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Recently, there has been significant interest in magnon-magnon hybrid systems in the field of spintronics due
to their potential for quantum engineering. Achieving strong coupling, and even ultrastrong coupling (USC),
is crucial for enhancing the efficiency of quantum information processing. While the strong coupling has
been widely observed in magnon-magnon hybrid systems, the USC has been rarely reported. Therefore, the
current focus of research is to explore more possible mechanisms for realizing magnon-magnon USC. Here,
we highlight that the interlayer Dzyaloshinskii-Moriya interaction (DMI) can break the rotation symmetry
in synthetic antiferromagnets (SAFs) when the DMI vector D is nonorthogonal to the external dc magnetic
field. As a result, magnon-magnon coupling can be induced by the interlayer DMI, as confirmed by both
macrospin model and micromagnetic simulations. We suggest that the strength of magnon-magnon coupling
can be tuned to a considerable degree by properly selecting the direction of D and adjusting the material
parameters of SAF, such as the magnetic anisotropy field, the effective interlayer DMI field, and the effective
Ruderman-Kittel-Kasuya-Yosida interaction field. Surprisingly, a sudden increase of coupling strength takes
place when the total magnetic anisotropy field changes the sign. We emphasize that within this region, the
coupling properties exhibit high sensitivity to anisotropy, and even an extremely small interlayer DMI intensity
can induce the USC. The maximum normalized coupling strength in this region can surpass 0.5, which is far
in excess of the commonly used value 0.1 that is considered as a requirement for establishing USC. These
results place SAFs with interlayer DMI in focus for the future study of magnon-magnon USC, which can be of
considerable interest for the experimental research.
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I. INTRODUCTION

Synthetic antiferromagnets (SAFs), which consist of two
magnetic subsystems linked by the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction [1], have been extensively in-
vestigated over the past few decades [2–15]. Due to the
antiferromagnetic nature of the RKKY interaction in SAFs,
these systems exhibit higher resonance frequencies com-
pared to traditional ferromagnets, making them attractive
for magnetic random-access memories [16]. When the in-
version symmetry is broken, a higher-order interaction, the
Dzyaloshinskii-Moriya interaction (DMI), appears [17–22].
While the RKKY interaction favors linear alignment of mag-
netic moments, the DMI is a chiral interaction that promotes
orthogonal alignment of the adjacent magnetic moments. The
interfacial DMI, mediated by nonmagnetic atoms with strong
spin-orbit coupling, has recently been found to induce various
intriguing chiral phenomena, such as magnetic skyrmions and
chiral magnetic domain walls [23–26]. Recently, both theo-
retical and experimental studies have revealed the existence
of an additional DMI in SAF systems, which links the two
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magnetic subsystems through an intermediate nonmagnetic
layer [27–33]. This particular DMI is referred to as interlayer
DMI and has been observed in SAFs with different structures
and materials. It has been demonstrated that the interlayer
DMI can break the lateral mirror symmetry, enabling field-
free spin-orbit torque switching in perpendicular magnetic
anisotropy (PMA) SAF [33]. However, the dynamic response
of SAFs with interlayer DMI, an important parameter for
applications, remains unexplored, highlighting the need for a
systematic investigation.

On the other hand, recent studies on dynamic responses of
magnon-magnon hybrid systems have revealed the coupling
between two different magnon modes [34–45]. In comparison
to the extensively studied magnon-photon coupling [46–49],
magnon-magnon coupling typically exhibits a stronger cou-
pling strength g/2π , owing to the substantial overlap in
the spatial distributions of the two modes. Consequently,
magnon-magnon hybrid systems have great potential in quan-
tum engineering [50]. In order to enhance the efficiency of
quantum information processing, enhancing the value of g/2π

is a key objective in research. Generally, g/2π can be cat-
egorized into several regimes. When g/2π is smaller than
the loss κ/2π (the half-width at half-maximum linewidth of
resonance peak), the system is in the weak coupling regime,
wherein the system energy is dissipated before the energy
transfer between the two modes is complete. On the other
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hand, once g/2π exceeds κ/2π , the system enters the strong
coupling regime, whereby the aforementioned energy transfer
can be accomplished. When g/2π becomes comparable to the
center frequency of the system ω0/2π , i.e., g > 0.1ω0, the
ultrastrong coupling (USC) regime is achieved. In this regime,
the rotating-wave approximation is no longer applicable, re-
sulting in many novel phenomena, such as nontrivial ground
state, virtual excitations, and higher-order processes. Some
of these phenomena are still awaiting exploration [51,52].
Therefore, achieving the USC regime is currently a promi-
nent research focus. While strong magnon-magnon coupling
has been achieved in various structures, the USC is rarely
reported and is primarily observed in bulk materials [42,43].
Hence, investigating the feasibility of on-chip USC is of
significant importance. Considering that SAFs are highly
tunable and compatible with the complementary metal-oxide-
semiconductor platform, we note that SAFs are such ideal
systems. Another key objective in coupling research is to
explore the underlying mechanisms. MacNeill et al. [36] have
demonstrated that a rotation-symmetry breaking is required
to induce coupling, as the exchange interaction alone can-
not break the symmetry. In order to break the symmetry in
SAFs, several strategies have been employed, including the
application of an oblique dc magnetic field out of the sample
plane [39], the introduction of a dynamic dipolar interaction
[38], and the introduction of magnetic moments asymmetry
between the two ferromagnetic layers (FMs) [41,45]. In light
of the chiral nature of the interlayer DMI, we point out that
this recently discovered interaction can also be utilized to
break the symmetry. Although very recently the DMI-induced
magnon-magnon coupling has been observed in hybrid per-
ovskite antiferromagnets [53], the high tunability of SAFs
suggests the potential for achieving stronger coupling and
even entering the USC regime in SAF systems by utilizing
the interlayer DMI. Therefore, a systematic investigation is
necessary to explore this possibility.

