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Realization of novel topological phases in magnonic band structures represents a new opportunity
for the development of spintronics and magnonics with low power consumption. In this work, we
show that in antiparallelly aligned magnetic multilayers, the long-range, chiral dipolar interaction
between propagating magnons generates bulk bands with non-zero Chern integers and magnonic
surface states carrying chiral spin currents. The surface states are strictly localized and can be
easily toggled between non-trivial and trivial phases through an external magnetic field. The real-
ization of chiral surface spin currents in this dipolarly coupled heterostructure represents a magnonic
implementation of the coupled wire model that has been extensively explored in electronic systems.
Our work presents an easy-to-implement system for realizing topological magnonic surface states
and low-dissipation spin current transport in a tunable manner.

Exploration of novel topological phases in quantum
matter has become one of the central topics in nowadays’
condensed matter research, opening up avenues towards
electronics with high speed and low power consumption
[1-5]. Beyond electronic systems, recently topological
phases have also been generalized to various bosonic sys-
tems, including phononic [6, 7] and photonic [8, 9] crys-
tals. Magnon, the quantized collective excitation of local-
ized spins, represents a promising candidate for efficient
spin transport [10-12]. However, the inevitable scatter-
ing between magnons greatly limits the coherence length
of spin waves, preventing long-range spin signal transfer
[13-15]. The formation of topological magnonic surface
states that provide spin current channels with suppressed
scattering is therefore of great importance for realizing
low-dissipation magnonic devices, which has been pro-
posed in several theoretical works [16-23]. Nevertheless,
these proposals require materials with either special crys-
tal symmetries [16-20] or artificially modulated struc-
tures that demand advanced nanofabrication techniques
[21-23], both of which bring in difficulties for experimen-
tal realization.

In this letter, we theoretically study the magnonic
band structure and corresponding topological properties
of antiparallelly aligned magnetic multilayers. We find
that the long-range dipolar interaction between propa-
gating magnons is chiral in nature, whose strength de-
pends on the wave vector direction and therefore breaks
time-reversal symmetry (TRS). This chiral dipolar inter-
action correlates the sublattice and momentum degrees
of freedom, playing a similar role as the spin-orbit cou-
pling does in electronic systems. Consequently, it gener-
ates bulk bands with non-zero Chern integers and ultra-
localized magnonic surface states that carry chiral spin
currents. Through an external magnetic field, the ex-
istence of topologically non-trivial surface states can be
switched on and off, which therefore provides a tunable
and efficient way for transferring spin angular momenta

in this synthetic antiferromagnetic heterostructure.

We focus on the magnonic band structure in magnetic
multilayers shown in Fig. 1(a), where the neighboring
layers possess antiparallel equilibrium magnetic moments
due to antiferromagnetic interfacial exchange, as demon-
strated in several recent experiments [24-26]. An exter-
nal magnetic field applied along the y axis always aligns
the higher- (lower-) moment layers parallel (antiparal-
lel) to it. The layers with the same equilibrium moment
orientations have entirely identical properties including
their material composition and thickness, providing the
system with periodicity along the z axis, i.e., film growth
direction, and allowing us to define unit cells with thick-
ness of d = dy + da, as shown in red frames in Fig. 1(a).

We start by considering the simplified case, where each
layer is a infinitely long strip along the x axis and the
magnetic moment distribution along the y and z axes
within the same layer is uniform, i.e., the lowest-order
standing wave mode. As a result, magnons are confined
to transport along the x axis in each individual layer.
We denote the annihilation operator for a circularly po-
larized magnon with wave vector k, in the jth (j = 1,2
for sublattice index) layer of the nth (n = 1,2,..., N for
cell index) cell as bjj, x,. Neglecting the interlayer inter-
actions, we can write the magnonic Hamiltonian for the
multilayers in Fig. 1(a) as Ho = > ks jim ij;n,kmbjn,kzv
where w; = A;k2 4+ Q; stems from the intralayer ex-
change interaction and the effective static field experi-
enced by each sublattice [27]. Here, the coefficient A, is
defined as A; = 2A5y/Ms;, with the exchange stiffness
constant A, electron’s gyromagnetic ratio v, and the
saturated magnetization Mg;. €2 = ypoH; is the Lar-
mor precession frequency, with vacuum permeability g
and the effective static field H;. The sign of H; is de-
fined for each individual layer such that a positive field is
parallel to its local equilibrium moment orientation. H;
includes two parts: one is the static interfacial exchange

