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We propose magnonic analogs of topological crystalline insulators which possess Dirac surface states
protected by the combined symmetry of time reversal and half translation. Constructing models of the
topological magnon systems, we demonstrate that an energy current flows through the systems in response
to an electric field, owing to the Dirac surface states with the spin-momentum locking. We also propose a
realization of the magnonic analogs of topological crystalline insulators in the magnetic compound CrI3
with a monoclinic structure.
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Introduction.—There has been an explosion of interest in
the topological properties of condensed matter systems [1–
8], especially since the proposal of topological insulators
(TIs) [9–11] robust against perturbations such as disorder
[12–29]. One of their hallmarks is the appearance of the
Dirac surface states protected by time-reversal symmetry.
During the last decade, it has been recognized that crystal-
line symmetries lead to a more refined classification of
phases, so-called topological crystalline insulators (TCIs)
[30–33]. Among them, of particular interest are antiferro-
magnetic topological insulators [34], known as one of the
earliest proposals of TCIs. They can be roughly regarded as a
stack of quantum Hall insulators with alternating Chern
numbers. They have Dirac surface states topologically
protected by the combined symmetry of time reversal and
translation of half a unit cell in the stacking direction.
Topological phases and phenomena have also been

explored intensively in bosonic systems such as systems
of magnons [35–52], photons [53–59], phonons [60–71],
triplons [72–76,125], and Bose-Einstein condensates [78–
86]. The topological classification is more complicated than
that in fermionic systems because bosonic Bogoliubov–de
Gennes (BdG) systems possess non-Hermicity due to Bose
statistics [87–89]. Meanwhile, topological bosonic systems
can exhibit fascinating transport phenomena which are
qualitatively different from those in fermionic systems.
For example, in the magnonic Weyl semimetals [90–94],
magnons having no electric charge can be driven by an
electric field due to the chiral anomaly. As examples of
symmetry-protected topological phases for bosons, mag-
nonic analogs of quantum spin Hall insulators [95–97]

and three-dimensional TIs [98] were proposed recently.
However, the latter system possessing a single surface Dirac
state is quite artificial; i.e., the system is a kind of a “bilayer”
diamond lattice which is constructed so that they have
pseudo-time-reversal symmetry [99]. Hence, its realization
in real materials seems to be difficult.
In this Letter, we construct a model of a three-dimensional

magnet which has single magnon Dirac surface states
protected by the symmetry of the combined operation of
time reversal (Θ) and half translation (T1=2). We represent
the combined operator as S ¼ ΘT1=2 and refer to the
symmetry as S symmetry. The model describes a magnonic
analog of antiferromagnetic topological insulators (MAFTIs)
[34] or TCIs. Since magnons are bosons, the time-reversal
operator squares to the identity, which does not ensure the
existence of Kramers pairs. On the other hand, S symmetry
leads to Kramers degeneracy at certain wave vectors, at
which topologically protected surface Dirac states can exist.
In addition, we show that a homogeneous electric field

induces the imbalance of the position of the surface Dirac
cones between opposite surfaces in MAFTIs, which gives
rise to an energy current. Owing to the Aharonov-Casher
(AC) effect [100] and the spin-momentum locking [101–
103] in the magnon surface states, the system exhibits such
an intrinsic electric-field response whose counterpart is
absent in electronic systems. We evaluate the energy
current driven by an electric field by using linear response
theory. As an advantage of the concept for MAFTIs, we
also propose that the magnetic compound CrI3 [104–112]
with a monoclinic structure is a candidate material for
MAFTIs.
Models.—As a model for MAFTIs, we consider a stack

of honeycomb lattice magnets with intralayer ferromag-
netic and interlayer antiferromagnetic interactions, where
the spins on the same layer (odd and even layers) are
aligned in the same direction (opposite directions) [see
Fig. 1]. The Hamiltonian is given as follows:
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H ¼ −
X
hiji;l