Here, we investigate the dynamic response of SAFs with
interlayer DMI through theoretical analysis and micromag-
netic simulations, and reveal the presence of strong and
ultrastrong magnon-magnon coupling in this system. By con-
ducting symmetry analysis, we demonstrate that the interlayer
DMI breaks (protects) the rotation symmetry in both PMA
SAF and in-plane magnetic anisotropy (IP) SAF when the
interlayer DMI vector D is nonorthogonal (orthogonal) to the
external dc magnetic field, resulting in the emergence (van-
ishing) of the magnon-magnon coupling. g/2π is extracted
accurately by using the generalized Hopfield model. We high-
light that g/2π can be tuned from the weak coupling regime
to the strong coupling and even ultrastrong coupling regimes
by manipulating the orientation of D, the magnetic anisotropy
field, the interlayer DMI intensity, and the RKKY interaction
intensity. Interestingly, we observe a significant enhancement
in the coupling strength when the total magnetic anisotropy
field approaches zero, i.e., interface anisotropy and magnetic
crystal anisotropy almost compensating for shape anisotropy.
In this case, the normalized coupling strength g/ω0 can reach
about 0.5, even with a relatively small interlayer DMI. Such
a large g/ω0 indicates that the system is deep into the USC
regime. Additionally, we discover that the coupling proper-
ties exhibit remarkable sensitivity to the magnetic anisotropy

field, as even a minor change in the magnetic anisotropy field
(∼100 Oe) can lead to a substantial variation in g/ω0 (∼0.4).
Our findings uncover fascinating magnon-magnon coupling
properties in SAFs with interlayer DMI and present a pathway
towards USC in magnon-magnon hybrid systems, which has
considerable implications for the experimental research.

II. SYMMETRY DESCRIPTION OF SAFS
WITH INTERLAYER DMI

The structure of a SAF with interlayer DMI is depicted
in Fig. 1(a). It consists of a nonmagnetic layer (NM) sand-
wiched between two ferromagnetic layers (FM1 and FM2).
Two types of interactions are considered in the system: the
collinear RKKY interaction represented by the orange arrows,
and the chiral interlayer DMI represented by the violet arrows.
When a small radio-frequency magnetic field is applied, the
magnetic moment unit vectors m1 and m2 start to undergo
precession around their stationary positions meq

1 and meq
2 ,

respectively. By satisfying specific frequency conditions, the
precession angles can be significantly amplified, leading to
resonance. To modulate the dynamic response of the system,
an external dc magnetic field H is applied in the SAF plane.
For convenience, a global Cartesian coordinate system is in-
troduced, where ex = H/H , ez = n, and ey = ez × ex. Here, n
represents the unit vector perpendicular to the SAF plane, and
H denotes the magnitude of the external dc magnetic field.
The violet solid arrow indicates the interlayer DMI vector D,
which lies in the x-y plane at an angle of ψ with respect to the
x axis.

In this section, we will explore the impact of interlayer
DMI on the symmetry of SAFs. A macrospin model is es-
tablished. The total energy per unit area of such a SAF can be
expressed as

E = EZeeman+EAni + ERKKY + EDMI, (1)

with

EZeeman = −μ0d1MS1m1 · H − μ0d2MS2m2 · H

EAni = − 1
2μ0Hk1MS1d1(m1 · ez)2 − 1

2μ0Hk2MS2d2(m2 · ez)2

ERKKY = −J (m1 · m2)

EDMI = −D · (m1 × m2).