field H?*, which is always positive, and the other is the
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FIG. 1. (a) Scheme of antiparallelly aligned magnetic multi-
layers. The blue (grey) blocks with the thickness of d; (2 form
the 1st (2nd) sublattice. The equilibrium moments in the 1st
(2nd) sublattice are parallel to the +y (—y) direction, repre-
sented by ® (®) symbols. The red, solid frames correspond
to unit cells (indexed by n = 1,2,..., N) with the thickness
of d = di + d2. The green, dotted frames select two layers
belonging to neighboring cells with possible intercell dipolar
coupling. (b) Scheme of dipolar fields (green lines and arrows)
generated by propagating magnons with k£, > 0 in two lay-
ers within a cell. The red arrows represent the deviations of
magnetic moments from their equilibrium orientations, which
propagates from left to right as a function of time (the traces
are represented by black, dotted circles). Here, the two layers
experience finite dipolar fields from each other, correspond-
ing to Ag > 0. Meanwhile, they experience zero dipolar fields
from magnons in the layers of neighboring cells, correspond-
ing to Ap = 0. (c) Scheme of dipolar fields generated by
propagating magnons with k, < 0 for two layers within a
cell, corresponding to As = 0 and Ap > 0.

external field H, which is positive (negative) for the sub-
lattice with higher (lower) saturated magnetization. Due
to the dipolar interaction, magnons with the same wave
vector in neighboring layers will get coupled. As previ-
ous theories and experiments reveal [28-31], one impor-
tant feature associated with the dipolar field from prop-
agating magnons is the chirality — whether it emerges
on the top or bottom side of the thin film depends on
the sign of k, and the equilibrium moment orientation,
as illustrated in Figs. 1(b) and 1(c). Therefore, the
interlayer dipolar coupling strength within and outside
a unit cell are not equal to each other. The interac-
tion Hamiltonian for the multllayers can be written as

Hine = Y, 0 (Asb],, 1, b2n ke, +ADDY, 1 b2k, +Hee),
with the intracell (mtercell) couphng strength Agp).
Since the interlayer dipolar interaction between magnons
decays exponentially as the distance of two considered
layers increases [27], we only consider the dipolar in-
teraction between nearest neighboring layers throughout
the work. When |k;| is not large compared with the
Brillouin zone (BZ) boundary, Agmpy = B - (k2| & kz),
with B = ’}//LQNlNQ\/MsldlMsgdg/2 and Nj = (1 —
e~ Ikeldi) /(|k,|d;) [27]. In sharp contrast to the standard
analytic expressions that describe local interactions in
electronic systems, Agp) here contains a non-analytic
function of |k, | & k., which is originated from the long-
range nature of dipolar fields.

Combining Ho and Hiy, adopting the periodic bound-
ary condition along the z axis, and implementing Fourier
transformation, ie., bjnr, = (1/VN)Y, Bjremd
with k = k,2 + k.2, we get the bulk magnonic Hamilto-
nian for the multilayers on the basis of B = [B1.k, B2.]T

Houlk = ZﬁLHbulk(k)ﬁka
k
. 1
Hy«(k) = { wr As + Ape~ = .
v Ag + ADelkzd w2

Eq. (1) coincides with the expression of the celebrated
one-dimensional Su-Schrieffer-Heeger (1D SSH) model
[32], except that our model applies to a two-dimensional
(2D) case with both w; and Agp) being functions of
k.. In the SSH model, the existence of surface/edge
states is determined by the relative magnitude of Ag and
Ap. In our case, this is further controlled by the sign of
ks, as one can easily verify Ag > Ap for k, > 0, and
Ag < Ap for k, < 0. Solving the eigenvalue equation
Hyu [x) = w|x), we can get the higher (lower) eigen-
frequency wi = (w1 +wa)/2 £ /(w1 — w2)2/4 + 4B2k2,
either of which has no dispersions along the k., direction,
suggesting a flat band when £, is fixed. Since our model
is 2D in the zz plane with broken TRS, we can calculate
the Chern integer as the topological invariant. Denoting
|x—) as the eigenstate corresponding to w_, we can calcu-
late the Chern integer Ch_ = (2m)~" [[5, Q—(k)dk,dk.
for the lower band, where Q_(k) = 0k, (x—| k. |x—) —
10k, (X—| Ok, |x—) is the Berry curvature. The Chern in-
teger is evaluated to be

1 (A1 >A2,H1 <H2)
Ch_=<-1 (Al <A2,H1 >H2), (2)
0 (otherwise)

suggesting that the bulk bands possess non-zero Chern
integers when (Ay — As) - (Hy — Hz) < 0.

