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Magnon junction effect induced by bulk acoustic waves
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As an analog to a magnetic tunneling junction, a magnon junction composed of a ferromagnetic insulator
(FMI)/antiferromagnetic insulator (AFMI)/ferromagnetic insulator heterostructure has been proposed in recent
years. In a magnon junction, the magnon current transmission can be adjusted by manipulating the angle of
magnetic moments in the two FM layers. However, the mechanism of this magnon junction effect is still not
quite clear. In this paper, we numerically calculate the bulk acoustic wave-induced magnon junction effect. Our
results emphasize the crucial role played by variations in magnetic structures within the AFMI spacer when the
alignments of magnetic moments in the two FMI layers are adjusted between the parallel and antiparallel state.
These differences significantly influence the modulation of magnon current transmission. This is different from
the chirality-relevant magnon scattering mechanism as assumed in previous works.
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I. INTRODUCTION

Spin valves (SVs) and magnetic tunneling junctions
(MTJs), which consist of a nonmagnetic layer sandwiched be-
tween two ferromagnetic metallic (FM) layers, play a crucial
role in transferring electrical spin current controlled by the
angle of the magnetic moments in the two FM layers [1–3].
Apart from electron-based spin transfer, researchers have ex-
tensively explored magnon current transmission in magnetic
insulators such as Y3Fe5O12 (YIG). The compelling advan-
tages of this magnon device include minimal Joule dissipation
and long transmission distances.

As an analog to SVs, a magnon valve using a
YIG/Au/YIG structure was proposed in 2018 [4]. In such
a magnon valve, magnon current transmission between two
YIG layers can be adjusted by the relative orientations of
magnetic moments in the two YIG layers [4]. However, a
significant challenge remained: a limited conversion between
the magnon and charge current at the interface between the
ferromagnetic insulator (FMI) and metal layers. To overcome
this problem, an all-insulating YIG/NiO/YIG magnon junc-
tion has been developed with a magnon current generated by a
longitudinal spin Seebeck effect [5]. In this magnon junction,
the magnon current is able to pass through the NiO when
the magnetic moments in the two YIG layers are parallel but
almost totally blocked when they are antiparallel, giving rise
to a high magnon blocking ratio (MBR) of about 100% [6].
Even though the discovery of the magnon junction effect has
opened up a field for low-dissipation magnonic devices, the
physical mechanism for this magnon junction effect is still
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not quite clear. Analogous to the physical principle underlying
the magnetoresistance effect in SVs and MTJs, the magnon
junction effect is attributed to the manipulation of magnon
transmission along distinct paths within the antiferromagnetic
insulator (AFMI) with differing chiralities for spin oscillations
[6]. However, the observation of magnon current transmission
in a very thin AFMI spacer is still rather challenging.

In this paper, we propose a differential explanation for
the magnon junction effect based on a numerical investiga-
tion of the acoustic wave-induced magnon junction effect
(Fig. 1). Our work reveals that the distinct magnetic-moment
alignment within the AFMI layer between the parallel and
antiparallel alignments of magnetic moments in the two FM
layers plays a critical role in controlling the transmission of
magnon current throughout the junction. This is different from
the chirality-relevant magnon scattering principle [6].

II. MODEL AND METHOD

Our study exploits the numerical method proposed by
Azovtsev and Pertsev for the simulation of magnetic oscil-
lation within an FM medium driven by an acoustic wave
[7–9]. To generate a bulk acoustic wave, we applied an al-
ternating voltage on a piezoelectric transducer [10–14]. This
voltage induces a longitudinal displacement (uz) given by
uz = dUmax sin(2π f t ). Here, d is the piezoelectric strain con-
stant, f is the linear frequency for the alternating acoustic
wave, and Umax is the amplitude of the voltage.