The EZeeman term corresponds to the Zeeman energy.
The EAni term corresponds to the anisotropy energy, where
we specifically consider the z-axis magnetic anisotropy in
each FM while neglecting the in-plane uniaxial magnetic
anisotropy. The ERKKY term corresponds to the RKKY in-
teraction energy. And, the EDMI term corresponds to the
interlayer DMI energy. Here, μ0 represents the permeability
of vacuum. di, MSi, and Hki (i = 1, 2) are the thickness,
saturation magnetization, and total magnetic anisotropy field
of each FM, respectively. Hki > 0 indicates perpendicular
magnetic anisotropy, while Hki < 0 indicates easy-plane mag-
netic anisotropy. J is the RKKY exchange constant, which is
negative due to antiferromagnetic coupling. D = DeD is the
interlayer DMI vector as mentioned above. Here, D denotes
the magnitude of interlayer DMI, and eD is a unit vector
that indicates the direction of interlayer DMI. The stationary
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FIG. 1. (a) Schematic diagram of resonance in a SAF structure with interlayer DMI. Two ferromagnetic layers are separated with a
nonmagnetic spacer. The external magnetic field H is applied along the x axis. In each FM, the blue dashed line and the circle indicate the
stationary direction and precession trajectory of the magnetic moment, respectively. Orange and violet arrows (dashed) represent the colinear
RKKY interaction and chiral interlayer DMI, respectively. The interlayer DMI vector D, represented by the violet arrow, lies in the x-y plane
with an angle of ψ to the x axis. (b) The coordinate systems used in our SAF system. Two coordinate systems are used in this study: the
global coordinate system x-y-z and the local coordinate system x1-y1-z1. (c), (d) The equilibrium polar angles and azimuth angles of m1 and
m2 in a typical IP SAF (c) and a typical PMA SAF (d) when ψ equals 0◦ and 90◦, respectively. The parameters for the IP SAF are Hk = −8
kOe, Hex = −0.5 kOe, and HD = 0.25 kOe. The parameters for the PMA SAF are Hk = 3 kOe, Hex = −0.5 kOe, and HD = 0.25 kOe. The
diagrams of the m-O-r plane illustrate the mechanisms by which symmetry is protected or broken under different conditions. The dark blue
and orange arrows represent the stationary magnetic moments and the r axis, respectively. The light blue arrows inside each box correspond to
the two directional components of the effective interlayer DMI field H(i)

D,eff acting on FMi. One component is perpendicular to the m-O-r plane,
and the other is in the m-O-r plane.

positions and dynamic responses of m1 and m2 are governed
by the Landau-Lifshitz-Gilbert equations:

dm1

dt
= −γ m1 × Heff1 + α1m1 × dm1

dt
dm2

dt
= −γ m2 × Heff2 + α2m2 × dm2

dt
, (2)

where the gyromagnetic ratio γ is set to 2.8 GHz/kOe. α1 and
α2 denote the Gilbert damping constants of FM1 and FM2,
respectively. In our theoretical part, we simplify the model
by neglecting α1 and α2. Heff1 and Heff2 correspond to the
effective magnetic fields in FM1 and FM2, respectively:

Heff1 = H + Hk1(m1 · ez)ez + Hexm2 + HDm2 × eD

Heff2 = H + Hk2(m2 · ez)ez + λHexm1 + λHDeD × m1,

(3)

where Hex = J/(μ0MS1d1) corresponds to the effective
RKKY exchange field acting on FM1. HD = D/(μ0MS1d1)
corresponds to the effective interlayer DMI field acting on
FM1 when m2 is perpendicular to eD. λ = (MS1d1) /(MS2d2)
denotes the ratio of the two magnetic moments.

For an mi excited at a certain frequency ω = 2π f, it can
be divided into two components: an equilibrium component
meq

i and a rapidly oscillating component δmieiωt . We begin
by solving for the equilibrium positions by setting dmi/dt

in Eq. (2) to zero. As depicted in Fig. 1(b), we utilize the
polar angle θi and azimuth angle ϕi to indicate the position
of meq

i . To account for the symmetry, we introduce an r
axis: er||meq

1 + meq
2 , as indicated by the orange arrow. The

r axis and the two meq
i lie in a plane labeled m-O-r. Here, to

minimize the influence of other asymmetrical factors, we set
Hk1 = Hk2 = Hk and λ = 1. The PMA SAF tends to be mag-
netized perpendicular to the plane when H = 0 and Hk > 0.
Conversely, magnetic moments of the IP SAF tend to lie in
plane when H = 0 and Hk < 0. We first consider a traditional
SAF without interlayer DMI, i.e., D = 0. In this case, for an
IP SAF, meq

i is in the x-y plane when H is applied, i.e., θ1 =
θ2 = 90◦. And, ϕi has an analytical solution: ϕ2 = −ϕ1=
arccos(H/ − 2Hex), assuming the total magnetic moment is
unsaturated and ϕ2 is taken as positive. Similarly, for a PMA
SAF, meq

i is in the x-z plane when H is applied, i.e., ϕ1 = ϕ2 =
0◦. And, θ1 = 180◦ − θ2 = arcsin[H/(Hk − 2Hex)], when the
total magnetic moment is unsaturated. Therefore, the r axis
coincides with the x axis in these two cases. We introduce a
rotating operator C2r which performs a 180◦ rotation about
the r axis. Under the combined operation of C2r and sublattice
exchange, the system exhibits symmetry due to the symmetric
Heffi when D = 0. Consequently, no coupling phenomenon is
observed in this case [36]. However, when taking into account
the interlayer DMI, we emphasize that the introduced effec-
tive interlayer DMI fields H(1)