The surface states can be explicitly obtained by con-
sidering multilayers with open boundary condition along
the z direction. The magnonic Hamiltonian for the N-
cell multilayers is H = Ho + Hing = Zk bT H (k, )by,
where bkx = [bll,k17b21,kz; veey blN,kz7 bQN_’kI] and H(kx)
is a 2N x 2N matrix. Solving the eigenvalue equation
H |x) = wlx), we can get 2N eigenfrequencies and cor-
responding eigenstates. When k, < 0, corresponding to
Ag = 0 and Ap > 0, two surface states emerge, which
are separately localized in the 1st layer of the 1st cell
(bottom layer) with w'® = wy, [x'®) = [1,0,0,...,0]7,
and in the 2nd layer of the Nth cell (top layer) with
w2 = wy, |x%) = 10,0,...,0,1]7. We note that both of
them are strictly localized on the surfaces without de-
cay into the bulk. Figs. 2(a) to 2(c) show the evolution
of the magnonic band structure, when the strength of
applied external magnetic field H varies. In this cal-
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FIG. 2. (a) to (c) Evolution of the magnonic band structure
with a varying external field H. The black lines correspond to
bulk states, and the red (blue) line corresponds to the surface
state strictly localized in the bottom (top) layer. (a) and (c)
correspond to the topologically non-trivial and trivial phases,
respectively. (b) is when the topological transition happens.
(d) Coupled wire construction in the magnetic multilayers
with 2N total layers. Due to the chirality of the interlayer
dipolar interaction, right-moving magnons get coupled (red
arrows) within the same cell, while left-moving magnons get
coupled (green arrows) between neighboring cells. Two sur-
face states are left uncoupled. The symbols of ® and ® on
the surface states show the orientations of carried spins. (e)
Coupled wire construction in the multilayers with 2N —1 total
layers.

culation, we consider an example consisting of alternat-
ing 10 nm yttrium iron garnet (YIG, 1st sublattice) and
10 nm permalloy (Py, 2nd sublattice) thin films, with re-
ported material parameters of A$X = 3.7 x 107'2 J/m,
A$F = 8.7 x 10712 J/m, My = 1.4 x 10° A/m, and
Mg = 7.4 x 10° A/m [33, 34]. An external magnetic
field is assumed along the —y direction. The antifer-
romagnetic exchange coupling constant at the YIG/Py
interface is taken to be J = —8.6 x 10* J/m? [26], which
gives rise to the static interfacial exchange field H$* =
2|J|/(noMs;d;) experienced by each sublattice, further
leading to the total effective static field H; = H™ F H.
As the Chern integer calculation shows, the topology
of the magnonic band structure depends on the sign of
(A1 — As) - (Hy — H3), which can be further controlled
by tuning the relative magnitude of H; and Hy through
H, given that A; — Ay > 0 is fixed. In Fig. 2(a), under
H =5 x 10° A/m, corresponding to H; < Haz, the bulk
bands (black lines) are inverted around k, = 0 and two
surface bands (red and blue lines) emerge in the k, < 0

half-space, which cross each other and form a degenerate
point, i.e., a tilted Dirac cone, without pairing at its time-
reversal point due to broken TRS. When H is reduced
such that H, = Ha, a topological transition happens [Fig.
2(b)], where the bulk bands become degenerate at k,, = 0,
corresponding to a gap closing. With further decreasing
H such that Hy; > Hy [Fig. 2(c)], there is no bulk band
inversion and the surface bands do not cross each other in
the k, < 0 half-space, representing a topologically trivial
system.

The formation of ultra-localized surface states in the
magnetic multilayers can be further understood as a
magnonic implementation of the coupled wire model that
has been widely investigated in the circumstance of quan-
tum Hall effect (QHE) in electronic systems [35-38]. We
begin by regarding the multilayers as an array of 2N non-
interacting one-dimensional wires, with single-particle
magnonic dispersion relations wyz) (ks ), which cross each
other under the condition of (A; — As) - (H1 — Ha) <
0. Due to the interlayer dipolar interaction, magnons
around the band-crossing points in neighboring layers get
coupled, as shown in Fig. 2(d). As discussed earlier, de-
pending on the sign of k,, either Ag or Ap reduces to
zero. For right-moving magnons (k, > 0), Ap = 0 and
Ag > 0, the coupling only happens within the same cell
[red arrows in Fig. 2(d)], while for left-moving magnons
(kz < 0), As = 0and Ap > 0, the coupling only happens
between neighboring cells (green arrows). As a result,
the left-moving magnons in the bottom layer and the
left-moving magnons in the top layer are left uncoupled
and form a pair of surface states. Considering that two
surface layers possess opposite equilibrium moments, the
surface magnonic states would carry spin currents with
opposite directions. This kind of chiral surface spin cur-
rents still exist even if the number of layers is odd, as
shown in Fig. 2(e). In this case, the surface states have
opposite velocities but same equilibrium moment orien-
tations, hence still carrying opposite spin currents. The
formation of surface magnonic states and chiral spin cur-
rents in the magnetic multilayers is therefore similar to
the realization of QHE in electronic systems, where the
left- and right-moving electrons in neighboring wires are
coupled together due to interchannel scattering.