The AFMI spacer in the magnon junction is composed
of two sublattices, labeled A and B. The direction of the
magnetic moments in FMI1 is fixed, while that of FMI2 can
be parallel (P) or antiparallel (AP) to the magnetic moments
in FMI1. We consider a magnon junction CoFe2O4 (CFO)
1(20)/NiO(20)/CFO2(20) with 20 denoting the number of the
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FIG. 1. Schematic of the magnon junction effect induced by a
bulk acoustic wave. A bulk acoustic wave was generated at a piezo-
electric transducer and transmitted to the adjacent FMI medium. A
magnon current was generated in the FMI layer under magnetoelastic
coupling, and it transports through the AFMI spacer and eventually
penetrates into the other FMI layer to produce an inverse spin Hall
effect voltage in the top heavy metal (Pt) layer. When the magnetic
moments in the two FMI layers are parallel (antiparallel) aligned, a
strong (weak) spin current can transmit through the AFMI spacer.

unit cells of magnetic moments aligning along the z direction.
Based on the lattice constants of CFO (0.84 nm) and NiO
(0.42 nm), the thicknesses of CFO and NiO are approximately
17 and 8 nm, respectively. The fabrication of the multilayer
with these thicknesses is experimentally feasible [4,5,15–18].
In the xy plane, we employed 6 × 6 unit cells with a peri-
odic boundary condition [6,19,20]. To avoid magnon current
reflection at the surface, we incorporate a high damping coef-
ficient region near the surface of the magnon junction.

The calculation is based on the atomistic simulation by nu-
merically solving the Landau-Lifshitz-Gilbert (LLG) equation

∂Si

∂t
= − γ

1 + α2

[
Si × Hi

eff + αSi × (
Si × Hi

eff

)]
, (1)
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ith unit cell. γ = 2.21 × 105 m/A s is the gyromagnetic ratio
of electrons, α is the Gilbert damping coefficient, and Hi
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where So (o = i, j, m, n) is the normalized spin magnetic
moment at site o (i or j belong to FM, and m or n belong
to AFM), and Si

s(p) (s, p = x, y, z) is the s(p) component
of Si. Eex denotes the exchange energy, JFM and JAFM

are the nearest-neighbor exchange interaction energies
within FMI and AFMI, respectively. For CFO and NiO,
JFM = 3.69 × 10−16 ergs and JAFM = −1.47 × 10−15 ergs, re-
spectively [6,9,21,22]. Completely uncompensated interfaces
were considered, and the exchange energy at the FMI/AFMI
interface was calculated based on a harmonic mean
exchange energy as JFM-AFM = 2JFM|JAFM|/(JFM + |JAFM|)
[19,23,24]. Eani signifies the magnetic anisotropy energy,
where Ku is the atomistic uniaxial magnetic anisotropy
energy. For CFO and NiO, Ku(CFO) = 5.91 × 10−17 ergs and
Ku(NiO) = 1.48 × 10−17 ergs, respectively [9,20,21]. Here, ex

is the unit vector along the easy axis x. Eext represents the
Zeeman energy under an external magnetic field with μs

and Hext the atomic spin moment and the external magnetic
field, respectively [20]. Edip corresponds to the magnetic
dipole-dipole interaction with g the electron g factor, μB the
Bohr magneton, a0 the Bohr radius (0.052 917 7 nm), ri j the
distance between lattice sites i and j, and ei j the unit vector
along the direction pointing from site i to j [25,26]. Emel indi-
cates the magnetoelastic energy with B1 = 3.49 × 10−13 ergs
and B2 = −2.13 × 10−13 ergs the first- and second-order
magnetoelastic energies, respectively [9,27]. The normal
components of the strain tensor are denoted by εxx, εyy, εzz,
while εxy, εyz, εzx represent the shear components.

A bulk acoustic wave was applied to the magnon junction,
and the strain can be expressed as εzz = uz2π f /

√
CF

11/ρF ,
where CF

11 and ρF represent the elastic stiffness constant and
mass density of FMI, respectively. For CFO, CF

11 = 2.57 ×
1012 dyn/cm2 and ρ = 5.294 g/cm3. The maximum umax

z is
2.23 × 10−2 nm, which gives rise to the strain εzz of 2 × 10−4.