D,eff = HDm2 × eD and H(2)
D,eff =
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HDeD × m1 can break the symmetry of the system. Figure 1(c)
displays θi and ϕi of a typical IP SAF with interlayer DMI,
where two cases are considered: ψ = 0◦ and ψ = 90◦. When
ψ = 0◦, ϕ2 and θ2 are equal to −ϕ1 and θ1, respectively. We
note that in this case, due to the chirality of the interlayer DMI,
H(1)

D,eff and H(2)
D,eff are predominantly perpendicular to the m-

O-r plane with the same direction. Thus, under the combined
operation, the direction of the two perpendicular components
is reversed, resulting in the breaking of the system’s symme-
try, as shown in the bottom panel of Fig. 1(c). In addition to
the perpendicular components, there is a minor component of
H(i)

D,eff that lies in the m-O-r plane. This occurs because θi is no
longer equal to 90◦, resulting in a slight misalignment between
the m-O-r plane and the x-y plane. Analysis shows that these
minor components in two FMs remain unchanged under the
combined operation. On the other hand, when ψ = 90◦, ϕ2

and θ2 are equal to −ϕ1 and 180◦ − θ1, respectively. In this
case, however, the perpendicular components of H(1)

D,eff and

H(2)
D,eff have opposite directions. Thus, under the combined

operation, the directions of the two perpendicular components
remain unchanged. Besides, the minor component of H(i)

D,eff in
the m-O-r plane is similar to the case of ψ = 0◦. Therefore,
symmetry is protected under the combined operation when
ψ = 90◦. The PMA SAF example is shown in Fig. 1(d).
Through a similar analysis, we show that the system’s sym-
metry is also broken (protected) when ψ = 0◦ (ψ = 90◦).
Additionally, when ψ = 90◦, we note that the total magnetic
moment remains unsaturated even at a relatively large H.
This characteristic can give rise to blueshifts in the resonance
frequencies, which will be elucidated later.

The above analysis of symmetry suggests that the magnon-
magnon coupling can be tuned by manipulating ψ . To
demonstrate this, we calculate the dynamic responses of the
SAFs. In order to decouple the two equations in Eq. (2)
when the system is symmetric, two joint precession vec-
tors are defined: δm+ = δm1 + C2rδm2 and δm− = δm1 −
C2rδm2, corresponding to the pure optical and pure acous-
tic modes, respectively. For convenience, a local coordinate
system is introduced: ez1||meq

1 , ex1⊥ez1, and ey1 = ez1 × ex1,
as shown in Fig. 1(b), where ex1 is parallel to the x-y
plane. The r axis is characterized by the polar angle θr and
azimuth angle ϕr in this local coordinate system. Subse-
quently, we project δm+ and δm− onto the local coordinate
system: δm+ = δm+,x1ex1 + δm+,y1ey1, δm− = δm−,x1ex1 +
δm−,y1ey1. Finally, Eq. (2) can be expressed in the following
form:

i
ω

γ

⎡
⎢⎢⎢⎣

δm+,x1

δm+,y1

δm−,x1

δm−,y1

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

A11 A12 A13 A14

A21 A22 A23 A24

A31 A32 A33 A34

A41 A42 A43 A44

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

δm+,x1

δm+,y1

δm−,x1

δm−,y1

⎤
⎥⎥⎥⎦. (4)

Due to the spatial distribution characteristics of meq
i when

D � 0, the matrix elements Anm become quite complex and
they are presented in the Supplemental Material [54]. By
solving the secular equation of Eq. (4), the resonance fre-
quency fres can be obtained. Since the angles θi and ϕi cannot
be solved analytically at arbitrary angles, fres is calculated
numerically. However, if we consider only the first-order ap-

proximation of θi and ϕi, we can solve fres analytically with
relatively high accuracy, which will be mentioned later.

We start by considering the IP SAF case. As depicted in
Fig. 2(a), the resonance spectra of the typical IP SAF are cal-
culated for ψ = 0◦ and 90◦. It can be seen that two branches
appear in each panel. We label the high-frequency branch as
“I” and the low frequency branch as “II.” Previous studies on
SAFs without interlayer DMI have demonstrated that there is
no coupling between the optical and acoustic modes when H is
in plane [36,39], resulting in the absence of gap between the
two branches. However, in Fig. 2(a), when ψ = 0◦, a gap is
clearly visible, indicating the occurrence of magnon-magnon
coupling. The dashed curves represent the pure optical and
acoustic modes, which intersect at H = H0 with a frequency
of ω0/2π . The value ω0/2π is the center frequency, which
corresponds to the basic energy level of the system in the
absence of magnon-magnon coupling. On the contrary, the
gap vanishes when ψ = 90◦, indicating a decoupling of the
optical and acoustic modes. In this case, branch I and branch
II coincide with the acoustic and optical modes. Therefore, we
point out that the coupling characteristics are consistent with
the symmetry analysis illustrated in Fig. 1. While previous
studies approximate the coupling strength g/2π by half of the
minimum of the gap, we emphasize that this approach holds
true only when g/2π is not large. To accurately extract g/2π ,
we quantize our system using a generalized Hopfield model,
wherein the Hamiltonian can be expressed as