Until now, we have demonstrated tunable magnonic
Chern bands and ultra-localized surface states carrying
chiral spin currents in the magnetic multilayers under
a few simplified assumptions, including: 1) the magnon
propagation is confined in the z direction, which is or-
thogonal to the equilibrium moment orientations, 2) we
neglect the intralayer dipolar interaction and dynamic
interfacial exchange interaction. In the following, we ex-
tend our discussion to a generic case where magnons can
propagate within the whole xy plane in each individual
layer, i.e., with in-plane momenta k) = k.2 + kyy, and
both the intralayer dipolar interaction and dynamic in-
terfacial exchange interaction are included. With the
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FIG. 3. (a) to (d) Magnonic band structure for the 3D

multilayers when all the interactions are included. (a) and
(b) correspond to the topologically non-trivial phase with
H =5x10° A/m, while (c) and (d) correspond to the trivial
phase with = 5 x 10* A/m. k, is fixed at 0 for (a) and (c),
and ky is fixed at +1.0 x 10¥ m™* for (b) and (d). (e) Decay
length ¢ of surface states as a function of |k /kz|.

periodic boundary condition along the z axis, the bulk
magnonic Hamiltonian for the multilayers in Fig. 1(a)
can be expressed in the Bogoliubov-de Gennes formal-
ism:
H{)ulk = %Z [ﬁ;rc ﬁ—k] H{)ulk(k) [ﬁﬁfk } )
: R C)

/ h(k)  b(k)
Hbulk(k) = [b*(—k) h*(—k)] )

with k = k) + k.2. The diagonal block h(k) in Eq. (3)
has the form of

[ Wb AL+ A
h(k) - [A/S —i—Abeikzd wé ) (4)

with

k2 2
1-Nj)—5 +Nj+ %
( J)kﬁ+ it3

wi = Ak +Q; +

)

Yo Ms;
2

B’ k2
ALy = — - (k: +—””i2km),
S(D) 2 | ki
(5)
where N} and B’ can be obtained by replacing |k;| with
|kj| in N; and B. The off-diagonal block b(k) in Eq. (3)

has the form of

/. e tk=d
o) = |5 S ST @

with

2 k2

M, k2
b = [(1 N - N;-] ,

/ H II / kg ex 12

§=1,2

where f{(z) = Mgy1yda1yN1N3/2. The derivation for
Egs. (3) to (7) is presented in [27]. Here, we note that S
(B};) in Eq. (3) corresponds to the annihilation (creation)
operator for circularly polarized right-handed magnon
modes with positive frequencies, or equivalently, parti-
cles, while Bik (B_k) represents the annihilation (cre-
ation) operator for left-handed magnon modes with neg-
ative frequencies, or equivalently, holes. The intralayer
dipolar interaction mixes magnon modes with opposite
handedness, i.e., particles and holes, within the same
layer, and leads to non-zero §; in b(k). Meanwhile, the
dynamic interfacial exchange interaction and the inter-
layer dipolar interaction under finite &, give rise to the
terms proportional to ¢’ in b(k), coupling magnon modes
with opposite handedness in neighboring layers. For the
usual cases with large enough effective static field H; that
we are interested in, the difference between frequencies of
right- and left-handed magnon modes is large, so b(k) in
Eq. (3) plays a role as a weak perturbation, which does
not lead to extra band inversions. Therefore approxi-
mately, the existence of surface states is still governed by
the relative magnitude of Ag and Af, in h(k), which is
further controlled by the sign of k, according to Eq. (5).

With open boundary condition along the z direction,
the magnonic band structure can be solved through nu-
merical methods based on the Cholesky decomposition
[39]. Using the same parameters as in Figs. 2(a) to 2(c),
we plot the magnonic band structure in Figs. 3(a) to
3(d) with fixed k, for two different H, when all the in-
teractions are included. We see that after extending to
a generic three-dimensional (3D) case, the surface states
still exist in the k, < 0 half-space. When H remains the
same and k, varies, the band structure keeps its topo-
logical properties, either with non-trivial [Figs. 3(a) and
3(b)] or trivial [Figs. 3(c) and 3(d)] surface states, sug-
gesting that the 3D multilayers can be regarded as the
magnonic analog of stacked 2D Chern ‘insulators’ along
the y direction [40]. Similar to the 2D simplified case dis-
cussed earlier, the topological properties are still tunable
through H, i.e., the surface states can still be toggled be-
tween non-trivial and trivial phases, as illustrated by the
comparison of Figs. 3(b) and 3(d). The subtle difference
is that with finite k,, Ag no longer vanishes for k, < 0,
and the surface states therefore extend into the bulk with



an exponential decay in magnitude, |x'¢) () ~ e~*/¢ and
1X%) (2) ~ e~ G=ND/E where € = d/log(A}/A%) is the
decay length. In Fig. 3(e), we plot £ as a function of
|ky/kz|, and see that & < d for k, < k;, indicating the
surfaces states are still highly localized.

