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When an atomically thin van der Waals magnet forms a long-period moiré pattern with a magnetic substrate,
the sensitive dependence of interlayer magnetic coupling on the atomic registries can lead to moiré-defined
magnetization textures in two-dimensional (2D) magnets. The recent discovery of 2D magnetic topological
insulators such as MnBi,Te, leads to the interesting possibility of exploring the interplay of such magnetization
textures with topological surface states, which we explore here with a minimal model established for 2D
MnBi, Te4. The sign flip of the exchange gap across a magnetization domain wall gives rise to a single in-gap
chiral channel on each surface. In the periodic magnetization textures, such chiral spin channels at the domain
walls couple to form a network and superlattice minibands emerge. We find that in magnetization textures
with closed domain-wall geometries, the formed superlattice miniband is a gapped Dirac cone featuring orbital
magnetization from the current circulation in the closed loops of chiral channels, while in magnetization textures
with open domain wall geometries, a gapless mini-Dirac cone is found instead. The miniband Bloch states feature
a spatial texture of spin and local current densities, which are clear manifestations of the spin-momentum locked
chiral channels at the domain walls. The results suggest a platform to engineer spin and current flows through

the manipulation of magnetization domains for spintronic devices.
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I. INTRODUCTION

The study of band topology and magnetic order in
condensed-matter systems is of great interest for potential
applications in low-power-consumption electronics and spin-
tronics [1-3]. Combining these two ingredients in a single
quantum system will open a realm to explore exotic quantum
state of matter, including quantum anomalous Hall (QAH)
effects with topologically protected chiral edge states [4,5],
topological axion state with quantized magnetoelectric ef-
fects [6-8], and topological superconductor with Majorana
fermions obeying non-Abelian statistics [9]. A recent advance
along this direction is the discovery of intrinsic magnetic
topological insulators in van der Waals (vdW)-layered ma-
terial MnBi,Te4, which shows 2D ferromagnetism within
individual layer and antiferromagnetic (AFM) interlayer cou-
pling [10-16]. The band topology gives rise to surface Dirac
cones, which are gapped by the exchange interaction with
the magnetic order. Inside this exchange gap, the Dirac cone
has a half-quantized topological charge with sign controlled
by the out-of-plane magnetization orientation. With the lay-
ered AFM order, the topology of the surface states becomes
dependent on the thickness. With the magnetization in top
and bottom layer having opposite (same) sign in even (odd)
numbered layers, the gapped Dirac cones at top and bottom
surfaces either add or cancel in their contributions to the Hall
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conductivity. This intriguing property has been utilized to en-
gineer an axion insulator state and QAH state, as observed in
recent experiments [17,18]. The competition of the interlayer
AFM coupling and the Zeeman energy in external magnetic
field also makes possible different topological phases associ-
ated with the various layered magnetic orders [19,20].

The coupling with magnetic order further makes possible
engineering of topological electronics state on the surface
through manipulation of the in-plane magnetization textures
such as domain walls. Another unique opportunity that can be
explored in the vdW-layered magnetic topological insulators
is the formation of long-period moiré pattern due to small
twisting and lattice mismatch between the layers or with the
substrate [21-26]. In such moiré pattern, the interlayer atomic
registry in any local region resembles that of lattice-matched
stacking, whereas the stacking order changes smoothly over
long distance with a periodicity that can range from a few nm
to tens of nm [27,28]. The interlayer magnetic coupling can
have sensitive dependence on the stacking registry [29-37].
As aresult, the magnitude and sign of interlayer magnetic cou-
pling get spatially modulated in the moiré pattern, which can
lead to lateral magnetization textures including the magnetic
bubble (MB) lattice and the skyrmion (SK) lattice with the
moiré periodicity [38]. Such magnetization textures defined
by the moiré, combined with the dramatic tunability of the lat-
ter by heterostrain, point to exciting possibilities to tailor the
surface electronic states in the atomically thin vdW magnetic
topological insulators.