Ĥ = h̄ω+
(
â†

+â+ + 1
2

) + h̄ω−
(
â†

−â− + 1
2

)

+ ih̄g1(â+â†
− − â†

+â−) + ih̄g2(â†
+â†

− − â+â−). (5)

Here, ω+ and ω− are the frequencies of the pure optical
and acoustic modes, respectively. g1 and g2 are the corotating
coupling strength and counter-rotating coupling strength, re-
spectively. The expressions for these quantities are provided
in Supplemental Material [54]. â+ (â−) and â†

+ (â†
−) corre-

spond to the annihilation and creation operators of the optical
(acoustic) mode magnon, respectively. h̄ is the reduced Planck
constant. We calculate g1 and g2 at H = H0. The results
demonstrate that, unlike most traditional coupling systems
such as superconducting circuits and semiconductor quantum
wells where g2 is generally equal to g1 [55–57], in our IP SAF
system, g2(H0) is slightly smaller than g1(H0). Since the gap is
primarily induced by the corotating term when g2(H0) is not
sufficiently large, we only consider g1(H0) in the main text.
For simplicity, we refer to g1(H0) as g. The results of g2(H0)
are presented in Supplemental Material [54]. Additionally, in
the above discussion, we only consider two specific ψ’s, 0◦
and 90◦. To further illustrate the tunability of the coupling
strength, we depict g/2π as a function of ψ in Fig. 2(b).
As can be seen, the function exhibits a horizontal “8” shape.
We note that it possesses two axes of symmetry, as shown
by the orange dashed lines. This indicates that for a given
ψ = ψ0, the following four cases are equivalent: ψ = ψ0,
−ψ0, 180◦ − ψ0, and 180◦ + ψ0. The curve represents the
approximate analytical solutions, consistent with the numer-
ical solutions denoted by the circles. We note that in this
typical IP SAF, the maximum value of g/2π is obtained at
ψ = 0◦, which exceeds 0.4 GHz. As ψ increases from 0◦ to
90◦, g/2π decreases monotonically until it reaches zero. To
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FIG. 2. (a)–(c) Magnon-magnon coupling characteristics in the IP SAF structure illustrated in Fig. 1(c). (a) Presents resonance spectra for
ψ = 0◦ and 90◦. The red and blue curves represent the high-frequency branches (I) and the low-frequency branches (II), respectively. The
dashed curves represent the pure optical mode and the acoustic mode. A gap marked with a violet arrow is shown between the frequency
branches when ψ = 0◦. No gap is seen when ψ = 90◦, because the spectral curves coincide with those of pure optical and acoustic modes.
ω0/2π is the center frequency for each case. Insets represent the full-range spectra, where the units of horizontal and vertical coordinates
are the same as in the main plots. (b) and (c) present the coupling strength g/2π and the normalized coupling strength g/ω0 as functions of
ψ , respectively. Numerical results (NR) are visualized with circles, and analytical results (AR) are shown by solid curves where we consider
the first-order approximation of θ1(2) and ϕ1(2). The orange dashed lines represent the axes of symmetry. (d)–(f) Magnon-magnon coupling
characteristics in the PMA SAF structure illustrated in Fig. 1(d). Similarly, (d) presents the resonance spectra for ψ = 0◦ and 90◦. (e) and (f)
show g/2π and g/ω0 as a function of ψ , respectively. Orange arrows mark frequency blueshifts of PMA SAF in the inset of (d).

compare g with the system energy, the normalized coupling
strength is introduced, which is defined as the ratio of coupling
strength to the center frequency g/ω0. Figure 2(c) illustrates
the calculated g/ω0 as a function of ψ . It should be noted that
ω0 is also a function of ψ ; thus, the shape of the g/ω0-ψ curve
is not exactly the same as the g/2π -ψ curve. The maximum
g/ω0 is also obtained at ψ = 0◦, approximately 0.08, which is
close to the lower bound for the USC regime.