Si;lJijSj;l þD
X
hhijii;l

ξijðSi;l × Sj;lÞz

þ J0
X
i;hl;l0i

Si;l · Si;l0 : ð1Þ

Here, Sj;l is given by Sj;l ≔ ðSxj;l; Syj;l; Szj;lÞ, where Sγj;l is the
γ component (γ ¼ x, y, z) of the spin operator. The
subscripts i, j and l, l0 are the labels for the sites in
honeycomb lattices and for the layers, respectively. Here,
the first term is the nearest-neighbor ferromagnetic
Heisenberg interaction with bond dependence and XYZ
anisotropy. The bond-dependent matrix Jij is a 3 by 3
diagonal matrix Jij ≔ Jn ¼ diagðJxn; Jyn; JznÞ (n ¼ 0, 1, 2)
for the three different bonds hiji in the honeycomb lattice
shown in Fig. 1. The second term represents the
Dzyaloshinskii-Moriya (DM) interaction between next-
nearest neighbor sites, where ξij is a sign convention
described by orange arrows in Fig. 1. The remaining term
is the antiferromagnetic Heisenberg interaction between the
nearest neighbor layers.
By applying Holstein-Primakoff [113] and Fourier trans-

formations, we can rewrite the Hamiltonian (1) as

H ¼ 1

2

X
k

½b†ðkÞbð−kÞ�HðkÞ
�

bðkÞ
b†ð−kÞ

�
; ð2Þ

where bðkÞ ¼ ½bðk;A;1Þ;bðk;B;1Þ;bðk;A;2Þ;bðk;B;2Þ�T .
The operator b(k; AðBÞ; 1ð2Þ) annihilates a magnon at
the sublattice AðBÞ on the layer with odd (even) l. The
matrix HðkÞ is given in the Supplemental Material [114].
The Hamiltonian matrix has S symmetry:

S−1ðkzÞHðkÞSðkzÞ ¼ Hð−kÞ, where SðkzÞ is the combina-
tion operator defined by SðkzÞ ¼ ΘT1=2ðkzÞ. The time-
reversal operator Θ and the translation of half a unit

cell in the z direction T1=2ðkzÞ are defined as Θ ¼ K
and T1=2ðkzÞ ¼ 12 ⊗ σxdiagð1; eikzÞ ⊗ 12 which satisfies
T1=2ðkzÞ2 ¼ eikz , respectively. Here K, 12, and σγ (γ ¼ x, y,
z), are the complex conjugation, the 2 by 2 identity matrix,
and the Pauli matrices, respectively.
The equation Sð−kzÞSðkzÞ ¼ eikz yields S2ðπÞ ¼ −1,

which leads to Z2 topological characterization in the same
way as the magnonic analog of quantum spin Hall
insulators [97]. Because of the Kramers theorem and the
above relation, the bands of the model are doubly degen-
erate at time-reversal invariant momenta (TRIM) in the
kz ¼ π plane. As in Fig. 2(a), which shows the band
structure of a slab with (100) face, a single Dirac cone can
be found at ðky; kzÞ ¼ ðπ; πÞ (M2 point). The situation is
similar to that in strong topological insulators in class AII in
the sense that a single Dirac cone appear. Then, the
corresponding Z2 topological invariant of MAFTIs is
defined as

νnσz;π ≔
1

2π

�I
∂EBZz;π

dk · ½AnσðkÞ�kz¼π

−
Z
EBZz;π

dkxdky½Ωz
nσðkÞ�kz¼π

�
mod 2: ð3Þ

Here, we obtained Eq. (3) by replacing the pseudo-time-
reversal operator Θ0 with SðπÞ in the definition of νnσz;π
in Ref. [98]. We also confirmed the correspondence
between the existence (absence) of Dirac surface states
and νnσz;π ¼ 1 (0) by constructing the phase diagram of the
model (1) [114]. We note that the first, second, and third
terms of the Hamiltonian in Eq. (1) are all necessary [115]
to realize the band structure having a single Dirac cone as in
Fig. 2(a).
Energy current induced by a homogeneous electric

field.—Next, we propose an intrinsic field response in
MAFTIs, analogous to the topological magnetoelectric

FIG. 1. Stacked honeycomb lattice magnet. Red and blue
circles represent spins pointing in the þz and −z directions,
respectively. The two sublattices of each layer are indicated by A
and B. The three bond-dependent couplings are represented by Jn
(n ¼ 0, 1, 2). The orange arrows indicate the sign convention
ξij ¼ þ1ð¼ −ξjiÞ for i → j. The vectors a1, a2, and a3 are the
lattice primitive vectors of the lattice.