In this paper, we study the surface Dirac cone under the
exchange coupling with periodic magnetization textures. The
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sign flip of the exchange gap across a magnetization domain
wall leads to a quantized change of the topological charge,
giving rise to a single chiral channel inside the exchange gap
on each surface. Electrons propagate unidirectionally along
the domain wall, with spin locked to the perpendicular di-
rection in plane. In the periodic magnetization textures, such
chiral spin channels at the domain walls form a network
and superlattice minibands emerge out of their coupling. We
find that in magnetization textures with closed domain wall
geometries, e.g., the SK lattice, the formed superlattice mini-
band is a gapped Dirac cone featuring orbital magnetization
from the current circulation in the closed loops of chiral
channels. In magnetization textures with open domain-wall
geometries, e.g., the MB lattice, gapless mini-Dirac cone is
found instead. The miniband Bloch states feature a spatial
texture of spin and local current density, where the spin-
momentum locked chiral channels pinned to the domain walls
are clearly manifested. These results suggest a platform to
engineer spin and current flows through the manipulation of
magnetization domains for spintronic devices. A promising
system to explore these interesting interplay between topo-
logical surface state and the magnetization texture is bilayer
MnBi,Te4, where the lateral magnetization textures can be
generated by moiré pattern formed between the bilayer and
a suitable magnetic substrate.

The rest of the paper is organized as follows. In Sec. II,
we give a brief account of the magnetic configurations and
topological surface states in 2D MnBi,Tes and two typical
magnetization textures that can arise from the laterally mod-
ulated interlayer magnetic coupling in a moiré pattern. The
property of in-gap chiral state at a single magnetization do-
main wall is also discussed. Sec. III investigates the minibands
formed when the surface Dirac cone is subjected to the pe-
riodically modulated exchange field from the magnetization
textures. The local characterization of wave functions shows
how the miniband dispersion and orbital magnetization arise
from the chiral channels at the domain walls in different
magnetization textures. Finally, a symmetry analysis on the
miniband spectrum and a summary are given in Sec. I'V.

II. SURFACE DIRAC CONE, CHIRAL DOMAIN WALL
STATE, AND MOIRE DEFINED
MAGNETIZATION TEXTURES

MnBi,Te, is a vdW material formed by ABC-stacked
Te-Bi-Te-Mn-Te-Bi-Te septuple layers in a rhombohedral
structure with the space group R3m [10], as shown in
Fig. 1(a). The in-plane triangular lattice constant is a =
4.334 A [39]. Theoretical predictions and experimental obser-
vations point to a simple A-type AFM ground state with an
out-of-plane ferromagnetic (FM) order within the layer, and
AFM order between the layers.

In the (111) surface, there exists a surface Dirac cone
with its gap depending on the orientation of the surface mag-
netization. For an out-of-plane magnetization, first-principle
calculations gives a gap of A &~ 50 meV [12]. While with
in-plane magnetization, e.g., aligned to an in-plane mag-
netic field, the surface spectrum is a translated gapless Dirac
cone [16] (Fig. 1(a)). Because the two surfaces have the same
(opposite) magnetization for an even (odd) layer thin film, we
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FIG. 1. (a) Schematic of MnBi,Te, bilayer and its surface state
spectrum in AFM-z (left) and AFM-x (right) order. The black arrows
and circles with cross and dot representing inward and outward de-
scribe the surface magnetization. The spectrum is gapped for AFM-z
and gapless for AFM-x order. The spins (red and blue arrows) in the
surface state are locked with their momentum. (b) Schematic of a
magnetic domain wall in MnBi,Te4 bilayer and the corresponding
topological domain wall states on top and bottom surfaces, with the
spin (red arrows) locked to the velocity (blue circles with cross and
dot representing inward and outward).

focus on a single-surface in the following. The low-energy
effective Hamiltonian for a single surface can be written as

Hs = hv(kay - Uykx) +8M o, (D

where o is the Pauli matrix for spin degree of freedom, /iv ~
2 eV A is the Fermi velocity, and the last term is the exchange
coupling to the surface magnetization M, with g being the
coupling constant. One can see that the in-plane components
of M shift the Dirac point in the momentum space, while the
out-of-plane component creates a gap.