In summary, we study the magnonic band structure
and corresponding topological properties in antiparal-
lelly aligned magnetic multilayers. We demonstrate that
the long-range, chiral interlayer dipolar interaction be-
tween propagating magnons correlates the sublattice and
momentum degrees of freedom and breaks TRS. It fur-
ther generates bulk bands with non-zero Chern integers
and ultra-localized surface states carrying chiral spin cur-
rents. The topology of magnonic bands can be switched
between non-trivial and trivial through an external field.
We also reveal that the dipolarly coupled magnetic multi-
layers represents a magnonic implementation of the cou-
pled wire model. We believe our study provides an easy-
to-implement system for realizing topologically protected
magnonic surface states and low-dissipation spin trans-
port in a tunable manner, and will therefore benefit the
development of modern spintronics.
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Appendix A: Interlayer dipolar field from propagating magnons

We first discuss the magnetic bilayers shown in Fig. S1(a), which consist of two different ferromagnetic layers with
in-plane magnetic moments. For convenience, we set up a global coordinate system (z,y, z), and denote the angle
between the equilibrium moment orientation and the x axis as 6; [Fig. S1(b)]. Here, j = 1,2 is the layer index. In
the discussion throughout the paper including the main text and Supplemental Material, we use the dimensionless
reduced moment m; = M /Ms;, where Mj; is the saturated magnetization. Within each layer, we also set up a local
coordinate system (z;,y;, z), with the equilibrium moment orientation chosen as the y; axis.

The dipolar energy between a pair of moments m; (located at r) and mo (located at ') is

_MOMslMs2 3(m1 R)(m2 R) — (m1 'mg)R2

5Ed = An R5 ) (Al)
where R =r — v’ = (X,Y, Z). If defining a matrix
3X2—R? 3XY  3XZ
F= _% 3XY 3Y:-R® 3YZ |, (A2)
i 3X7 3YZ 372 R?

we can write Eq. (Al) as 0Fq = mQTle. We note that here m; = [m;z, m;jy, mjz]T is defined as a column vector.
As shown in Fig. S1(c), the dipolar energy between two layers (i.e., a pair of continuous bodies) is

Eq= / mi (r\F(r — r')ymy (r)d>rd*r’. (A3)

After the Fourier transformation m; = F{m;} and F = F{F}, it can be written as

&k
(2m)*

Ea— / (k) B (k)i (k) (A4)

According to [1], F'(k) is approximated as
3kZ —k?  3kyk,  3kik.

3kok, 3K2—k> 3kyk. |, (A5)
Bkgk,  3kyk. 3k% — k2

2 poMs1 Mo
F(k) ~ BT

when k = |k| is not large compared with the Brillion zone boundary. Considering the thin-film configuration with the
lowest standing mode along the z direction, i.e., m;(r) = m;(r)So(2; d;), where d; is the layer thickness and

1 (=d1<2<0)
So(z;dy) =
o(zd1) {O (otherwise),

1 (0<z<ds)
0 (otherwise),

(A6)
So(z;d2) =

*
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FIG. 1. (a) Magnetic bilayers consisting of two different ferromagnetic layers with in-plane magnetic moments. (b) The global
and local coordinate systems, as seen from the top view of the bilayers. The equilibrium moment orientations in two layers
have different angles with the x axis. (¢) When calculating the interlayer dipolar energy, » and =’ are in the different layers.
(d) When calculating the intralayer dipolar energy, » and =’ are in the same layer.

we can rewrite Eq. (A4) as

i A3k 4’k
Ed = mz(k:”) (kz,dz) ( )So(kz,dl)ml(k”)( m2 kH G(kﬂ)ml(kﬂ)( ) (A7)
where
So(kz:dy) = F{So(z;d1)} = dye™/sinc(k.dy /2), (A8)
So(kz;dy) = F{So(z;d2)} = dae™*=%2/2ginc(k.dy /2),
and
—k2  —kyk, ik.k
dk,, Mgy Mysdyd x ahy LRk
G(ky) /S (ko do) F(K)So (kai dy) —= = MN(k”;dl)N(k”;dz) —koky —kZ ikyky|,  (A9)