Equation (1) was numerically solved using the fourth-order
Runge-Kutta method with a 0.1 ps time step. Considering
that the initial magnetic moment is oriented along the x axis,
we introduced an external magnetic field Hz = 1000 Oe and
Hy = 100 Oe so that the magnetic oscillation can be triggered.
Based on the numerical solution of Eq. (1), we further de-
rived the spin current density at different positions. In the
FMI layer, the spin current density was calculated based on
the definition of an exchange spin current, Jz

m = Aexm × ∂m
∂z ,

where Aex is the exchange constant and m(z) = 1
N

∑
〈i∈z〉 Si

(the magnetization of monolayer along the z direction, and
N is the number of spins per layer) [19,28]. In a collinear
AFMI medium, the spin current density was quantified by
the Néel vector n = (mA − mB)/2 as Jz

m = γ An × ∂n
∂z , where
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mA(B) corresponds to sublattice magnetizations [29–33]. Here,
γ and A are the gyromagnetic ratio of an electron and the
inhomogeneous exchange constant, respectively [34]. On the
other hand, at the interface between FMI2 and the heavy
metal (Pt) layer, a magnon current can penetrate into the Pt
layer due to spin pumping [35,36]. The spin current density
at the FMI2/Pt interface was formulated as in Eq. (8), which
can be simplified to Eq. (9) as the imaginary components of
the reflection and transmission of spin-mixing conductance in
insulator-metal contacts are often negligible [9,37,38],

Js = h̄

4π

(
Re[gr

↑↓ − gt
↑↓]m × dm

dt
+ Im[gr

↑↓ − gt
↑↓]

dm
dt

)
,

(8)

Js
∼= h̄

4π
Re[gr

↑↓]m × dm
dt

, (9)

where gr
↑↓ and gt

↑↓ are the complex reflection and transmission
of spin-mixing conductance, respectively.

The spin current flowing into the Pt layer can be further
transformed into a transversal electrical current due to the
inverse spin Hall effect, which can generate a voltage (UISHE)
as shown in Eq. (10) [39,40]. Here, the parameters w, αSH, λ,
d , and σ represent the length, spin Hall angle, spin diffusion
length, thickness, and conductivity of Pt, respectively [37,38],

UISHE = 2e

h̄

wαSHλ

dσ
tanh

(
d

2λ

)
J̄s, (10)

where J̄s is the average direct current (dc) component of the
spin current density. Based on the difference of UISHE be-
tween the parallel and antiparallel alignments of the magnetic
moments in the two FMI layers, the magnon junction effi-
ciency can be quantified by using the MBR defined as MBR =
(U↑↑ − U↑↓)/U↑↑. Here, U↑↑ (U↑↓) signifies the UISHE for the
parallel (antiparallel) state [6]. The MBR serves as a quantita-
tive index of the magnon junction efficiency.

The UISHE was calculated based on the following param-
eters: The spin Hall angle and conductivity of Pt is 0.056,
and 9.35 × 106 S/m, respectively. The real part of the spin-
mixing conductance at the CFO/Pt interface is Re[gr

↑↓] =
0.62 × 1019 m−2 [9]. The length and thickness of the Pt layer
is 1000 µm and 10 nm, respectively.

III. RESULTS AND DISCUSSION

Our study considers the magnon current in a
CFO/NiO/CFO junction, driven by a bulk acoustic wave.
In a ferrimagnetic material such as CFO, the magnetic
moments of the two sublattice align in opposite directions
but with unequal magnitudes, leading to a nonzero net
magnetic moment. The dynamics of magnon currents at
ultrahigh frequencies (hundreds of GHz or higher) include
the exchange coupling between the two sublattices [41].
Nevertheless, at low frequencies, such as the 10 GHz utilized
in our study, the ferrimagnetic spin dynamics are analogous
to those of a ferromagnetic counterpart [41,42]. Therefore,
we treat CFO as a ferromagnetic medium composed by the
net magnetic moment.

We considered the AFMI spacer with two structural types
(types A and C in Fig. 2), corresponding to the alignment

FIG. 2. (a) Structure of the magnon junction with the AFMI of
(a) type A and (b) type C. (c) and (d) exhibit the z component of spin
current density in a magnon junction for the parallel and antiparallel
states with the AFMI spacers of type A and type C, respectively.
Here, the spin current density was normalized by dividing the factor

h̄
4π

Re[gr
↑↓].

of magnetic moments along the [111] and [001] directions
of NiO, respectively [34,43]. The magnetic structures of the
magnetic junction composed by these two types of AFMI
systems are presented in Figs. 2(a) and 2(b), including the
parallel and antiparallel alignments of magnetic moments in
the two FMI layers. (For simplicity, we only exhibited two
magnetic-moment layers along the z-axis direction in each
medium.) The bottom layer represents FMI1, with a fixed
magnetic-moment orientation along the x-axis direction. The
top two layers represent FMI2, and the magnetic moments in
FMI2 can be parallel or antiparallel to that in FMI1.