The gapped Dirac surface state can be characterized by a
topological number C, = % [ Q,dk, where the Berry curva-
ture is defined by 2, = Z - Vi X (u,(k)|iV|u,(k)) and u, (k)
is the eigenfunction of Eq. (1) with band index n. For the
Dirac cone described by Eq. (1), the Berry curvature is
Q,(M) = h*v*gM,/(2¢%) for the valence band, where & =
\/ 1202 (k — ko)? + g2M2 and ko = (gM, /v, —gM, /fiv). The
integration of the Berry curvature gives a topological number
C, = %sgn(Mz), with a sign determined by the out-of-plane
component of the magnetization M.

For a surface with a magnetic domain wall, the topo-
logical charge has a quantized difference across the domain
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wall: 0 =C, (MZ+ ) — Cy(M; ) = +1. The bulk-edge corre-
spondence then dictates an in-gap chiral state along the
domain wall. This is similar in origin to the well-studied
kink states in bilayer graphene [40-48]. The kink states in
graphene comes in pairs with opposite chirality at the two
valleys, and also have a spin degeneracy, so back scattering
is still allowed. In contrast, 2D MnBi,Te, also has a pair of
surface Dirac cones, but spatially separated to the top and
bottom surfaces, respectively. At each surface, the magnetiza-
tion domain wall localizes a single chiral channel completely
free from back scattering, which is highly advantageous as a
conduction channel or spin channel. Figure 1(b) schematically
shows an AFM domain wall in a bilayer MnBi,Te4, which
localizes one chiral channel on the top and bottom surfaces,
respectively, with opposite chirality.

We note that such an AFM domain wall is recently ob-
served in bilayer Crl3 which has the same layered magnetic
order, i.e., out-of-plane ferromagnetism in individual layer
and interlayer AFM coupling. The domain wall can form
due to imperfections in fabrication. Experiments in top and
bottom gated bilayer Crl; have also shown that gate voltage
can reversibly switch between the different AFM configura-
tions [49], as well as between the AFM and ferromagnetic
layered configurations near the critical magnetic field [50]. It
is therefore possible to realize configurable AFM domain wall
or AFM/FM domain wall on demand using split double gate
design.

For a magnetization domain wall parallel to the y axis, one
can solve from Eq. (1) the wave function of the chiral state,

@r, (x,y) e""yy<1) exp [—n / ) %dx/], 2)
B n 0 hv

with the dispersion E(k,) = nlivk, and n = sgn(M;r ) deter-
mined by the sign of the gap term at the right-hand side of
domain wall. The chiral mode moves with a velocity nv along
the y direction. The spin expectation value of the domain-
wall state is s = nX, whose direction is perpendicular to the
velocity direction, as a manifestation of the spin-momentum
locking in the parent Dirac cone. For a sharp domain wall, the
full width at half height of this chiral state is about 2 In 27v/g,
which is 10 nm for a g = 25 meV.

Motivated by the emergence of the chiral channel at the
domain wall between spin-up and -down magnetizations, we
now turn to the periodic magnetization textures which can be
formed in a long-period moiré pattern between the bilayer
MnBi,Te, and a magnetic substrate. In MnBi,Te4, because
the Mn atoms are sandwiched by six layers of Bi and Te
atoms, a direct magnetization reversal via proximity effect
from an AFM substrate is difficult. However, a recent work
shows that the MnBi,Te,s/Crl; heterostructure has a strong
interlayer FM coupling and this coupling is nearly stacking
independent [51]. We therefore resort to Crl; as a medium
layer to generate magnetization texture in MnBi,Te4. In an
MnBi,Te,/Crl; heterostructure, when magnetization is re-
versed in Crl3, the magnetization is also reversed in MnBi, Te4
because of the strong interlayer coupling, as schematically
shown in Fig. 2(a). The magnetization texture in Crl3 can
be formed in twisted bilayer Crls or Crl3/MnPTe; het-
erostructure. In the former, the rhombohedral stacking favors
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FIG. 2. (a) Schematic of a moiré pattern formed by an MnBi, Te,
bilayer stacked on an FM medium layer Crl; twisted on an AFM
substrate MnPTe;. The green diamond denotes a moiré unit cell with
periodicity b. Only one layer of Mn atoms from MnBi, Te4 are shown
as the grey spheres, and the magnetic atoms on the FM medium layer
and AFM substrate are denoted by the purple and green spheres. At
the two local regions marked by the dashed circles, the Mn atoms in
MnBi,Tes and Cr atoms in Crlj sit on top of the spin up and spin
down sublattices of the AFM substrate, respectively. Consequently,
the local ferromagnetic order in the MnBi,Te, layer tends to be
pinned in the up and down directions, respectively, at these two
local regions by the proximity magnetic coupling from the substrate.
(b), (¢) The competition of this proximity field with the in-plane
exchange and anisotropy magnetic interaction can turn the uniform
magnetization order in the MnBi,Te, bilayer into either an MB lat-
tice (b), or a SK lattice (c) (see Appendix B for detailed calculations
of the magnetization textures). The z component of the magnetiza-
tion is color coded, and the in-plane component is denoted by the
arrows near the domain walls, and the two examples of textures are
reproduced using parameters from Ref. [38].

