cone. Notably, since there is only a single mirror Mz, the
surface Dirac point deviates from the � point and the cone
is slightly tilted.

VII. FM-z STATE: MAGNETIC DOUBLE WEYL POINT

Finally, we investigate the band structure for the FM-z
state. As shown in Fig. 6(a), due to the exchange splitting,
the band structure is quite different from the cases with para-
magnetism or AFM. The state is more metallic, with enhanced
density of states at Fermi energy. Interestingly, the low energy
bands exhibit multiple crossings on the �-A path, as indicated
in Fig. 6(a). Since the bands are nondegenerate, these crossing
points are twofold Weyl points. We have checked that the
points W1, W3, and W4 are (linear) Weyl points with chirality
of −1, +1, and −1, as shown in Table III. Remarkably, the
point W2 is found to be a double Weyl point with a topological
charge of +2. The band splitting around W2 is linear along kz

TABLE III. Weyl points in Fig. 6(b) for EuAgAs in the FM-z
state. Here, the location kz is in units of π/c and energy is in units of
meV.

Weyl node kz E Chern number

W1 0.4112 45.9 −1
W2 0.3680 10.6 +2
W3 0.3604 4.8 +1
W4 0.2392 −12.0 −1

FIG. 6. (a) Band structure of EuAgAs in the FM-z state. Panel
(b) shows an enlarged view of the low-energy part on the �-A path.
Four Weyl points Wi are labeled. W2 is a double Weyl point. Panel
(c) shows the dispersion around the double Weyl point W2 along the
kx direction. The inset shows the log-log plot of the band splitting 
E
between the two bands versus kx , indicating the quadratic character.
(d) Surface spectrum for the surface normal to y. Location of the
projected W2 is labeled. (e) Constant energy slice taken at the energy
of W2. One can observe two Fermi arcs emanating from each of the
projected double Weyl points.

but quadratic in the plane perpendicular to kz. Such double
Weyl points have been extensively studied in nonmagnetic
systems [24,57,58]. In magnetic systems, they are so far re-
ported only in ferromagnetic HgCr2Se4 [24].

In the current case, the double Weyl point is stabilized by
the C6 symmetry. We derive the following effective model for
the states around W2:

HDW (q) = d0qz + d1σzqz + (d2 + d3σz )q+q−

+ αq2
−σ+ + α∗q2

+σ−, (5)

where the di’s are real parameters, α is a complex parameter,
q± = qx ± iqy, and σ± = σx ± iσy.

It is well known that the Weyl points will generate surface
Fermi arcs that connect their projections on a surface. In
Figs. 6(d) and 6(e), we plot the spectrum for the surface nor-
mal to y. Due to the overlap with the bulk bands, the pattern of
the surface states is a bit difficult to distinguish. Nevertheless,
one can still observe that two Fermi arcs are emanating from
each projected double Weyl point on the surface, consistent
with the doubled topological charge.
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The discussion above is for the FM-z state. When the
magnetization direction deviates from the z direction, we ex-
pect that the linear Weyl points will still be present, as each
Weyl point is topologically protected, but their locations will
change. Meanwhile, the double Weyl points will no longer
be stable, as they require the sixfold axis which is broken
by the deviation. As a result, each double Weyl point will
generally split into two linear Weyl points, during which the
total topological charge should be conserved.

VIII. DISCUSSION AND CONCLUSION

In this work, using EuAgAs as an example, we demonstrate
that a variety of interesting topological states can be realized
in a single system, depending on the magnetic configurations.
This also indicates that topological phase transitions can be
induced by manipulating the magnetic ordering, for which the
techniques have been under rapid development in the field of
spintronics. For example, the direction of the Néel vector can
be rotated by magnetic resonance, light pulse, or applied elec-
tric current [35,36]. As EuAgAs is a metamagnetic material,
its magnetic magnetism is sensitive to external perturbations.
It is possible to change the magnetic ordering by applied strain
or magnetic fields. For example, we find that, by applying a
uniaxial strain ∼0.2% along c, the ground state can transform
from AFM-x to AFM-z.