27 2k ikoky ikyky K

where N has a form of N(k;d) = (1 —e*4)/(kd). We note that in Eq. (A7), the moments 1 and 7723 are expressed
in the global coordinate system. After switching to local coordinate systems, we would get a new matrix g(k)) instead
of G (k) to express Eq:

Eq = /m2 ki)g (kn)ml(ku)( o) (A10)
Defining the rotation matrix as
sinf; cosf; 0
Rj = |—cost; sind; 0], (A11)
0 0 1
and only considering magnons confined to transport in the x axis, which means k| = |k, | and k, = 0 (i.e., the simplified

case mentioned in the main text, where each layer is a infinitely long strip along the x axis and the magnetic moment
distribution along the y axis is uniform), we get

—|k,|sinf;sinfs  —|k,|cosfisindsy  ik,sinds
1 k. |sinfsind k 01sinfy  ik,sind
glks) = R;lG(kx)Rl = gquslMSledgNﬂkﬂ;dl)N(|kI|;d2) —|ky|sinficosfs  —|k,|coshicosbs ik, cosbs

1k,sinfq 1kycostq |k |
(A12)
Right now, the interlayer dipolar energy is written as
- - dk, = N dk . ~ dk
Eq = /mg(kw)g(kw)ml (kz) o _NoMsldl/th(kw)ml(kw)? = —poMsads m;(kw)hg(kw)ﬁa (A13)
and the interlayer dipolar field i'l,;i (kz) in each layer is given by
~ 1
h(ks) = —————-g" (ks ) (ko).
ko) = -0 (ko rina(k,) -
- 1 ~
h (kx) = (ko )rivn (o),

_MoMszdzg



which can be written in the form of

}:L‘fm(km) _f |ky|sinfisinfy ik, sindy | |moy (ks )

hd (k ) ik, sinfy —|kx| ﬁlgz(kz) ’

S (A15)
}}gw(kz) :f2 |kx|81n91sm92 —’kaSIDGQ ’Ii’le(kz)

h, (k) —ik,sinfq — k| s (k)

where f1(2) = MSQ(I)dQ(l)N(|kI|7 dl)N(|]€w|, dg)/2

There are two additional points we would like to mention:
1) If the moment distribution along the z direction is a higher-order standing mode within each individual layer,
which means m (r) = my (7)) S (2;d1), ma(r) = ma(r))Su(z;d2) with m,n =1,2,..., and

cos(mmz/dy) (—dy < z<0)

0 (otherwise),
cos(nmz/de) (0 <z <ds)

Sz ds) = { .

Sz dy) = {
(A16)

(otherwise),

we can then use the similar analysis as we do for the uniform mode. The only difference is that the factor N (|k.|; d1)
N(|kz|; d2) included in f; is substituted by N (|k|;d1) N™(|ks|;dz2), where N™(k;d) = kd[l — (—1)™e~*4]/[(kd)? +
(mm)?]. Therefore, a higher-order standing mode will only decrease the interlayer coupling strength, but will not
qualitatively affect the conclusions on the tunable Chern bands and chiral surface spin currents.

2) If two layers in Fig. S1(c) are separated by a gap of dd, a factor of exp(—k)dd) will be additionally included in f;.
Due to this exponential decay character, we only include the dipolar interaction between nearest neighboring layers.

Appendix B: 2D Magnonic Hamiltonian with only the interlayer dipolar coupling

We continue focusing on the magnetic bilayers. Since each magnetic moment precesses around its equilibrium
orientation, in the small-angle precession limit, we can express the moment as m; (r,t) = mjp(r)e™s; +1-9; +
m;,(r)e™!z, with the angular frequency w. The dynamics of precession is characterized by the Landau-Lifshitz (LL)
equation

6mj

ot

= —ypom; x hy, (B1)
where v is electron’s gyromagnetic ratio, g is vacuum permeability, hj(r,t) = hj.(r)e™ts; + H;g; + hj,(r)e’!2 is
the effective field experienced by each layer, with the static component H; including the external field H and the
static interfacial exchange field Hj*. The interfacial exchange energy can be written as 2]

B = _J/ml@“ll) ~m(ry)dry, (B2)

where J is the interfacial exchange constant, and the integral is on the whole interface. The static field contributed by
the interfacial exchange is therefore derived as H$* = Jcos(6h —02)/(poMs;d;). In the antiparallel aligned multilayers,
ie., J <0and y = 0 +m, the static interfacial exchange field in each layer is H$* = 2|J|/(p0Ms;d;), when including
both the interfaces.