Next, we consider the PMA SAF case. As depicted in
Fig. 2(d), the resonance spectra of the typical PMA SAF are
also calculated for ψ = 0◦ and 90◦. Similarly, a gap emerges
when ψ = 0◦, and vanishes when ψ = 90◦. However, in the
PMA SAF case, there are large changes in the center fre-
quency ω0 and the corresponding magnetic field H0 as ψ

increases from 0◦ to 90◦. The full spectra in the insets also
indicate that the PMA SAF system is extremely different
from the IP SAF system. One of the most striking features of
PMA SAF is that the spectrum can be greatly modified by the
interlayer DMI when ψ = 90◦. We use orange arrows to label
the minimum frequencies of branch I and branch II. Compared
with the ψ = 0◦ case, these frequencies show large blueshifts,
which originate from the unsaturated magnetic moments as
mentioned in Fig. 1(d). We point out that these blueshifts are
tunable with ψ and reach their maximum values at ψ = 90◦,
as shown in Supplemental Material [54]. The analysis of
g1(H0) and g2(H0) shows that g2(H0) is much smaller than
g1(H0) in the PMA SAF case. Therefore, we adopt the same
approach as in the IP SAF case. Figure 2(e) shows g/2π as
a function of ψ for the PMA SAF case. Unlike Fig. 2(b),
this function exhibits a butterfly-like shape. However, the
symmetry of the function is consistent with the IP SAF case,

and the analytical solutions also agree well with the numerical
solutions. The maximum g/2π is smaller than that of the IP
SAF case, and is no longer obtained at ψ = 0◦. As ψ increases
from 0◦ to 90◦, g/2π first increases and then decreases to
zero. We also calculate g/ω0 in Fig. 2(f), where the maximum
value is significantly below 0.1. Additional cases of IP SAFs
and PMA SAFs are presented in Supplemental Material [54],
where we demonstrate that the analytical solutions remain
valid even with further increase in HD. However, the analyt-
ical solutions become inappropriate as Hk approaches zero.
This also implies that when Hk approaches zero, the system
exhibits interesting coupling properties that will be discussed
in the next section.

III. REALIZATION OF THE USC IN SAFS
WITH INTERLAYER DMI

The aforementioned results demonstrate the feasibility of
USC induced by interlayer DMI. To fully comprehend the
impact of various parameters on the coupling properties, we
set ψ to 0◦ and construct color plots of g/2π and g/ω0 in
Fig. 3. We first fix Hex at −0.5 kOe and calculate g/2π and
g/ω0 as functions of Hk and the ratio of interlayer DMI to
RKKY interaction D/|J|, as shown in Figs. 3(a) and 3(b),
respectively. It can be seen that g/2π and g/ω0 increase
monotonically with the increase of D/|J| when Hk is held at
an arbitrary value. However, g/2π and g/ω0 as functions of
Hk are relatively intricate when D/|J| is fixed. We divide the
color plot into two regions: the PMA SAF region (Hk > 0)
and the IP SAF region (Hk < 0). In Fig. 3(a), g/2π decreases
as |Hk| decreases within the IP SAF region, while it increases
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FIG. 3. (a), (b) Color plots of g/2π (a) and g/ω0 (b) as functions of the magnetic anisotropy field Hk and the ratio D/|J| when Hex and ψ

are fixed at −0.5 kOe and 0◦, respectively. (d), (e) Color plots of g/2π (d) and g/ω0 (e) as functions of the magnetic anisotropy field Hk and the
ratio D/|J| when HD and ψ are fixed at 0.2 kOe and 0◦, respectively. Dashed curves in (b) and (e) mark the lower bound for the USC regime,
g/ω0 = 0.1. The values of g/2π and g/ω0 feature an abrupt jump when Hk approaches zero. (c) and (f) represent the corresponding curves
plotted along dashed yellow segments set at D/|J| = 0.5 in (a), (b), (d), and (e). The orange dashed lines represent Hk = 0.

as |Hk| decreases within the PMA SAF region. However, near
the boundary of the IP SAF region, a sudden increase in g/2π

is observed. A close-up is shown by the blue curve in Fig. 3(c).
Clearly, when Hk = 0, g/2π reaches a local maximum, which
is an intriguing boundary phenomenon. In Fig. 3(b), within
both the PMA SAF region and IP SAF region, g/ω0 increases
as |Hk| decreases. When Hk approaches zero, a sudden in-
crease in g/ω0 is also observed. Interestingly, the increase
in g/ω0 is more pronounced than the increase in g/2π due
to the decrease in ω0 near the boundary. The corresponding
close-up is shown by the red curve in Fig. 3(c). We note that
a peak is clearly visible at Hk = 0. The maximum g/ω0 even
surpasses 0.5, indicating that the system is able to be deep
into the USC regime. To determine the conditions for USC
realization, we plot the lower bound for the USC regime, as
shown by the dashed curves in Fig. 3(b). It can be seen that
the USC regime is easier to achieve in the IP SAF region.
Particularly, when Hk approaches zero, the USC regime can
be realized even at very low values of D/|J|. For example,
with Hk = −0.1 Oe, D/|J| only needs to be 0.02 (HD = 10
Oe) to satisfy the USC requirement. It is worth noting that
such a small HD can be easily achieved in experiments, as
experimental HD have reached the order of 100 Oe or even
several hundred Oe [30,32]. The above discussions are based
on a fixed Hex. To investigate the effect of Hex on the coupling,
we subsequently fix HD at 0.2 kOe and calculate g/2π and
g/ω0 as functions of Hk and D/|J|, as shown in Figs. 3(d)
and 3(e), respectively. We note that these two plots exhibit
similar characteristics to Figs. 3(a) and 3(b): both g/2π and
g/ω0 increase monotonically with the increase of D/|J| when
Hk is held constant, and the plots of g/ω0 feature the same