(a) (b)

FIG. 2. (a) Magnon band structure of a slab with (100) face of
stacked honeycomb lattice magnet, and (b) that under an electric
field in the x direction. Topologically protected surface Dirac
states are shown in (a) green and (b) red and blue. The parameters
are Jx1 ¼ 1.6, Jy1 ¼ 0.4, Jx2 ¼ 1.0, Jy2 ¼ 1.0, Jx3 ¼ 0.4, Jy3 ¼ 1.6,
Jz1 ¼ Jz2 ¼ Jz3 ¼ 1.1, D ¼ 0.2, J0 ¼ 0.5, and S ¼ 1.0. Taking
a1 ¼ ð1; 0; 0Þ, a2 ¼ ð0; 1; 0Þ and a3 ¼ ð0; 0; 1Þ, we here deform
the stacked honeycomb lattice into a topologically equivalent
cubic-shaped lattice [114]. The symmetry points are Γ ¼ ð0; 0Þ,
M1 ¼ ðπ; 0Þ, M2 ¼ ðπ; πÞ, M3 ¼ ð0; πÞ.
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effect [116–118] for electrons, whereas the mechanism is
essentially different from that in electronic systems.
Figure 2(b) represents the band structure of the model
under an electric field E ¼ Exex. As shown in the figure,
the electric field shifts dispersions on the surface states
upward (red) and downward (blue). We will show that the
imbalance of the dispersions of the surface states results in
an energy current. This is an intrinsic phenomenon realized
by the spin-momentum locking of the magnon surface
states [101–103].
To understand the phenomena, let us consider the AC

effect, in which magnons acquire a geometric phase by
moving in an electric field E. By applying an electric field,
the vector potential −ðσgμB=c2ÞE × ez is added to the wave
vector of magnons:

k → k −
σgμB
c2

E × ez: ð4Þ

Here, c is the speed of light in a vacuum. The vector
−σgμBezð≔ μÞ is the magnetic moment of magnons from
up (σ ¼ þ) or down (σ ¼ −) spins, where g is the g factor
of the spins, μB is the Bohr magneton, and eγ (γ ¼ x, y, z) is
the unit vector in the γ direction.
Next, we show that the shift of the wave vector expressed

by Eq. (4) gives rise to the shift of surface Dirac dispersions
as in Fig. 2(b). We write the effective Hamiltonian with
spin-momentum locking for ð1̄00Þ and (100) surfaces as
Hþðk̄Þ and H−ðk̄Þ, respectively. Here, k̄ is defined as
k̄ ¼ ðky; kzÞ. They can be written as follows:

H�ðk̄Þ ¼ �
�
αky β�kz
βkz −αky

�
; ð5Þ

where the coefficients α and β are determined numerically
(see Ref. [98] for the derivation). We note that the magnon
state expressed by the wave function ψ ¼ ð1; 0ÞT
[ψ 0 ¼ ð0; 1ÞT] has the magnetic moment μ ¼ −gμBez
(μ ¼ þgμBez). The sign þ=− of H�ðk̄Þ corresponds to
the chirality of the magnon Dirac surface state. By the
Peierls substitution in Eq. (4), the effective Hamiltonian
under a homogeneous electric field in the x direction E ¼
Exex can be written as follows:

H�ðk̄Þ → �

0
BB@

α
�
ky þ gμB

c2 Ex

�
β�kz

βkz −α
�
ky −

gμB
c2 Ex

�
1
CCA

¼ H�ðk̄Þ � α
gμB
c2

Ex12: ð6Þ

Therefore, the energy of the gapless point of the Dirac state
on ð1̄00Þ surface shifts by þαðgμB=c2ÞEx, while the other
shifts by −αðgμB=c2ÞEx.
To see the effect on these shifts, we introduce here the

energy current operator defined as [42,119]

Jx ¼
X
i

P̄i
_hi; ð7Þ

where P̄i and _hi are the position along the x direction and
the time derivative of the Hamiltonian density at the site i,
respectively. It can be rewritten as

Jx ¼
1

2

X
k̄

ψ†ðk̄ÞJxðk̄Þψðk̄Þ; ð8Þ

where ψðk̄Þ is a set of magnon operators. The matrix Jxðk̄Þ
is given by

Jxðk̄Þ ¼ −
i
2
½P̄Hðk̄ÞΣzHðk̄Þ −Hðk̄ÞΣzHðk̄ÞP̄�; ð9Þ

where Hðk̄Þ and P̄ are the matrix forms of the Hamiltonian
for a slab geometry with open boundary condition in the x
direction and the position operator in the x direction,
respectively. The matrix Σz is defined as Σz ¼ σz ⊗ 14N ,
where 14N is the 4N × 4N identity matrix, and N is the
number of the unit cells in the x direction parallel to the
vector a1. The details of the energy current operator are
given in the Supplemental Material [114].
To evaluate the energy current induced by an electric

