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Magnon Blocking Effect in an Antiferromagnet-Spaced Magnon Junction
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We study magnon transmission in the sandwich structure of ferromagnetic insulators (FMIs), antifer-
romagnetic insulators (AFMI), and ferromagnetic insulators (FMI) by atomistic spin-model simulations.
Magnon junction effects (MJEs), which have been reported in magnon junction (MJ) experiments, can
be reproduced in this work, demonstrating the importance of spin-dependent magnon blocking effects
(MBEs) in a MJ structure. Moreover, AFMI spacers with various structures are investigated. We show
that the MJE is sensitive to the characteristics of the AFMI spacer such as orientation of Néel vector,
types of AFMI spin configuration, and intrinsic exchange interaction. It is found that these phenomena are
rooted in the magnon selection rules between two FMIs of different magnonic polarization. Based on the
mechanism studied above, we further propose an in-plane MJE and give a feasible experimental predic-
tion using nonlocal magnon-mediated current-drag measurement. Our work provides insight into magnon
transmission in MJ and serves as a promising tool for future magnon circuits.
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I. INTRODUCTION

Spin wave (or magnon when quantized)—the collective
excitation in a magnetically ordered system—is a promis-
ing candidate for information carriers [1–3]. It can deliver
angular moment over a long distance of several tens
of micrometer to even millimeters [4–6]. Owing to the
absence of Joule dissipation, it can principally trans-
fer angular moment with high-energy efficiency [3]. On
the other hand, various magnon injection and detection
techniques have been demonstrated [7–15]. For instance,
microantenna can generate and detect coherent magnon
with fixed frequency and phase based on electromagnetic
effects [7,8], while heavy metals are widely used to inject
thermal incoherent magnons by spin Hall effect and detect
them by inverse spin Hall effect [9–15]. Besides, propa-
gating magnons can be controlled via versatile manners
such as magnetic field [13,14,16,17], current-induced spin
transfer or spin-orbit torques [18–22], and even voltage-
controlled magnetic anisotropy [23]. The wide physi-
cal toolbox seems already to offer us an opportunity to
design magnon-based elementary devices on which future
magnon electronics will be built on.
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For example, a magnon valve effect (MVE) and magnon
junction effect (MJE) were recently discovered [13,
14] in the ferromagnetic-insulator–spacer–ferromagnetic-
insulator (FMI-S-FMI) sandwiches in which the spacer
S can be nonmagnetic metals (NMs) [13], antiferromag-
net insulators (AFMIs) [14,24–26], or even domain walls
[17,27]. In the MVE and MJE, output magnon cur-
rent depends on parallel or antiparallel spin configura-
tion of the FMI layers. Some other elementary devices
such as magnon transistors [13,14,28–30] and magnon
spin valves [31], which can regulate output signal by
spin configuration or control magnon transport by cur-
rent have also been creatively proposed and experimen-
tally realized. Here we focus only, from a theory view-
point, on magnon transport properties of the sandwich
FMI-AFMI-FMI structure, which shares similarity with its
spintronic cousin giant magnetoresist (GMR) or tunneling-
magnetoresistance (TMR) based spin valves and mag-
netic tunnel junctions [32–38]. We uncover the physical
mechanism via which the magnon valve (MV), especially
magnon junction (MJ) structure, can regulate magnon
transport by parallel (P) and antiparallel (AP) states.

In order to keep the system simple and physics clean,
we restrict ourselves to the following three aspects. (1) A
FMI-AFMI-FMI MJ structure such as the YIG/NiO/YIG
system [14,26] was treated here. In this all-insulating
system, angular momentum can only be delivered by
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magnons without contamination from ordinary electron
and spin current. (2) While the two YIG layers func-
tion both as magnon sources via spin Seebeck effect in
the YIG/NiO/YIG experiment as in Refs. [13,14] and
Ref. [26], we can conveniently set only one YIG layer
as a single magnon source in theory. This unisource case
has rarely been tried in theory before [25]. This treat-
ment enables us to focus magnon transmission controlled
by spin configurations only. We did not have to subtract
an additional magnon current from the total magnon cur-
rent due to the second magnon source. (3) We deal with
incoherent thermal magnons instead of coherent magnons.
In all of the MJ and magnon transistor experiments [13–
15,19,21,39], only thermal magnons were utilized. While
coherent magnon regulation by a magnon spin valves
was investigated in Ref. [31], the counterpart effect for
incoherent thermal magnons has rarely been reported
yet [25].