peak when Hk approaches zero, as shown in Fig. 3(f). These
results indicate that in the vicinity of the boundary between
the two regions, the enhancement of g/2π and g/ω0 is a
general property. This enhancement can be explained from a
physical perspective as well: when the interface anisotropy
and magnetic crystal anisotropy nearly compensate for the
shape anisotropy in both FMs, the anisotropy energy EAni,
which does not contribute to the coupling in our system, is es-
sentially eliminated. Consequently, in this case, the interlayer
DMI, which determines the degree of the system’s asymmetry,
can play its role to the greatest extent.

In order to investigate the coupling properties when Hk

approaches zero in more detail, we study the coupling prop-
erties as functions of ψ at three selected typical Hk values:
−100, −1, and 100 Oe. In this part, Hex and HD are set to
moderate values: −0.5 and 0.2 kOe, respectively. To simulate
the experiments, we perform micromagnetic simulations as
well, which are carried out using the open-source OOMMF.
In the micromagnetic simulations, each FM in a SAF has a
thickness of 5 nm, a length and width of 300 nm, and is
divided into 10 × 10 × 1 grids. The Heisenberg exchange-
strength coefficient A, the saturation magnetization intensity
MS, and the Gilbert damping constant α are set at 1 × 10−11

J/m, 1 × 106 A/m, and 0.01, respectively. For comparison
with the macrospin model, J and D are set at −2.5 × 10−4 and
1 × 10−4 J/m2, respectively. The dc magnetic field is applied
in the x direction. To extract the dynamic responses, a sinc
alternating magnetic field with amplitudes of 0.5 Oe in both
the x and y directions is applied. The simulation time step is
set at 25 or 100 ps, and the simulation runs for 25, 100, or
250 ns, depending on the specific configuration. At each time
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FIG. 4. Magnon-magnon coupling parameters calculated for Hex = −0.5 kOe and HD = 0.2 kOe when varying Hk : (a)–(d) −100 Oe;
(e)–(h) −1 Oe; and (i)–(l) 100 Oe. Top panels show the spectra as functions of applied field H, obtained with micromagnetic simulations for
the particular cases of ψ = 0◦ (a), (e), and (i), and 90◦ (b), (f), and (j). The color bar represents the normalized intensity. Orange dashed curves
represent the resonance spectra calculated with the macrospin model. Green dotted lines are used to indicate H = H0 (ω+ = ω−). The insets
show the spectra obtained along these dashed lines. Note that the frequency ranges for the insets are different in order to show the branches more
clearly. The x coordinate corresponds to frequency f , and the y coordinate corresponds to the intensity. (c), (g), and (k) show half-gap values
and losses κh(l )/2π calculated for different ψ . The gaps are obtained with two methods: macrospin models and micromagnetic simulations
(black squares and red circles, correspondingly). Blue and orange triangles represent the losses for branch II and branch I, respectively. Strong
coupling cannot be achieved for parameter combinations shaded in light purple at the bottom part of these plots. (d), (h), and (l) present g/ω0

as a function of ψ . Similarly, USC cannot be achieved for parameter combinations shaded in light orange at the bottom part of these plots.

step, the magnetization intensity distribution is obtained, and
the local power spectrum of my is calculated pointwise using
the Fourier transform analysis [58].

Figures 4(a) to 4(d), Figs. 4(e) to 4(h), and Figs. 4(i) to
4(l) show the results for the cases with Hk = −100, −1,
and 100 Oe, respectively. Noticeably, the resonance spectra
show significant variation with small changes in Hk . We first

consider the case with ψ = 0◦, as shown in Figs. 4(a), 4(e),
and 4(i). As Hk increases, the frequency of branch II ωII/2π