field, we use the linear response theory, considering the
field ExðtÞ ¼ Exe−iωt. Here, we describe the unperturbed
Hamiltonian and the perturbation as H0 and HEðtÞ ¼
HEe−iωt, respectively. The perturbation HE is the
Hamiltonian of the first order in the electric field Ex
[114]. The expectation value of the energy current in the
x direction Jx is given as follows:

hJxi ¼ −
i
ℏ

Z
∞

0

dτeiωτtr½e−iH0τ=ℏ½HE; ρ0�eiH0τ=ℏJx�e−iωt;

ð10Þ

where ρ0 is the density operator for H0 at thermal
equilibrium. Hereafter, we use Planck units, i.e., the
Planck constant ℏ ¼ 1, the Boltzmann constant kB ¼ 1,
and c ¼ 1. In the limit of ω → 0, hJxi is written as follows:

hJxi ¼ i
X
k̄

X
αβγδζη

nB½Eαðk̄Þ� − nB½Eδðk̄Þ�
½Eαðk̄Þ − Eδðk̄Þ þ i=τl�½Eαðk̄Þ − Eδðk̄Þ�

× T−1
αβ ðk̄ÞðĴxðk̄ÞÞβγTγδðk̄ÞT−1

δζ ðk̄Þð _̂HEðk̄ÞÞζηTηαðk̄Þ;
ð11Þ

where nB is the Bose distribution function. The matrices

Ĵxðk̄Þ and _̂HEðk̄Þ are defined as Ĵxðk̄Þ ¼ ΣzJxðk̄Þ and
_̂HEðk̄Þ ¼ i½ΣzHðk̄ÞΣzHEðk̄Þ − ΣzHEðk̄ÞΣzHðk̄Þ�, respecti-
vely. The matrix Tðk̄Þ is a paraunitary matrix satisfying
Tðk̄Þ†ΣzTðk̄Þ ¼ Σz, which diagonalizes the magnon BdG
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Hamiltonian. Here, we introduce the phenomenological
damping rate 1=τl to take account of the finite lifetime of
magnons.
Figure 3 shows the conductivity κxx ¼ Re½hJxi�=ðgμBExÞ

as a function of temperature T. We can see that the
conductivity is a monotonically increasing function of
temperature. In the zero-temperature limit, κxx should
become zero as magnons cannot be excited, whereas it
appears to be nonzero. This is due to a finite size effect. We
expect that the response discussed here is within the
observable range because the AC phase due to an electric
field has been observed in experiments, e.g., in a single-
crystal yttrium iron garnet [120,121].
Another model: CrI3.—Let us consider another model

describing the magnetic compound CrI3 [104–112] and
point out that it is a candidate material for MAFTIs. Here,
CrI3 is a van der Waals material in which the magnetic
moments are carried by Cr3þ ions with electronic configu-
ration 3d3 forming a honeycomb lattice structure. The spin
magnitude of each Cr3þ ion is S ¼ 3=2. The crystal
structure of the stacked honeycomb lattice magnet CrI3
is monoclinic (rhombohedral) at a high (low) temperature.
The Hamiltonian of CrI3 with the monoclinic structure
illustrated in Fig. 4(a) is given by

H ¼
X
l

X
γ¼x;y;z

X
hijiγ

Hγ
ij;l þD

X
hhijii;l

ξijðSi;l × Sj;lÞz

þ J0
X

hði;lÞ;ðj;l0Þi∈mono

Si;l · Sj;l0 − κ
X
i

ðSzi Þ2: ð12Þ

Here, hijiγ (γ ¼ x, y, z) denotes a pair of the nearest
neighbor sites i and j on the x, y, and z bonds which
are colored with red, green, and blue in Fig. 4(a),
respectively. The contribution from the z bond in the lth
layer is written as

Hz
ij;l¼−JSi;l ·Sj;lþKSzi;lS

z
j;lþΓðSxi;lSyj;lþSyi;lS

x
j;lÞ: ð13Þ

The first and second terms in Eq. (13) are the ferromagnetic
Heisenberg and Kitaev interactions, respectively. The third
term is the symmetric off-diagonal intralayer interaction.
We can obtain the contributions from the x and y bonds
(Hx

ij;l and Hy
ij;l) by a cyclic permutation among Sx, Sy, and

Sz. The second term in Eq. (12) represents the DM
interaction between intralayer next-nearest neighbor sites.
The remaining terms are the antiferromagnetic Heisenberg
interaction between the nearest-neighbor layers and the
easy axis anisotropy. The summation

P
hði;lÞ;ðj;l0Þi∈mono is

taken over the nearest-neighbor bonds across the layers in
the monoclinic structure, which are shown in the black
dashed lines in Fig. 4(a). The magnon Hamiltonian of the
model is given in the Supplemental Material [114].