Figures 2(c) and 2(d) depict the temporal spin current
densities at the FMI2/Pt interface for parallel and antiparallel
states with the two types of AFMI spacers. We observed
a substantial reduction in the amplitude of the spin current
density for the antiparallel state in both AFMI structures.
Furthermore, a clear nonzero average spin current density was
noticeable for the parallel state, whereas the antiparallel state
displayed a negligible average net spin current density. Based
on Eqs. (8)–(10), the UISHE at the parallel state for type A and
C were 5.2 and 5.5 µV, respectively, while it is virtually 0
µV at the antiparallel state for both types. This corresponds
to a 100% MBR, which signifies the effective regulation of
magnon current transmission in the magnon junction by al-
ternating the orientation of the magnetic moments in FMI2
layers.

The magnon junction effect was thought to be relevant
to the chirality-relevant magnon scattering at the FMI/AFMI
interface. This principle assumes two paths for the magnon
propagation with opposite chiralities in the AFMI spacer,
which appears to be inspired by the parallel circuit model for
explaining the giant magnetoresistance (GMR) effect. When
the magnetic moments in the two FMI layers are parallel, the
magnon current transporting in one of the two paths conserves
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FIG. 3. (a) x component of AFMI magnetic moment in equilib-
rium for the parallel (left) and antiparallel (right) states. Normalized
spin current density at different positions in the AFMI spacer for the
(b) parallel and (c) antiparallel state. y-component magnetic moment
at different positions in the AFMI spacer for the (d) parallel and (e)
antiparallel states.

chirality and experiences weaker scattering. Nevertheless,
when the magnetic moments in the two FMI layers are an-
tiparallel, strong magnon scattering occurs in both paths due
to the sharp variation for the chirality of magnetic oscillation
at either the left or right FMI/AFMI interface [6]. This may
be reasonable for the magnon junction effect in the magnon
junction with a type-C AFMI structure, since the two paths for
the magnon current with opposite chiralities are separated [see
Fig. 1(d) in Ref. [6] and Fig. 4(a)]. However, this principle
may not be quite easy to explain in the junction with type-A
AFMI, as the magnetic oscillations with opposite chiralities
are mixed in either path along the thickness direction of the
AFMI spacer [see Fig. 2(g) in Ref. [6] and Fig. 3(a)]. To
satisfy the transmission of magnon current along the path with
a fixed chirality, one has to assume the reorientation for the
flow of magnon current as indicated in Fig. 2(h) of Ref. [6].
However, this complicated magnon current flow within the
AFMI spacer is challenging to verify in experiment.

In this paper, we proposed a different mechanism for ex-
plaining the magnon junction effect by taking into account
different magnetic structures in the AFMI spacer between
the parallel and antiparallel states. We first considered the
magnon current transmission along the z-axis direction in the
magnon junction with type-A AFMI. We noticed that when
the magnon junction is in a parallel state, the spin current
inside AFMI decays smoothly as compared to that in an an-
tiparallel state [Figs. 3(b) and 3(c)]. In the antiparallel state,
however, the spin current significantly decays in the left half
of the AFMI layer [Fig. 3(c)].

We further examined the my in equilibrium within the
AFMI medium at different positions from left to right (mz

is not shown here since it does not contribute to Jz
s ). In the

parallel state, the variation of my in the AFMI spacer is limited
in a small range without the variation of sign [Fig. 3(d)]. In
contrast, in the antiparallel state, a domain-wall-like struc-
ture forms within the AFMI spacer, and the my diminishes
as it approaches the center of the AFMI spacer [Fig. 3(e)].
This indicates that the magnetic moment in the middle of the
AFMI spacer aligns strictly along the easy-axis direction (x
direction). In general, a small initial deviation for the align-
ment of magnetic moments from the easy axis is necessary
for triggering magnetic oscillation. Otherwise, the magnetic
oscillation is inhibited by the strong anisotropy field. This
deviation can be realized by applying an external magnetic
field along the hard axis (the y and z axis) or by thermal
fluctuation. In this work, under the hard-axis magnetic field,
all the AFMI magnetic moments deviate from the easy axis for
the parallel state, but the magnetic moment in the middle of
the AFMI spacer is still along the easy axis for the antiparallel
state. Therefore, the magnetic oscillation in the middle of
the AFMI spacer is depressed for the antiparallel state. This
blocks magnon current transmission.