Motivated by the previous experiments and theoreti-
cal deficiency [13–15,24–26,31], we systematically study
the physics in MJ, fulfilling the above three conditions:
thermal magnon transmission controlled by all-insulating
magnetic structures with a unimagnon source. In our
model we find that the MJE is due to magnetization-
restricted magnon polarization [or magnon blocking effect
(MBE) for short]. Besides depending on FMI magnetiza-
tion, magnon transmission in a MJ can also be influenced
by different spin lattices of the AFMI spacer. Moreover, we
propose an in-plane MJ device based on nonlocal magnon-
mediated current-drag measurement. Our work uncovers
the physical details inside MJ and provides a guideline to
choose suitable spacers for robust and large MJE.

II. MODEL AND METHOD

We focus on a MJ model with a unimagnon source, as
shown in Fig. 1(a). It is noteworthy that compared to a
temperature gradient across the whole MJ, a temperature
step dropped only on the top FMI layer is applied to gen-
erate magnon current [40,41]. The temperature step as a
single magnon source is helpful to understand the magnon
transport properties of a MJ because the regions outside
the temperature step function only as magnon conductive
channels instead of magnon sources [40,41]. A free layer
is introduced to construct P and AP states. The collec-
tive excitations of the upward (downward) magnetic order
in simple ferromagnets precess only right- (left-) handed
circularly.

In particular, an AFMI spacer with three types of spin
lattices, as marked by A, B, and C, are studied. They are
defined by their own spin configurations. Antiferromag-
net with the type-A spin configuration has AFM orders
along the z axis and FM orders in the x-y plane. Type B
shows AFM orders in the y-z plane and FM orders along
the x axis. Type C is a typical Néel order, which shows the

(a)

(b) (c)

(d) (e)

FIG. 1. Magnon junction structure and space dependence of
magnon potential. (a) Illustration of the introduced temperature
step (black solid line) and magnon potential (red dash line).
The green vectors are for spin up (�) accommodating right-
handed polarization (�) of spin waves and blue for spin down
(⊗) accommodating left-handed polarization (�) of spin waves.
FMI1 is a fixed layer and FMI2 is a free layer. Three types
of AFMI marked as A, B, and C are considered, respectively.
The red and black bars show antiferromagnetic coupling and
ferromagnetic coupling between spins. AFMI can excite both
right-handed and left-handed spin waves. (b) Magnon potential
(δ|Mz|) as a function of layer (x) of P state (black solid line),
AP state (red short dot), and FMI1-AFMI system (green line) at
Jc = 0.3 J, TL = 0.5 J, and TR = 0. (c) Separated channel depen-
dent (δ|Mz|) from (b): ↑ | ↑ | ↑ (black dot), ↑ | ↓ | ↑ (green line),
↑ | ↑ | ↓ (red dot), and ↑ | ↓ | ↓ (blue line). (d),(e) Schematics of
spin-dependent magnon blocking of P and AP state, respectively.

AFM order along the x, y, and z axes. Their configurations
are constructed due to the special nearest exchange inter-
action. The types of the exchange interaction are marked
by different color bar. Take type A as an example, it is a
stable AFM order due to AFM coupling (red bar) along
the z axis and FM coupling (black bar) within the x-y
plane. Other AFM orders can be obtained by a similar set-
ting of exchange coupling. The influences of other types
of collinear AFM configurations are similar, so we discuss
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only the three types of spacer. Qualitatively, the magnon
mode of the three types of AFM configurations are similar,
as shown in the sketch map of the ω-k function, suggesting
that they can excite both right-handed and left-handed spin
waves. Other types of AFMI spacer with nonlinear spin
lattices would lead to extra and complex effects and need
further investigation in future works.

We adopt the atomistic Hamiltonian based on a sim-
ple cubic Heisenberg model with localized normalized
magnetic moment S = µs/μs, leading to

H = −JFMI

∑
〈i,j 〉

Si · Sj − JAFMI

∑
〈m,n〉

Sm · Sn

− JFMI-AFMI

∑
〈i,m〉

Si · Sm − dz

[∑
i

(Sz
i )

2 +
∑

m

(Sz
m)2

]
.