interlayer FM coupling and the monoclinic stacking favors
AFM coupling [29-32]. In the latter, when the magnetic atoms
Cr in Crlj; sit on top of the Mn atoms in MnPTes with opposite
magnetic moments, the first-principles results show that the
ferromagnetic order in Crljz tends to be pinned in the opposite
directions when the magnetic order in the AFM substrate is
fixed (see Appendix A). When MnBi,Te, is stacked on this
texture, because of the strong interlayer FM coupling between
MnBi;Te, and Crlz, the magnetization texture would also be
formed in MnBi,Tey.

There are two types of magnetization textures distinct
by different topological winding of the magnetization in a
moiré unit cell, and different domain wall geometries. As
shown in Fig. 2, in the topologically trivial MB lattice, the
in-plane magnetization around the domain wall tends to order
in the same direction. There are two types of domain walls
along y direction, one is straight and the other is of zigzag
shape. Furthermore, the out-of-plane magnetization M, (r) in
a moiré period is antisymmetric. The other phase is SK lattice,
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which is topologically nontrivial with the magnetization tex-
ture around the domain walls forming a vortex structure. This
texture has C; rotation symmetry and the domain walls form
closed loops. In this case, the magnetization texture does not
have the antisymmetry.

III. NETWORK OF CHIRAL DOMAIN WALL STATES
IN THE PERIODIC MAGNETIZATION TEXTURES

With a single domain wall introducing an in-gap chiral
channel, the moiré-patterned magnetization textures with the
periodic domains then give rise to a network of chiral channels
which are coupled due to the finite size of the domains. In this
section, we will examine the moiré minibands formed by this
network of chiral channels, and the local characterization of
wave functions, and show how the miniband dispersion and
orbital magnetization arise in different magnetization textures.

The appearance of a magnetization texture breaks the orig-
inal translation symmetry of the surface states of MnBi,Tey,
and introduces a spatially periodically varying Zeeman term
gM(r) - o, where r is the position vector. We first look at the
effect from the periodically modulated M,(r), as the topo-
logical property of the surface Dirac cone is determined by
this component, and the moiré magnetization texture is also
primarily along z direction [Figs. 2(b) and 2(c)]. In-plane mag-
netization is relevant only at the domain walls, and its effect
will be discussed in Sec. IV. In the case of MB magnetization
texture, it can cause a displacement of the minibands in the
momentum space. The Hamiltonian describing the surface
state in a spatial texture of M_(r) is

HS = _ihv(axay - QVax) + Az(r)az (3)

where A,(r) = gM,(r). The moiré periodicity allows us to
expand A,(r) = Y ; A.(G)eé”, where G is the reciprocal
lattice vector of the moiré superlattice.

The low-energy physics is obtained by diagonalizing the
Hamiltonian in the plane-wave basis,

k+G',s'|Hslk + G, s)

= 8¢ vlo} * (ky+Gy)—0; (ks + G+ A(G' — G)o?™,

“)

where |k, 5) = J#Njeik"ws with v,y | being the eigenvectors

of 0,. N is the number of supercells and A is the area of a

supercell. The real-space wave function is constructed using
the eigenvectors of the matrix:

= i(k+G)-r 1/fn,k,G,T ' 5
Vi (r) ;e (%’k’c’) s

To study the distribution of the domain-wall states in
the presence of the magnetization texture and its chi-
rality and interplay with spins, in the following, we
investigate the miniband states in terms of the lo-
cal density of states (LDOS) p(r) = |y (r)|?, local spin
expectation s(r) = ¥ (r) oy (r)/ | (r))? and electric current
density j(r)= — el//,l,k(r)Tvl/f,l,k(r) = —ev[—llf(r)Taytp(r)fc +
Y () o (r)P).