 10 -1  10 0  10 1  10 2

10 1

10 0

10 -1

10 -2

10 -3

FIG. 3. Energy conductivity of the model (1) as a function of
temperature. The data are calculated for 1=τl ¼ 10−2 and
N ¼ 24. We take the k̄ summation over 80 × 80 grid points in
the Brillouin zone. The parameters are the same as those in Fig. 2.

 10 1

 10 0

 10 -1

 10 -2

 10 -1  10 0  10 1  10 2

(a)

(c)

(b)

FIG. 4. (a) Monoclinic honeycomb-layer stacking structure of
CrI3. Red, green, and blue bonds on the honeycomb lattice are the
x, y, and z bonds, respectively. The black dashed lines represent
the couplings of the third term in Eq. (12). The spins in odd and
even layers point upward and downward, respectively, as in
Fig. 1. The lattice primitive vectors are written as a1, a2, and a3.
The arrows along the horizontal black dashed lines correspond to
a3=2. (b) The magnon band structure of a slab with (100) face of
the model (12). Topologically protected Dirac states are shown in
green. (c) Energy conductivity of the model (12) as a function of
temperature. The parameters for (b) and (c) are J ¼ 1.0,
K ¼ −0.5, Γ ¼ 0.3, D ¼ 0.07, J0 ¼ 0.1, κ ¼ 0.4, and
S ¼ 3=2. We set 1=τl ¼ 10−2,N ¼ 24, and take the k̄ summation
over 80 × 80 grid points in (c).
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Figure 4(b) shows the band structure for the model (12)
of a slab with (100) face. We can find a single Dirac cone at
M2 point while the surface states are nearly degenerate
fromM1 toM2. Here, we used the parameters estimated by
density functional theory calculations for CrI3 [109,124].
Since the band split betweenM1 andM2 comes from the Γ
interaction which breaks spin conservation and the inter-
layer coupling, we can see a more distinct single Dirac cone
when Γ and J0 are larger. The surface states are protected by
S symmetry, and then they shift upward and downward
under an electric field via the spin-momentum locking, as
in Fig. 2(b). As discussed in the previous section, such a
system exhibits the energy current induced by an electric
field. Figure 4(c) shows the energy conductivity κxx as a
function of temperature T. The behavior is similar to that in
the model (1) [see Fig. 3], while the starting points of the
increase are different due to the difference between the
heights of the magnon bands. We also confirm that such a
topological phase appears in a wide range of parameters by
constructing a phase diagram of the model (12) [114].
Summary.—In this Letter, we have constructed a model

for a magnet which has surface states of magnons protected
by the combined symmetry of time-reversal and half
translation. The single Dirac surface states of the system
appear as in the strong topological insulators in class AII,
and thus it is expected to be robust against disorder as long
as the respected symmetry is preserved [125]. We have also
demonstrated that an electric field shifts the position of the
Dirac cones in one and the other surfaces oppositely,
resulting in an energy current. So far, the AC effect of
magnons in a homogeneous electric field has not attracted
much attention since the outcome is merely the shift of the
wave vector in most cases. However, our study has revealed
that nontrivial response in magnon systems to a homo-
geneous electric field could be realized by the presence of
topologically protected surface states and the interactions
which break conservation of Sz. A promising candidate
material which exhibits this physics could be CrI3 with a
monoclinic structure. Although the structure is realized at a
temperature higher than 200 K, it has been reported that the
monoclinic structure remains unchanged in a thin film of
CrI3 even when the temperature is lowered below 200 K
[110]. We expect the magnon physics discussed in this
Letter can be realized in a thin film of CrI3, and similar
materials. Observation of the (shift of) Dirac surface states
and magnon current under an electric field would provide
the smoking-gun evidence for the realization of the
topological phase, MAFTI.
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Lett. 113, 037202 (2014).
[121] The AC phase of magnons can also be understood in terms

of electric-field-induced DM interaction (via the spin-
orbit interaction) due to the superexchange mechanism
[122,123], which is proportional to the strength of the
electric field. In fact, the form of the phase is identical to
that of the AC phase, and thus they are indistinguishable
from each other. The spin-orbit interaction itself induced
by an electric field in a vacuum is quite small. However, the
interaction can be drastically enhanced in solids as we
observed a variety of phenomena originating from the spin-
orbit interaction.