(1)

Here JFMI = J = 1 (|JAFMI| = 1) is the normalized
nearest-neighboring Heisenberg interaction in (anti)ferro-
magnetic layers and JFMI-AFMI is the interfacial coupling
energy between the FMI and the AFMI layers. It is note-
worthy that tuning JFMI or JAFMI within a reasonable range
does not influence the main results, demonstrating the uni-
versality of our model. The fourth term on the right-hand
side is the uniaxial anisotropy energy with dz = 0.01 J.
Dynamics of the considered spin model are simulated
based on solving the following stochastic Landau-Lifshitz-
Gilbert equation (2) [42]:

∂Si

∂t
= γ

μs(1 + α2)
Si × [Bi − α(Si × Bi)], (2)

where γ is the gyromagnetic ratio layer and α is the phe-
nomenological damping constant. The effective field Bi is
given by Bi = −∂H/∂Si + ξi(t) where ξi(t) is the so-called
white-noise field induced by thermal fluctuation [43]. The
simulations are based on the numerical integration of the
stochastic Landau-Lifshitz-Gilbert equation using Heun’s
method with a time step �t = 2 × 10−4 |μs/γ J |. Simu-
lation time in this work is nondimensionalized by unit of
|μs/γ J | and its real value is decided by the parameters
of materials. For example, for a typical value J = 4.3 ×
10−21 J and μs = 2.65 × 10−22 A/m2 of YIG, the time step
�t is 0.07 fs. Such an approach and accuracy of simulation
time step is well accepted and has been used extensively
as a standard scenario for both ferromagnetic and antifer-
romagnetic systems [42]. To investigate magnon diffusion
and transmission through the whole MJ, small damping
constant α = 0.001 as reported in the experiments [5] is
used [40,41]. We consider an across section of 12 × 12
spins with periodic boundary condition, large enough to
minimize finite-size effects [40,41]. The thickness of differ-
ent layers are set as LFMI1 = 108, LAFMI = 48, and LFMI2 =
108 in the x direction. Other thickness combinations lead

to no fundamental differences. The above-mentioned tem-
perature step in the middle of FMI1 (x = 54), as a single
magnon source, divides the system into two parts: the hot
region as a magnon source at the temperature TL and the
cold region as a magnon channel at TR. Reasonably, an
incoherent magnon source induced by spin Hall effect as
adopted in the magnon-mediated current-drag experiments
[9–12,15] is equivalent to the one used in this model.
Space-dependent magnon potential δ|Mz(x)| defined as
the difference between the absolute local magnetization
|Mz(x)| and its equilibrium value Mz[TR] relating to TR is
used to evaluate magnon accumulation and transmission as
shown in Eq. (3) [40,41]

δ|Mz(x)| = |Mz(x)| − |Mz[TR]|, (3)

where |Mz(x)| = 〈∑i∈x |Si
z|〉 and 〈. . .〉 denotes the thermal

average. Total simulation time is 14 000 |μs/γ J |, there-
into 4000 |μs/γ J | are used to reach the equilibrium state
and another 10 000 |μs/γ J | steps are retained for statisti-
cal averaging. For the material YIG, the total time is about
4.9 ns. To evaluate the magnon accumulation in FMI2
induced by the transmitted magnon from FMI1 to FMI2, we
calculate average magnon potential in the bulk region of
FMI2 layer δ|Mz|FMI2 = ∑

x∈FMI2 δ|Mz(x)| where LFMI1 +
LAFMI + 10 < x < LFMI1 + LAFMI + LFMI2 − 10. The other
definition of δ|Mz|FMI2 does not significantly influence the
conclusion of this paper, though there exists minor quan-
titative differences. Generally, the switching on:off ratio of
transmitted magnon from FMI1 to FMI2 between P and AP
state in MJ, called magnon blocking ratio (MBR), can be
defined as

MBR = (δ|Mz|FMI2,P − δ|Mz|FMI2,AP)/δ|Mz|FMI2,P, (4)

where δ|Mz|FMI2,P (δ|Mz|FMI2,AP) is calculated δ|Mz|FMI2 in
P (AP) state.