©
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FIG. 3. (a) The moiré minibands of the Dirac surface states sub-
jected to the exchange field from an MB magnetization texture of
moiré periodicity » = 10 nm. The right panel shows a full dispersion
around the Dirac point. (b), (d) LDOS p(r) (background), electric
current density j(r) (black arrows) and in-plane components of local
spin expectation s(r) (red arrows) with wave vector k = 1/b in y di-
rection. The corresponding wave vector and band index are indicated
by the red dots in (a). The black lines are the domain walls. The
parameters used are fiv = 2 eV Aand g=25meV.

A. MB magnetization texture

The MB magnetization texture features straight and zigzag
shape domain walls along the y direction, which shall localize
an array of 1D chiral channels. The close proximity between
the neighboring straight and zigzag domain walls at the cor-
ners of the moiré supercell (cf. Fig. 2(b)) can couple the chiral
channels, giving rise to a 2D dispersion. Figures 3(a) and 4(a)
show the moiré minibands for Dirac surface state in MB mag-
netization texture of periodicity » = 10nm and b = 50 nm
respectively. Near zero energy, the miniband features a gapless
Dirac point at I" point of the mini-Brillouin zone, which is
consistent with the antisymmetric M,(r) of the MB texture
(detail of the symmetry analysis is given in Sec. IV).

At small periodicity, this Dirac cone in the miniband is
nearly isotropic, although it originates from the chiral chan-
nels all along the y directions. The mini-Dirac cone has nearly
the same Fermi velocity as the original surface Dirac cone as if
the effect of the magnetization is averaged out. Figures 3(b)—
3(d) show the characters of several wave functions in terms of
the LDOS p(r) (color map), in-plane component of local spin
expectation s(r) (red arrows), and local current density j(r)
(black arrows). The two states near the Dirac point clearly
have their origin from the in-gap chiral channels localized
at the zigzag [Fig. 3(b)] and the straight [Fig. 3(c)] domain
walls, respectively, with opposite Dirac velocity. For this
short-period magnetization texture, the width of the domain
wall states (cf. Sec. II) is comparable with the periodicity.
As a result, the wave function is largely delocalized and has
significant distribution between the domain walls. In this case,
the LDOS shows nearly straight stripes along y direction at
both the straight and zigzag domain walls, not much affected
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FIG. 4. (a) The moiré minibands for an MB magnetization texture of moiré periodicity » = 50 nm. The right panel shows a full dispersion
around the Dirac point. (b) The velocity in x and y directions near the Dirac point as a function of moiré periodicity. (c)—(f) LDOS p(r)
(background), electric current density j(r) (black arrows), and in-plane components of local spin expectation s(r) (red arrows) with wave
vector k = 1/b in x and y directions. The corresponding wave vector and band index are indicated by the red dots in (a). The black lines are
the domain walls. The parameters used are iv = 2 eV A and g = 25 meV.

by the domain-wall shape, and the local current density is
also primarily aligned with the wave vector of the state [black
arrows in Figs. 3(b) and 3(c)]. Figure 3(d) is in a higher energy
miniband, which does not have the chiral state origin, and the
wave function is primarily distributed within the domains. The
current density j(r) is found always orthogonal to the in-plane
component of the local spin s(r), which can be expected from
their expressions given earlier, as manifestation of the spin-
momentum locking.

Anisotropy develops with the increase of the moiré period-
icity. As shown in Figs. 4(a) and 4(b), when the periodicity
gets significantly larger than the width of the chiral state
(~10 nm), the Dirac cone is anisotropic with the Fermi ve-
locity in the y direction significantly larger than the one in the
x direction. This is consistent with the fact that the coupling
between the chiral channels are reduced as the domain walls
get more spatially separated, recovering the 1D nature of the
chiral channels. For the states near the Dirac point, the LDOS
shows that the wave functions are indeed more localized at
the domain walls [cf. Figs. 4(c)-4(f)]. The state shown in
Fig. 4(c) is the one originated from the chiral channels at the
zigzag domain walls. Indeed, the current flows along a zigzag
path, strictly following the geometry of the domain walls. As
a result of this current deformation, the local spin directions
also exhibit a spatial texture [cf. Fig. 4(c)].