[122] T. Liu and G. Vignale, Phys. Rev. Lett. 106, 247203
(2011).

[123] H. Katsura, N. Nagaosa, and A. V. Balatsky, Phys. Rev.
Lett. 95, 057205 (2005).

[124] Y. O. Kvashnin, A. Bergman, A. I. Lichtenstein, and M. I.
Katsnelson, Phys. Rev. B 102, 115162 (2020).

[125] It has been verified that magnon topological phases with a
nontrivial Chern number is robust against disorder: B. Xu,
T. Ohtsuki, and R. Shindou, Phys. Rev. B 94, 220403(R)
(2016); X. S. Wang, A. Brataas, and R. E. Troncoso, Phys.
Rev. Lett. 125, 217202 (2020); Y. Akagi, J. Phys. Soc. Jpn.
89, 123601 (2020).

PHYSICAL REVIEW LETTERS 127, 177201 (2021)

177201-7

https://doi.org/10.1103/PhysRevX.9.041015
https://doi.org/10.1103/PhysRevX.9.041015
https://doi.org/10.1093/ptep/ptaa151
https://doi.org/10.1093/ptep/ptaa151
https://doi.org/10.1038/ncomms12691
https://doi.org/10.1103/PhysRevLett.117.157204
https://doi.org/10.1103/PhysRevLett.117.157204
https://doi.org/10.1103/PhysRevB.97.094412
https://doi.org/10.1103/PhysRevB.95.224403
https://doi.org/10.1103/PhysRevB.95.224403
https://doi.org/10.1103/PhysRevB.99.214413
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevLett.117.217203
https://doi.org/10.1103/PhysRevB.96.224414
https://doi.org/10.1103/PhysRevB.96.224414
https://doi.org/10.1103/PhysRevB.99.041110
https://doi.org/10.1103/PhysRevB.99.041110
https://doi.org/10.1103/PhysRevB.100.144401
https://doi.org/10.1103/PhysRevB.100.144401
https://doi.org/10.1103/PhysRevLett.53.319
https://doi.org/10.1103/PhysRevLett.53.319
https://doi.org/10.1103/PhysRevLett.119.107205
https://doi.org/10.1038/s42005-019-0128-6
https://doi.org/10.1038/s42005-019-0128-6
https://doi.org/10.1103/PhysRevB.100.174402
https://doi.org/10.1103/PhysRevB.100.174402
https://doi.org/10.1021/cm504242t
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1103/PhysRevX.8.041028
https://doi.org/10.1103/PhysRevX.8.041028
https://doi.org/10.1021/acs.nanolett.8b03321
https://doi.org/10.1016/j.ssc.2019.113662
https://doi.org/10.1016/j.ssc.2019.113662
https://doi.org/10.1088/2053-1583/ab4c64
https://doi.org/10.1088/2053-1583/ab4c64
https://doi.org/10.1088/2053-1583/aba88f
https://doi.org/10.1021/acs.nanolett.0c02381
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRev.58.1098
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.177201
https://doi.org/10.1103/PhysRevB.78.195424
https://doi.org/10.1103/PhysRevB.78.195424
https://doi.org/10.1103/PhysRevLett.106.166802
https://doi.org/10.1103/PhysRevLett.106.166802
https://doi.org/10.1103/PhysRevB.92.085113
https://doi.org/10.1103/PhysRevB.92.085113
https://doi.org/10.1103/PhysRevB.67.115131
https://doi.org/10.1103/PhysRevLett.113.037202
https://doi.org/10.1103/PhysRevLett.113.037202
https://doi.org/10.1103/PhysRevLett.106.247203
https://doi.org/10.1103/PhysRevLett.106.247203
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevB.102.115162
https://doi.org/10.1103/PhysRevB.94.220403
https://doi.org/10.1103/PhysRevB.94.220403
https://doi.org/10.1103/PhysRevLett.125.217202
https://doi.org/10.1103/PhysRevLett.125.217202
https://doi.org/10.7566/JPSJ.89.123601
https://doi.org/10.7566/JPSJ.89.123601