Linearizing Eq. (B1) in the small-angle precession limit and transforming it into the reciprocal space, we have

— My = —hj, + Hjm;.,
B 5

In the absence of interlayer interactions, each individual layer has its unperturbed eigenfrequencies and eigenstates.
The intralayer exchange field is h$*? = [2A%*/(10 Ms;)]V>my; [3], with the exchange stiffness constant A$*. Tn Eq.
(B3), this corresponds to:

7 ex0 2A§ng ~
Miele) = = oy )

(B4)



The unperturbed eigenfrequencies and eigenstates of each layer are therefore given by

wix = £(A;k2 + Q;),
) 1, (B5)
mjt = E(mjx + i),

where A; = 2A§X7/Msj characterizes the intralayer exchange strength and €2; = ~vyuoH; is the Larmor precession
frequency. From Eq. (B5), we see that the unperturbed eigenstate m ;4 is a right- (left-) handed circularly polarized
magnon mode, which corresponds to the positive (negative) eigenfrequency, representing a particle (hole).

Applying the intralayer exchange field [Eq. (B4)] and interlayer dipolar field [Eq. (A15)] into the linearized LL
equation [Eq. (B3)], we can get the eigenvalue equation

ﬁllJr W1+ A1+ 0 51+ ﬁ’LlJr
Mot | _ Doy woq 24 0 Moy

w ’ﬁ’Ll_ B 0 51_ wi— Al_ Thl_ ’ (BG)
ﬁl27 52, 0 AQ, wi— T;LQ,

where the diagonal terms are exactly unperturbed eigenfrequencies [Eq. (B5)] and the off-diagonal terms are originated
from the interlayer dipolar coupling, which can be written as

1
Ay = =ypuofjlke(sindy — sindy) =+ |k, |(1 — sinfysinds)],

z (B)
0j+ = gfyuofj [k (sinfy + sinfs) F |k,|(1 + sinfysindy)].
Since we are interested in bilayers with antiferromagnetic spin textures with 61 = 7/2, 83 = —x/2, or 6, = —7/2,

0y = 7/2, §;+ vanishes and Eq. (B6) becomes block diagonalized.
We can further express the magnonic excitations using the Holstein-Primakoff (HP) transformation [4]

2vh . 2vh

— b o, ————b! B8
My Spyd; WHer T My Syyd; ke (B8)

ijr ~

where Sy is the area of the interface, and b; 1, (b; »,) annihilates (creates) a circularly polarized magnon with wave
vector k; in the jth layer. If we define by, = [b1k,,b2.4,]7, Eq. (B6) can be equivalently written as

.d [ by, b, - by,
Za |:bT_kI:| = |:|:b'f_km:| aHQL:| = 03H2L(k1') |:bT—]gI:| 5 (BQ)
with
. 1 by,
Hor = 3 Z {bLm bsz} Hy (k) {b’rkk ,
ke o (B10)
_|r 0 hoy, (kz) 0 }
g3 = 5 H kw * )
3 [0 —1} 21 (k) [ 0  hi(—k)
where
w1 A
hor (k;) = [Al MJ,
Wj = WjJr = Ajki =+ Qj, (Bll)

1 . . . .
A=A Ao = §7uox/f1f2 [k (sinf; — sinfy) + |k, |(1 — sinf;sinbs)].

The bosonic Bogoliubov-de Gennes (BdG) Hamiltonian Hop, (k,) only possesses the diagonal blocks, so the bilayer
Hamiltonian operator can be simplified as

Hor =Y b] hop (ks )bk, . (B12)
ko



As for the antiparallelly aligned multilayers shown in Fig. 1 of the main text, we can regard it as the stack of
bilayers along the z direction. Particularly, when treating the dipolar coupling between two layers within a unit cell,
we can set 6 = 7/2, 0o = —7/2, while we set §; = —7/2, §3 = /2 for two layers belonging to neighboring cells.
Therefore, we can get the intracell (intercell) coupling term Ag(p) by assigning the corresponding values of 61 and 6,
into the expression of A in Eq. (B11):

As = Alg,=r/2,0,=—r/2 = B - (|ke| + kz),
Ap = A|91:*7'l'/2,t92:7'r/2 =B (|k51| — kw),

with B = poy+/ f1f2 characterizing the coupling strength. The multilayer magnonic Hamiltonian is therefore written
as

(B13)

H= 7:[0 —"_I}:[dip = Z wjb}n,kzbj";km + Z (Asbin,kzb%l;km + ADbIn,ksz;n—lka + H.C.) . (B14)

ke, g,n ka,j,m

We can get the bulk Hamiltonian [Eq. (1) of the main text], with the periodic boundary condition along the z
direction, and we can solve for the explicit surface states [Figs. 2(a) to 2(c) of the main text], with the open boundary
condition along the z direction.