Figures 4(e) and 4(f) show the states with wave vectors
in the x direction. The dispersion along this direction results
from hopping between the domain walls. The zigzag domain
walls largely facilitate the propagation in the x direction.

These two states are constructed respectively with the chi-
ral states on segments of the zigzag domain walls with the
positive and negative projection of velocity in the x direction.
Additionally, there is also some distribution of LDOS at the
straight domain as an intermediate to couple the zigzag seg-
ments. The small local current flows along the straight domain
walls compensate the y component of those at the zigzag
segments and the average current flow is in the x direction
only.

B. SK magnetization texture

The domain walls in SK magnetization texture are con-
nected into closed loops and have C; rotation symmetry.
Figures 5(a) and 6(a) show the moiré minibands in a SK
magnetization texture with periodicity of 10 and 50 nm, re-
spectively. Compared with the MB case, one can see that
the low-energy bands feature a gapped Dirac cone instead
centered at the I' point. For states right at the I point [cf.
Figs. 5(b) and 6(c)], the LDOS is localized at the closed-loop
domain walls with local current flowing counterclockwise
around the enclosed domains of positive M,. The texture of
local spin configuration in these states forms a vortex structure
as a result of the spin-momentum locking. Away from the I"
point, a finite band velocity can be picked up due to the hop-
ping between the chiral states at neighboring domain walls.
For states with finite wave vector [cf. Figs. 5(c) and 5(d)],
the LDOS mainly distributes at the corresponding half of the
domain-wall loops, and the overall current does not average to
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FIG. 5. (a) The moiré minibands for a SK magnetization texture
of moiré periodicity » = 10nm. The right panel shows a full dis-
persion around the Dirac point. (b)—(d) LDOS p(r) (background),
electric current density j(r) (black arrows) and in-plane components
of local spin expectation s(r) (red arrows) with wave vector k = 0
and 1/b in y direction. The corresponding wave vector and band
index are indicated by the red dots in (a). The wave function of
conduction band can be derived from particle-hole symmetry, which
is discussed in Sec. IV. The black lines are the domain walls. The
parameters used are fiv = 2 eV A and g = 25 meV.

zero. As the periodicity of the magnetization texture increases,
the hopping gets suppressed and the miniband becomes flat
with smaller band velocity [cf. Fig. 6(a)].

For these minibands originated from the chiral channels,
the current circulation around the closed-loop domain walls
would give rise to an orbital magnetization. For a given mini-
band Bloch state, the orbital magnetic moment can be defined:
m(k) = —iy; (Viu| x [H(k) — e(k)]|Viu), where |u) is peri-
odic part of the miniband Bloch function [52]. Figure 6(e)
plots the orbital magnetic moment in the top valence band,
which is peaked at the I" point. Figure 6(b) shows that the
orbital magnetic moment integrated over the entire mini-
Brillouin zone m = (2‘%2 [z, m(k)d*k for the four valence
bands, calculated at various periodicity of the magnetization
texture. The first two bands show similar orbital magne-
tization per supercell, which grows quadratically with the
periodicity b. These two bands are lying in the energy range
[—g, gl i.e., the maximal local gap created by the magneti-
zation, and have their origins from the in-gap chiral states.
The local current density forms current circulation along the
closed-loop domain walls and the magnetic moment from
such current circular is proportional to the area of the loop,
consistent with the b*> dependence of the orbital magnetiza-
tion from these two bands. Figure 6(b) also plots the orbital
magnetization of the two valence bands away from the gap,
which have smaller magnitude and reversed sign. Figure 6(d)
shows a wave function in one of these minibands. Similar to
the MB case, such a state does not have the chiral state origin,
and the wave function is distributed in the regions between the
closed-loop domain walls.