The various bulk and surface topological features pre-
dicted here can be directly imaged by the angle-resolved
photoemission spectroscopy (ARPES). Scanning tunneling
spectroscopy and magnetotransport may also be used to probe
the band topology. We note that a very recent experiment [59]
reported a positive longitudinal magnetoconductivity in Eu-
AgAs. As mentioned, under magnetic field, EuAgAs can be
easily turned into the FM phase, which, according to our
prediction, contains Weyl points near the Fermi level. The
observed positive longitudinal magnetoconductivity is very
likely to be attributed to these Weyl points; hence the result
supports our theoretical prediction.

It is interesting to note that the inversion symmetry P is
preserved for all the configurations in Table I. It follows that
the nontrivial topology of the band structures in Figs. 3–5
may also be captured by the parity analysis. Particularly, we
may consider the Z4 index determined by the parity eigenval-
ues [60]:

κ =
∑
�i

n�i+ − n�i−
2

mod 4, (6)

where n�i± denotes the number of valence bands with
positive/negative parity at the inversion-invariant momentum
point �i. From DFT calculations, we find that the n�i± values
are unchanged for the paramagnetic and the AFM states,
which can be readily understood since they share the same
local band inversion at �. We find that all the AFM states here
share the nontrivial κ = 2. It has been shown that, for insu-
lators, κ = 2 indicates a second order topology [60]. As the
AFM states with in-plane Néel vectors, e.g., the AFM-x and
AFM-y states, are adiabatically connected to insulators, they
are simultaneously a second-order topological semimetal,
with topological hinge modes. For the paramagnetic state and

the AFM-z state, hinge modes are also expected to exist,
similar to the recent study by Wieder et al. [61]. However,
as these states are semimetals, we find that the hinge modes
overlap with the bulk bands and are difficult to distinguish in
the calculated spectra.

Finally, we should mention that the example material Eu-
AgAs is still far from ideal for exhibiting the discussed
topological physics. There are a few drawbacks. First, the
valence band has a hump along the �-L path, which overlaps
with the Dirac points and the TDPs in energy. Second, the
locations of the two TDPs are quite close, which may pose
difficulty for resolving them in the ARPES experiment. Third,
for cases such as the FM state, the projected bulk bands
overlap with the surface states, which would interfere with
the experimental detection. Nevertheless, the knowledge we
gained from this material is general and offers guidance to
search for more suitable topological magnetic materials in the
future.

In conclusion, we have revealed that multiple interesting
magnetic topological states can be realized in a single system
by tuning the magnetic order. With EuAgAs as an example,
we show that its paramagnetic, antiferromagnetic, and ferro-
magnetic states can manifest distinct topologies. Particularly,
starting from a pair of accidental Dirac points in the para-
magnetic state, a variety of states, including the magnetic
TDPs, topological mirror semimetals, and magnetic linear and
double Weyl points, can be derived depending on how the
symmetry is broken by the magnetic orders. The change in
bulk topology is also accompanied with the change in surface
states. Manipulating magnetism is a central task in spintron-
ics. The interplay between magnetism and band topology
revealed in our work can offer a different perspective for the
study of spintronics.
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APPENDIX A: GELL-MANN MATRICES

Gell-Mann matrices are traceless Hermitian generators of
the SU(3) Lie algebra. Here, they are defined to take the
following forms:

	1 =

⎡
⎢⎣

0 1 0

1 0 0

0 0 0

⎤
⎥⎦, 	2 =

⎡
⎢⎣

0 −i 0

i 0 0

0 0 0

⎤
⎥⎦,

	3 =

⎡
⎢⎣

1 0 0

0 −1 0

0 0 0

⎤
⎥⎦,

	4 =

⎡
⎢⎣

0 0 1

0 0 0

1 0 0

⎤
⎥⎦, 	5 =

⎡
⎢⎣

0 0 −i

0 0 0

i 0 0

⎤
⎥⎦,

	6 =

⎡
⎢⎣

0 0 0

0 0 1

0 1 0

⎤
⎥⎦,

	7 =

⎡
⎢⎣

0 0 0

0 0 −i

0 i 0

⎤
⎥⎦, 	8 = 1√

3

⎡
⎢⎣

1 0 0

0 1 0

0 0 −2

⎤
⎥⎦.

These matrices, together with the 3 × 3 identity matrix, form
a complete basis for 3 × 3 Hermitian matrices.

APPENDIX B: BAND STRUCTURES FOR AFM-y STATE

The calculated band structure for the AFM-y state is shown
in Fig. 7, which is similar to that of the AFM-x state [see
Fig. 4(a)].
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