Appendix C: 3D Magnonic Hamiltonian with all interactions included

In the generic case, magnons can propagate within the whole xy plane in each individual layer, i.e., with the in-
plane momenta k| = k,2 + kyy. Besides, both the intralayer dipolar interaction and the dynamic interfacial exchange
interaction should be included.

First, let’s derive the interlayer dipolar field with finite k,. For two layers within a unit cell, we have 6, = 7/2 and
0 = —m/2. Substituting them into Eq. (A11) gives

100 ~1.0 0
Ry=[010], R,=|0 —10]. (C1)
001 0 0 1

Applying these rotation matrices into Eq. (A9), we get
k2 koky —ikgky

Mg Meodyd ”” .
g' (k) =(Ry)"'G(k|)R; = % (ks di) N (kyj; da) | Koy k2 —ikyky | . (C2)
I ikek) ikyk) kﬁ
Right now, the interlayer dipolar energy is written as
N d’k d*k N ~ d*k
Ey = / i} (g (ki (k) o 55 = = o Moad / R i () 5 = o Maada / o (O s (k1)
(C3)
and the interlayer dipolar field in each layer is give by
~ 1
hi (k) = ——————g" (k) )ma(k)),
NOJWlsldl (C4)
- ~
hs (kn) = —mg’(k”)ml(k”),

which can be written in the form of components

] = [l 2] fnfi] o)

where v = 2 for j = 1 and v = 1 for j = 2. f} can be obtained by replacing |k | with |k| in the expression of f;.

Next, let’s derive the intralayer dipolar field, which is similar to what we’ve done for the interlayer dipolar field.
The difference is that there is only one continuous body now, so » and r’ are in the same layer, as shown in Fig.
S1(d). The intralayer dipolar energy of the jth layer is

Ak
(2m)?




G (k) is calculated to be

) L [BO=N) k(- 0
Gj(ky) = guoMZd;1 — UOMszjdjk_ﬁ ’fzky(lo— Nj) k(1 N Nj) k:?(;V’ : (C7)
H

where N7 = N(|ky|;d;). After switching to the local coordinate system, we find g; (k) = (R;)'G;(k)) R} = G;(k)),
where R is shown in Eq. (C1). Right now, the intralayer dipolar energy is written as

d2k:|| Ak
Eao; = /m (g (k)7 (k) 55 = 2qusgd /m (k) (kn)( 37) (C8)
and the intralayer dipolar field h?o (k) in each layer is given by
~ 1
h¥(k)) = ———————g;(k))m;(k
5 (k) oM od, g; (k) )m;(k)), (C9)
which can be written in the form of
hd0(k) (1-NHE2/E2+% 0 e (k)
iz M, grrel T3 Jae I C10
{hdo(kn)] ’ [ 0 Nj+ 4 {m‘a‘z(kﬂ (C10)
On the other hand, from Eq. (B2), we can get the dynamic interfacial exchange field ﬁ;" in each layer:
hex (kH) 1/2 0 ﬁlvz(k}”)
_JT = H$* - . C11
[hi’z‘(k’u) L0 =1/2] [me:(ky) ()

Applying the intralayer exchange field [replacing k, by k|| in Eq. (B4)], interlayer dipolar field [Eq. (C5)], intralayer
dipolar field [Eq. (C10)], and dynamic interfacial exchange field [Eq. (C11)], into the linearized LL equation [Eq.
(B3)], we can get the eigenvalue equation

M1y wp Ay & 6 [y
Th2+ o AIQJr w’2 6é 62 ﬁ’L2+
Dl | = =6 =8, —at AL_| || (C12)
’ﬁ’LQ, —5’2 —52 A/Q_ —wé T;LQ,
with
Yo Ms; k2 2
wh= Ak + 0+ L (1= N2+ N+ 2
2 kH 3
1 k2
it WMof { (ku + k—w> + 27%} ,
'L (C13)
Yo Ms; ki a
= O (1 - NS N

Yo k2 ex
%= [fj{' (k' ’fn) H ]

Egs. (C12) and (C13) give the eigenvalue equation for two layers within the same unit cell (§; = 7/2 and 63 = —7/2).
As for two layers belonging to neighboring cells (6; = —7/2 and 02 = 7/2), the only difference in the eigenvalue
equation is

2
i 17Mof { (ku + %T) - 27%} : (C14)

Then we can do the HP transformation on m;+ and m;_ [Eq. (B8)] and apply the periodic boundary condition
along the z direction. We finally get the bulk magnonic Hamiltonian for the 3D multilayers [Eqgs. (3) to (6) of the
main text].
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