IV. DISCUSSION AND SUMMARY

The qualitative difference between the minibands in MB
and SK magnetization textures can be understood based on
symmetry analysis. We note that the Hamiltonian Eq. (3)
has particle-hole symmetry, SHs(—k)S™' = —Hg(k), where
S =0,k with K being the complex conjugate operator.
As a result, the spectrums for both MB and SK spec-
trum should fulfill the particle-hole symmetry with a pair
of states {E(k), —E(—k)}, which is consistent with our nu-
merical results. Furthermore, the SK magnetization texture
is Cs-rotation symmetric and resembles the circular symme-
try for a small moiré pattern, hence the spectrum is almost
isotropic in SK magnetization texture. In MB magnetization
texture, C; rotation is broken, therefore the spectrum is highly
anisotropic.

Different from the SK case, the low-energy spectrum in
MB magnetization texture is gapless. This is due to the inver-
sion antisymmetry of the MB magnetization texture, M,(r) =
—M,(—r). Therefore, we have PHP' = —H, where P
is space inversion. Around the I' point, the Hamiltonian
Eq. (3) can be expressed as Heg(k) = ho(k)1 + ho(k)o, +
hy(k)o, + h.(k)o,, in bases of the two lowest eigenstates
{IG=0,1),|G=0,])} at T point. The particle-hole sym-
metry requires

SHK)S™" = ho(k)1 + hy(k)o, + hy(k)oy — h.(k)o:
= —H(-k), (6)
while the inversion asymmetry requires

PHUYP™" = ho(k)1 + h(k)oy + hy(k)oy, + h. (K)o
= —H(-k). )

These requirements lead to &.(k) = 0, which implies a
gapless spectrum at I" point for the MB magnetization texture.
Furthermore, we have ho(—k) = —ho(k), h(—k) = —h(k),
and hy(—k) = —h,(k), which means that these coefficients are
odd orders of k and around I" point are approximately linear.
For SK magnetization texture, this inversion antisymmetry is
broken, #,(k) is not required to be zero, and the spectrum is
gaped. Another way to understand the gap here is the closed-
loop geometry of the domain wall leads to energy quantization
of the chiral channel.

Finally, we discuss the effect of the in-plane compo-
nent of the magnetization texture on our results. Near the
domain walls, the magnetization also has sizable in-plane
components. To consider this effect, we extend the Hamil-
tonian Eq. (3) by adding the in-plane Zeeman term H' =
g (M (r)o, + M,(r)o,), where M,(r) and M,(r) are the in-
plane magnetization. From Fig. 7, one can see that adding this
term simply shifts the gapless Dirac point in momentum space
for the MB magnetization texture, while the effect on the wave
function is not noticeable. For the SK magnetization texture,
there is no noticeable effect on either the band dispersion or
the wave function. This is because the in-plane magnetization
of SK texture averages to zero with its Cs rotational symmetry,
while for the MB texture, there is a finite in-plane magneti-
zation averaged over the supercell which displaces the Dirac
point. These results can be understood in terms of the spin-
orbit coupling induced by the magnetization texture. When
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FIG. 6. (a) The moiré minibands for a SK magnetization texture of moiré periodicity » = 50 nm. The right panel shows a full dispersion
around the Dirac point. (b) The orbital angular momentum per morié supercell for the four topmost valence bands as a function of moiré
periodicity. (c), (d) LDOS p(r) (background), electric current density j(r) (black arrows) and in-plane components of local spin expectation
s(r) (red arrows) for SK phase with wave vector k = 0. The corresponding wave vector and band index are indicated by the red dots in (a).
The black lines are the domain walls. (e) The distribution of orbital magnetic momentum of the first valence band in the mini-Brillouin zone
with moiré periodicity » = 50 nm. The parameters used are fiv = 2 eV A and g = 25 meV.

the in-plane component is considered, the winding of the
magnetization in the moiré pattern generates a non-Abelian
field that yields synthetic spin-orbit coupling [53-55], which
would shift the Dirac point in the minibands.