III. RESULTS AND DISCUSSIONS

Type-A AFMI spacer is considered first and space-
dependent magnon potential δ|Mz(x)| is shown in
Fig. 1(b). Evidently, sharp δ|Mz| steps between the FMI
and AFMI interfaces are observed, indicating strong inter-
facial magnon-scattering effects due to small interfacial
coupling strength Jc = 0.3 J. In fact, Jc could strongly
influence magnon transmission through the interfaces,
which is investigated in detail later. Furthermore, a huge
difference of δ|Mz|FMI2 in FMI2 between P (δ|Mz|FMI2,P ≈
4 × 10−4) and AP (δ|Mz|FMI2,AP < 1.0 × 10−8) state is
obtained and MBR ≈100%, showing the MJE [13,14].

For comparison, we also simulate an FMI1-AFMI-
vacuum system without the FMI2 free layer in the
same condition. Coincidently, δ|Mz(x)| distribution in the
FMI1-AFMI-vacuum system is nearly the same as the
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AP state of the FMI1-AFMI|FMI2 MJ, indicating that the
AFMI-FMI2 interface in the AP state is as effective as an
AFMI-vacuum interface in blocking magnon current.

Then we separate the P (AP) state of a MJ into two chan-
nels ↑ | ↑ | ↑ and ↑ | ↓ | ↑ (↑ | ↑ | ↓ and ↑ | ↓ | ↓) for
type-A spacer [Fig. 1(c)]. Remarkably, the ↑ | ↑ | ↑ chan-
nel in the P state shows relatively high transmission, which
accounts for the high magnon conductance in the P state.
In contrast, both ↑ | ↑ | ↓ and ↑ | ↓ | ↓ channels in the AP
state have a ↑ | ↓ interface, which leads to a MBE and low
magnon conductance as introduced below.

This magnetization-dependent MBE can be further
interpreted by magnon selection rules inside FMI and
AFMI materials [Figs. 1(d) and 1(e)]. In general, spin-up
(spin-down) lattices can only accommodate right- (left-)
circularly polarized magnons. While only right-circularly
polarized magnons are favored in FMI with ↑ magnetiza-
tion [31,43,44], both left- and right-circular polarizations
are permitted in AFMI owing to two spin-opposite lattices
[45]. Moreover, linearly polarized magnons composed by
equal partition of left- and right-circular components are
also accommodated in AFMI [45]. This selection rule thus
makes the MBE occur when magnons try to diffuse into a
spin lattice, which does not support their polarization. For
instance, when right-circular magnons excited in spin-up
region are injected into the spin-down region, the selection
rule would result in low magnon transmission across the
interface. We also simulate the same model at TL = 0.5 J
and TR = 0.05 J. Little difference is observed, demon-
strating robustness of this mechanism against thermal
fluctuation.

Next we turn to MJ with other kinds of AFMI spacers.
Little MJE (MBR = 0) is observed in the type-A AFMI
spacer whose spin vector lies in the y direction [Figs. 2(a)
and 2(b)], which is naturally explained by the magnon
selection rule as depicted in Figs. 2(c) and 2(d). In the P
state, the right-circularly polarized magnons generated in
FMI1 can be decomposed into two linearly polarized com-
ponents in x and y directions. Only the x component can
diffuse into AFMI whose spin vector lies in the y direc-
tion. The x-polarized component can be further deemed as
the sum of two circularly polarized magnons. Neverthe-
less, only the right-circular magnons match the FMI2 layer
and can be injected eventually. A similar process occurs
in the AP state, resulting in the same magnon transmission
[Fig. 2(d)].

We also investigate the type-C spacer without next-
neighboring interaction (JNN = 0). Similar to type A, the
type C spacer also makes the MJE clearly observed. How-
ever, the magnon potential in the FMI2 region for the latter
[Fig. 2(e)] is much lower than that in the type-A case
[Fig. 1(b)], especially for the P state, showing stronger
MBE at the interfaces for the type-C spacer.

After a next-neighboring interaction (JNN = 0.1 J) in
AFMI is taken into account, magnon transmission in the

(a)

(c)

(e)

(g)

(i)

(b)

(d)

(f)

(h)

(j)

AFMI

FIG. 2. Magnon transmission of different AFMI-based MJs at
Jc = 0.3 J, TL = 0.5 J, and TR = 0. Simulated total δ|Mx| (a) and
its channel resolution (b) of 9◦ rotated of AFMI-spacer-based MJ.
(c),(d) Process of polarization transition and magnon blocking of
P and AP state, respectively. Magnon transmission in MJ without
next-neighbor interaction in type-C AFMI spacer are given in (e),
(g), and (i) and the similar one with next-neighbor interaction are
given in (f), (h), and (j).