Similar results were also observed in the magnon junction
with a C-type AFMI spacer, as illustrated in Figs. 4(a)–4(e).
Distinct from the alternative arrangement of positive and neg-
ative mx in the A-type counterpart, in the C-type AFMI form,
the positive and negative mx comprise two separated paths
for magnon transport with opposite chiralities. To reveal the
contribution of magnon current with opposite chiralities to the
magnon junction effect, we analyzed the oscillation of a pair
of magnetic moments at the first unit cell in the AFMI at the
parallel state [Figs. 4(f) and 4(g)]. Here, mL and mR indicate
the magnetic precession with the left-handed modes (LHMs)
and right-handed modes (RHMs). As observed in Fig. 4(g),
the amplitude for the oscillation of mR is a little larger than
that of mL in Fig. 4(f).

We also calculated the magnon spin current densities at
the grid points m1(L), m2(R), m3(L), and m4(R) as designated in
Figs. 4(h) and 4(i). In the parallel state, the average densities
for the spin current in m1(L) and m2(R) are 0.239 × 104 and
0.245 × 104 m−1 (exchange spin current of FMI, normalized
by Aex), respectively. In the antiparallel state, the magnon cur-
rents transmitted to m3(L) is slightly weaker than that in m4(R)

(5.7 m−1 for m3(L) and (5.8 m−1 for m4(R)) (normalized by
Aex). Indeed, the spin current density for the magnon current
with opposite chiralities is different. However, this difference
is negligible as compared to that for the magnon current
between the parallel and antiparallel states. This verifies that
the chirality-relevant magnon scattering is not be the main
reason for the magnon junction effect, and the blocking of
the magnon spin current mainly happens in the middle of the
AFMI spacer rather than at the FMI/AFMI interface.

Finally, to verify that the important role the AFMI mag-
netic structure plays in controlling the magnon current
transmission is suitable for a general situation, we added
the simulation under different boundary conditions (BCs) for
the exchange coupling at the FM/AFM interface [Figs. 5(a)
and 5(b)]. These BCs include the compensated BC and the
uncompensated BCs for the FM and AFM exchange coupling
at the AFMI/FMI interface [19,24,44–48]. We also consid-
ered the magnetic structure in the AMFI spacer and the z
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FIG. 4. (a) x component of an AFMI magnetic moment in paral-
lel and antiparallel states. (b) and (c) Magnon spin current density in
the AFMI layer at different positions for the parallel and antiparallel
states, respectively. (d) and (e) y-component magnetic moment in
the AFMI spacer at different positions for the parallel and antipar-
allel states, respectively. (f) and (g) Magnetic precession of the first
unit cell from the left in AFMI in the parallel state. (h) and (i)
z-component spin current density of the first unit cell from the left
in FMI2 in the parallel and antiparallel states, respectively.

component of spin current density under different magnetic
fields along the hard axis [Figs. 5(c) and 5(d)]. One can see a
similar alignment of AFMI magnetic moments for the parallel
and antiparallel states under all the BCs, and the magnon
transmission is generally inhibited when there are AFMI mag-
netic moments aligning strictly along the easy axis. Therefore,

FIG. 5. (a) and (b) y component of the magnetic moments in
the AFMI spacer under different AFMI/FMI boundary conditions
for the parallel and antiparallel states, respectively. (c) and (d) y
component of the magnetic moments in the AFMI spacer and z
component of the spin current density at the first unit cell from the
left in FMI2 under different magnetic fields for the FM and AFM
coupling at the AFMI/FMI interface, respectively.

we can safely conclude that the magnetic structure of the
AFMI spacer indeed makes a generally significant impact on
the magnon transmission.

IV. CONCLUSIONS

We have studied the magnon junction effect induced by a
bulk acoustic wave. Our numerical results reveal significant
control over the magnon current density in a magnon junc-
tion triggered by a bulk acoustic wave. The manipulation of
the magnetic moments within ferromagnetic insulator layers
allows us to completely block transmission in antiparallel
alignments. The critical mechanism for the blocking effect
lies in the strict alignment of magnetic moments along the
easy axis in the midsection of the antiferromagnetic spacer.
Our study provides insights into the magnon junction effect
and advances the development of on-chip magnonics devices.
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