In summary, we have studied the topological chiral states
formed at the magnetic domain wall of the surface of a
magnetic topological insulator. In the presence of a peri-
odic magnetization texture that can arise by the formation
of a long-period moiré pattern, the chiral domain wall states
couple into a network and form minibands. The miniband
Bloch states feature a spatial texture of spin and local current
density, as clear manifestation of the spin-momentum locked
chiral channels. The miniband features a gapless Dirac cone
for the MB magnetization texture, while a gaped one for
the SK magnetization texture, which is related to the sym-
metry of the magnetization texture. For SK magnetization
texture, the current circulation carried by the chiral channel
at the closed-loop domain walls leads to orbital magnetiza-
tion. These results not only reveal an interesting interplay
between surface state and the magnetization texture but also
suggest a platform to engineer spin and current flows through
the manipulation of magnetization domains in spintronic
devices.
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APPENDIX: A

In this Appendix, we study the magnetization reversal in
the medium layer Crl; when stacked on an AFM substrate
MnPTes. The first-principles calculations are implemented in
the VIENNA AB INITIO SIMULATION PACKAGE with Perdew-
Burke-Ernzerhof functional [56,57]. To account for strong
electronic correlations for the Cr and Mn atoms, Hubbard on-
site Coulomb parameters of 3 eV and 4 eV were, respectively,
selected in the calculations. A vacuum layer with thickness
of 20 A is used to eliminate the interaction between the lay-
ers. The convergence criteria for energy and force are set as
10~° eV/A and 1072 eV/A, the Monkhorst-Pack mesh is set
to 7 x 7 x 1, and a plane-wave cutoff energy of 500 eV was
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FIG. 7. Minibands in the MB magnetization texture (a) and in
the SK magnetization texture (b) when the in-plane magnetization
is considered. (c), (d) LDOS p(r) (background), electric current
density j(r) (black arrows), and in-plane components of local spin
expectation s(r) (red arrows) for two representative Bloch states in
(a) and (b), respectively (denoted by red dots). The black lines are the
domain walls. The parameters used are ¢ = 10 meV and b = 50 nm.

used in the calculations. In addition, the interaction between
layers for Crl; /MnPTe; heterostructures is described through
vdW-D3 corrections [58]. We name the configuration when
the Cr atoms of Crls layer sit right on top of spin up (down)
atoms of the MnPTe; layer as AB (BA) configuration. The
calculated lattice constant and interlayer distance between the
two planes containing magnetic atoms are 6.98 A and 7.54 A
and are almost identical for AB and BA configurations. The
calculated energy differences between the interlayer FM and

AFM states are —6.06 meV and 6.30 meV for AB and BA
configurations, respectively. Therefore, in a long period moiré
pattern, the magnetization tends to point at opposite direction
at AB and BA locals. When MnBi,Te4 is stacked on this
texture, because of the strong interlayer FM coupling between
MnBi,Te4 and Crlj, the magnetization texture would also be
formed in MnBi,Tey,.

APPENDIX: B

The magnetization textures are calculated by adapting the
parameters from the results in Ref. [38]. When a monolayer
ferromagnet is stacked on an AFM substrate, a moiré pattern
forms at the interface between the monolayer ferromagnet and
the AFM substrate. The effect of the AFM substrate on the
ferromagnet can be regarded as a spatially changing effec-
tive magnetic field, which prefers the formation of magnetic
domains. This effective field is determined by the interlayer
magnetic interaction. The steady-state magnetic configura-
tions are determined by the competition between the effective

field and intralayer magnetic interaction, which can be solved

dm,
from the coupled Landau-Lifshitz-Gilbert equations, d_”tl =

oy x H ooy x 9™ or _ O
ym; x H;" + am; x , where H;" = ,and y and
dt om;

o are the gyromagnetic ratio and Gilbert damlping coeffi-
cient respectively. The Hamiltonian H = —I Z(L jmim;j—
Ky (m.;)* — > [B(R))] - m;, where m; is the magnetic mo-
ment at ith lattice site and (i, j) covers all nearest-neighboring
sites. [ > O is the intralayer exchange coupling and K is
the magnetic anisotropic energy. The skyrmion and MB con-
figuration are both stable solutions for a long-period moiré
pattern. The typical magnetization textures are shown in
Figs. 2(b) and 2(c). The parameters K = 0.014/ and the am-
plitude of effective field contributed from interlayer exchange
and dipolar interaction Jex = 5J;54 = 0.131 are used.
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