P state as characterized by the δ|Mz| in FMI2 region sig-
nificantly increases. For example, for the case of JNN =
0.1 J, δ|Mz(200)| = 8 × 10−5 is larger than δ|Mz(200)| =
1 × 10−5 for JNN = 0. This phenomenon is also rooted
in the polarization-dependent magnon blocking in atomic
scale as depicted in Figs. 2(g)–2(j). In type-C AFMI
with JNN = 0, injected right-handed magnons have to flow
through both spin-up (�) and spin-down sites (⊗). As
mentioned before, the right-handed magnons can only be
accommodated in the spin-down sublattice, so the spin-
down sites act as magnon blocking sites for the injected
right-handed magnons. Fortunately, after introducing the
next-neighboring interaction, magnons can bypass those
blocking sites, thus enhancing magnon transmission.

044053-4



MAGNON BLOCKING EFFECT... PHYS. REV. APPLIED 14, 044053 (2020)

(a) (b)

FIG. 3. Transmitted magnon (δ|Mz|FMI2) as a function of tem-
perature in the magnon source region (TL) and interfacial cou-
pling between AFMI and FMI layer (Jc) at TR = 0. Average
magnon potential in the bulk region of FMI2 is used to evaluate
the transmitted magnon. The type-A AFMI spacer and Jc = 0.3 J
is considered in (a) and three different types of AFMI spacers are
investigated in (b) at TL = 0.5 J.

In short, the type-A AFMI spacer has the best per-
formance in producing large MJE. Actually, the type-
B AFMI spacer also shows good magnon transmission,
whose mechanism is the same as type A. Similar results
are shown in Fig. 3 later. For future experiments of opti-
mizations of MJs’ structures, promising materials with the
type-A and type-B AFMI spacer to implement our model
are Cr2O3[100] [46] or NiO[11̄0] [47] and type-C can be
Cr2O3[11̄0] or NiO[001] and ferromagnetic insulator elec-
trode could be YIG, NiFe2O4. Though behaving as fluid,
magnons also show some wave features in our model.
Magnons are excited and diffuse from the hot to the cold
end according to the Boltzmann or Navier-Stokes equation
as explored by numbers of previous work [24,48]. These
studies demonstrate the particle nature of magnons very
well. However, when the case comes to magnon injection
and transmission across an interface between two spin-
ordered materials, intrinsic magnon modes bearing polar-
ization information have to be considered. Those intrinsic
modes determine precessional manners of how spin lat-
tices vibrate. Thus magnons also show wave nature when
analyzing their transmission across different mediums.

The magnon transmission in a MJ is also modulated by
the temperature step and the interfacial coupling as illus-
trated in Fig. 3. δ|Mz|FMI2 is used to evaluate the transmit-
ted magnon from FMI1 to FMI2. When TL is tuned larger,
δ|Mz|FMI2 increases as expected because of higher magnon
potential in the hot region and a larger driving force for
magnon current. Similar results in the system of single
ferromagnetic layer have been observed in experiments
and simulations [11,40,41,49]. The interfacial coupling
between FMI and AFMI also plays a role in magnon trans-
mission. δ|Mz|FMI2 increases as is Jc enhanced, demonstrat-
ing the increase in the density of transmitted magnons. It
should be pointed out that we only consider |Jc| < 0.4.
Higher |Jc| than 0.4 causes spin-flop transitions and non-
collinear spin structures due to frustration in the interface,

which is beyond the scope of this paper. We also give the
results of different types of AFMI spacers in Fig. 3(b). It
shows that type A and type B have higher δ|Mz|FMI2 than
type C at the same Jc and TL demonstrating that type A and
type B have better magnon transmission, consistent with
the proposed mechanism of the magnon selection rules. In
addition to the various types of AFMI we discuss, another
type of AFMI spacer (the interlayer antiferromagnetic
order with in-plane ferromagnetic order) is also significant
and MJ with this spacer have been theoretically investi-
gated by previous works (as shown in Figs. S8–10 within
the Supplemental Material [31]). This model also shows
the MJE induced by the magnon selection rules. It is note-
worthy that while Ref. [31] deals with coherent magnons,
we treat thermal magnons without phase coherence. The
magnon selection rules seemly hold for both cases.