initially decreases to zero, and then increases when Hk

changes the sign. Green dotted lines indicate the cases with
H = H0, and the corresponding simulation results are dis-
played in the insets. As can be seen, two discrete peaks
appear in each inset, indicating the realization of strong
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coupling. By fitting these peaks with the Lorentz function,
we can determine the resonance frequency of branch I (II)
ωI (II )/2π , as well as the resonance frequency linewidth of the
high-frequency branch I (low-frequency branch II) κh(l )/2π .
However, when ψ = 90◦, as shown in Figs. 4(b), 4(f), and
4(j), only one single peak is present, indicating that the system
is either uncoupled or in a weak coupling regime. By decreas-
ing α to 0.001, there is still only one peak (not shown here).
Therefore, we assume that the simulated coupling gap is zero.
Additionally, a spin-flop feature is observed in Fig. 4(b), while
this feature disappears when Hk increases. The orange dashed
curves in these color plots represent the calculated eigenfre-
quencies based on the macrospin model, which are all in good
agreement with the micromagnetic simulations. Half of the
gap and κh(l )/2π as functions of ψ are displayed in Figs. 4(c),
4(g), and 4(k). It should be noted that these functions exhibit
the same symmetry as the functions in Figs. 2(b) and 2(e).
Therefore, we only display the results with ψ between 0◦
and 90◦. Interestingly, the gap as a function of ψ shows very
different trends in different plots. When Hk = −100 Oe, the
gap first increases and then decreases as ψ increases from 0◦
to 90◦, while the gap decreases monotonically when Hk = −1
and 100 Oe. The blue and orange triangles represent the ex-
tracted losses κl/2π and κh/2π , respectively. The losses at
ψ = 90◦ are obtained from the single peak. As can be seen,
in most cases of ψ , half of the gaps are much larger than the
losses. Figures 4(d), 4(h), and 4(l) show g/ω0 as a function
of ψ . It should be noted that only when g/ω0 is small, g/2π

is approximately equal to half of the gap. Therefore, we only
display the theoretical results in these plots. As can be seen, as
ψ increases, g/ω0 exhibits a similar trend to the corresponding
change in the gap in each plot. And, the USC regime can be
achieved in most cases of ψ . It is worth noting that g/ω0 is
highly sensitive to the changes in Hk , and this sensitivity is
related to ψ . To illustrate this, we take two examples: ψ = 0◦
and 60◦. For ψ = 0◦, g/ω0 exhibits a significant increase
(∼0.4) for a small change in Hk (from −100 to −1 Oe), but
it decreases sharply as Hk continues to increase. On the other
hand, for ψ = 60◦, g/ω0 decreases monotonically with the
increase of Hk , and it eventually decreases below 0.1. All of
these results show that precise adjustment of Hk near zero
enables significant tuning of the coupling properties, allowing
the activation or deactivation of the USC.

IV. DISCUSSION

Our theoretical studies elucidate the potential of interlayer
DMI in inducing USC, and provide a blueprint for experi-
mental exploration. From an experimental perspective, several
metallic materials, including Ir, Pt, and Ru, can be used
as potential NMs in SAFs [30,32,33]. However, in order to
obtain all benefits predicted by our theory, it is imperative
that the FMs exhibit specific characteristics, in particular low
damping and tunable PMA. We note that Co/Ni multilayers
are exemplary candidates for such FMs [59]. By adjusting

the composition and the period of Co/Ni stack, one can finely
tune the magnetic anisotropy to obtain the desired Hk [60,61].
Moreover, the voltage-controlled magnetic anisotropy effect
makes it possible to manipulate Hk in a single sample [62,63].
A recent study has demonstrated that, through the application
of a moderate electric field, the Hk of Co/Ni multilayers can
be changed by over 2 kOe [64]. Employing this technique,
it becomes feasible to readily manipulate the magnetization
configurations of samples to realize the USC as proposed in
our theory. In addition, the magnetic moments of FM1 and
FM2 need not be identical in actual SAF samples, and our
theory above only considers the case of λ = 1. Prior research
[41] has indicated that λ � 1 can also lead to magnon-magnon
coupling. We explore the coupling properties in SAF systems
with both magnetic moments asymmetry and interlayer DMI,
as shown in Supplemental Material [54].

In summary, we study the dynamic responses and cou-
pling properties of SAFs with interlayer DMI using theoretical
methods and micromagnetic simulations. Our findings reveal
that the interlayer DMI can induce strong and ultrastrong
magnon-magnon coupling in these systems. Through sym-
metry analysis, we point out that the interlayer DMI can
break the rotation symmetry unless the interlayer DMI vec-
tor D is orthogonal to the external dc magnetic field. As a
result, the magnon-magnon coupling can be turned by manip-
ulating the direction of D. We further explore the coupling
properties under various conditions, including different mag-
netic anisotropy fields, interlayer DMI intensities, and RKKY
interaction intensities. The results demonstrate significant tun-
ability in the coupling strengths and normalized coupling
strengths, allowing for a transition from weak to strong cou-
pling, and even reaching the USC regime. Interestingly, a
sudden increase in coupling strength and normalized coupling
strength are observed when the system is at the boundary
between PMA SAF and IP SAF. In this case, the USC can be
achieved even with an extremely small HD (∼10 Oe), and the
maximum normalized coupling strength exceeds 0.5, indicat-
ing that the system is deep into the USC regime. Furthermore,
we conduct a detailed investigation of the coupling proper-
ties near the boundary region. Our analysis reveals that the
coupling properties are highly sensitive to the changes in Hk .
Even a small adjustment in Hk can lead to significant tuning of
the normalized coupling strength. Our study presents a mech-
anism for realizing ultrastrong magnon-magnon coupling and
contributes to the development of this emerging research area.
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