By use of the Holstein-Primakoff transform [50] and
the linear spin-wave approximation [51], the calculated
magnon energy gap of types A, B, and C are around 0.3,
0.4, and 0.5 J, respectively. Compared to the energy gap
of the FM layer (0.02 J), their gaps are much larger. Some
previous works show that the injected magnons with fre-
quency below the AFM gap frequencies are in evanescent
modes with a spatial decay, and normal modes excited
above the frequency gap have a longer propagation length
[31,52,53]. As the frequency increases, the decay length
of evanescent modes increases, leading to the magnons
of evanescent modes with high frequency having a large
possibility to propagate through AFM layer. On the other
hand, the thickness of the AFM also influences the trans-
mission of evanescent-mode magnons. If the decay length
is smaller than the thickness of AFM layer, the trans-
mission coefficient of evanescent-mode magnons cannot
be neglected. Thus, for the thick enough AFM spacer,
magnons with frequency below but near the gap of the
AFM spacer or with higher frequency than the gap can
be transmitted from FMI1 to FMI2. According to the pio-
neering reports [40], the frequency distribution of thermal
magnons shows that as frequency increases the propor-
tion of amplitude contribution decreases, so the frequen-
cies which are around the gap frequency of AFM spacer
contribute dominantly to the transmitted signal.

Based on our MJ model, we further simulate MJE under
the following condition of strong interlayer coupling (Jc =
1 J), thin thickness of AFMI layer (LAFMI = 1–6) and tem-
perature gradient (7.8 × 10−4 J/a) across the whole MJ as
experimentally demonstrated in Ref. [14]. We find experi-
mental results of MJE (or MVE) can be semiquantitatively
reproduced (not shown here) [14] due to the MBE induced
by the magnon selection rules.

Besides of the longitudinal MJE, here, we propose
and investigate another in-plane MJE based on the above
picture. The schematics of a nonlocal transport device
is presented in Fig. 4(a). In practice, magnon injec-
tion into the top layer can be realized by spin Hall
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ISHE

ISHE

AFMI

ISHE

(a)

(b)

(c)

(d)

FIG. 4. In-plane magnon junction effect in nonlocal spin-
transport device. (a) Schematics of the nonlocal spin-transport
geometry. Two heavy metallic leads are used for spin injection
and detection on the FMI1-AFMI-FMI2 MJ structure. Spatial
dependence of simulated magnon potential of the P and AP state
are given in (b),(c). Localized spin injection is induced by tem-
perature step, where temperature in arc and out of arc regions
are 0.5 and 0 J, respectively. (d) Difference of magnon potential
between AP and P state. Due to MBE in AP state, magnon poten-
tial in the top FMI layer of the P state is larger. Thus, the detected
spin signal by inverse spin Hall effect of P states VISHE (P) should
be smaller than VISHE (AP).

[9–12,15,48] or spin Seebeck effect [10,13,14]. The other
metallic stripe works as a spin detector based on inverse
spin Hall effect [10,11,13,14,16,48,54]. In simulation,
we set a temperature step around the injector and spin-
sink boundary is considered in the right and left end.
The spatial distribution of magnon potential at the P or
AP state is shown in Figs. 4(b) and 4(c). Due to the
MBE, δ|Mz| in the bottom FMI layer is different for
the two states. The detected signal actually depends on
the magnon current in the top layer. In order to clearly
show the influence of the P and AP states on magnon
transport, we calculate the difference in magnon potential
between the two states δ|Mz|AP(x, z) − δ|Mz|P(x, z) and
find δ|Mz|AP(x, z) − δ|Mz|P(x, z) > 0 with z < 40, show-
ing that in any position of the top FMI layer magnon
potential in the AP state is always higher than in the P state.
It demonstrates that the majority of magnon current is con-
strained within the top FMI layer for the AP state, so the
detected spin signal in this case is larger.

IV. CONCLUSIONS

In summary, we investigate the magnon transmission in
AFMI-based MJ by atomic spin dynamics simulations. We

reproduce the MJE and reveal that it stemmed from spin-
dependent MBE. Furthermore, the magnon transmission
in a MJ can be remarkably changed by the AFMI spac-
ers with various configurations. Based on these properties
and mechanisms, we propose an in-plane MJ in which the
spin signal is higher for the AP state than the P state.
Our works can provide significant and meaningful infor-
mation for both the fundamental physics and the appealing
application of MJ devices.
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