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Strong magnon-magnon coupling between ferromagnetic resonances
in Co90Zr10/Ta/Fe20Ni80 multilayers
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We investigate the magnon-magnon coupling between the ferromagnetic resonances (FMRs) from different
ferromagnetic layers in Co90Zr10(100 nm)/Ta/Fe20Ni80(100 nm) multilayers by using broadband ferromagnetic
resonance. The strong coupling between two FMRs through interlayer exchange interaction is realized due to
the fact that the thicknesses of both the ferromagnetic layers far exceed the corresponding exchange length.
Moreover, we find that the coupling strength can be tuned by changing the thickness of the nonmagnetic Ta layer,
revealing inversely proportional relationship between the coupling strength and the thickness of the nonmagnetic
Ta layer. The coupling field and coupling efficiency can be regulated by varying the anisotropy of the ferromag-
netic layers via oblique deposition. Furthermore, the coupling between FMR and perpendicular standing spin
waves can also be achieved with suitable anisotropy and external magnetic field. These observations demonstrate
that the ground state magnonic system provides a simple ideal platform for strong magnon-magnon coupling.
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I. INTRODUCTION

Hybrid quantum systems based on collective spin excita-
tion in ferromagnetic (FM) materials, called magnons, have
been widely studied in the past few decades, which pro-
vides a promising platform for applications of magnon-based
functional devices and the development of new quantum infor-
mation technology [1–3], such as quantum computing [4,5],
quantum communication [6,7], and quantum sensing [8,9].
Magnons are highly adjustable quasiparticles, and can easily
be designed to couple with a variety of dynamic media and
platforms. Many studies have reported on the strong coupling
between magnons and various physical quantum systems
(such as magnons, photons, phonons, etc.) [10–14].

Strong magnon-magnon coupling can be achieved in sev-
eral different types of systems [15–19]. Shiota et al. realized
the regulation of the magnon-magnon coupling between
acoustic and optical modes in FeCoB/Ru/FeCoB layers by
changing the direction of the in-plane magnetic field and
increasing the wave number of excited spin waves [20]. Chen
and Klingler et al. studied the coupling between spin wave
modes of YIG and the ferromagnetic resonance (FMR) of
FM materials [21,22]. Furthermore, Adhikari et al. reported a
mode splitting of dynamic dipolar coupling induced magnon-
magnon coupling and spin wave in Ni20Fe80 cross-shaped
nanoring array [23]. The coupling between FMR and other
modes have been extensively studied [20–30]. In general,
they addressed the coupling between FMR and higher-order
modes, and found the relationship between mode number
and coupling strength [22,31]. From here, we explore the
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possibility of the strong magnon-magnon coupling between
FMRs that may be achieved, accordingly; the FMR mode has
a wider range of regulatory parameters, such as anisotropy
and saturation magnetization. Therefore, it is of interest to
study the magnon-magnon coupling between FMRs that leads
a promising path toward the strong coupling regime in the
pure magnonic system.

In this work, in order to distinguish the FMR modes of two
different FM layers, the thicknesses of both the FM layers
are designed much thicker than the corresponding exchange
length. Meanwhile, we adjusted the anisotropy constant and
saturation magnetization to enable the crossing of dispersion
relation between FMRs in Co90Zr10/Ta/Fe20Ni80 multilay-
ers [Fig. 1(a)]. By using broadband ferromagnetic resonance
[32–34], magnon-magnon coupling between FMRs could be
realized through the interlayer exchange interaction [35–38]
between two FM layers, as shown in Fig. 1(b). The coupling
strength, coupling field, and coupling efficiency can be ad-
justed by changing the sample parameters.

II. METHODS

A. Sample preparation and static magnetic characterization

In order to have crossing between two FMRs in the dis-
persion relation, CoZr and FeNi are chosen as two different
FM layers because the saturation magnetizations of them are
quite different and the anisotropic constant of the CoZr can
be well regulated. A nonmagnetic (NM) Ta layer is added
between the FM layers to tune coupling strength [39]. The
Co90Zr10(100 nm)/(tTa)/Fe20Ni80(100 nm) trilayers with tTa

varied in the range from 0 to 1.6 nm are deposited in a
chamber with a base pressure better than 3.8 × 10−7 Torr.
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FIG. 1. (a) Sketch of the experimental setup. The microwave
generator provides microwave signals to coplanar wave guides
(CPW) through microwave cables, and the sample is placed on the
CPW. hrf represents the microwave magnetic field, the black ar-
row represents the direction of the external magnetic field. (b) The
schematic of coupling between two different FMRs (ma and mb)
through interlayer exchange interaction (Eex). κa and κb represents
dissipation of ma and mb, respectively.

The CoZr layer, the Ta layer, and the FeNi layer are deposited
using radio frequency magnetron sputtering at a rate of 0.053,
0.022, and 0.148 nm/s, respectively. The working pressure of
the sputtering is 1.875 mTorr. All the samples are deposited on
naturally oxidized single-crystal Si (111) substrates at room
temperature.

By varying the oblique sputtering angle, we regulate the
static magnetic properties of monolayer films of CoZr and
FeNi. For the CoZr films, we also made adjustments re-
garding the amount of doped Zr, which is mainly aimed at
decreasing the magnetocrystalline anisotropy of Co and re-
fining the grains to enable a better characterization of uniaxial
anisotropy [40]. At the same time, the magnitude of saturation
magnetization of the CoZr films can be adjusted as well.
Finally, the atomic ratio of Co to Zr is 90:10 obtained by
energy dispersive x-ray spectrometer (EDX) of scanning elec-
tron microscope (SEM, Apero S). And the damping factors of
the monolayer Co90Zr10 and Fe20Ni80, obtained by fitting the
permeability spectrum, are 0.019 and 0.011, respectively.

The hysteresis loops of FeNi and CoZr (see Supplemental
Material [41]) are characterized by using vibrating sample
magnetometer (VSM) to obtain static magnetic parameters
such as anisotropic constant, saturation magnetization, coer-
civity, remanence, etc. When the oblique sputtering angle is
increased from 30 degrees to 50 degrees, the anisotropy con-
stant also increases, which is the key factor affecting coupling
phenomenon.

B. High frequency magnetic characterization

Permeability is measured by using the vector network ana-
lyzer (Agilent E8363B) [42]. By extracting the peak position
of the permeability, it is found that the uniaxial anisotropy
achieved in the 30 degrees oblique sputtering of CoZr and
FeNi satisfied the two f(H) curves crossing in the hard axis
(HA) case, which is the basic condition for realizing the
coupling between FMRs in the two layer FM film system. In
contrast, when the external magnetic field is along the easy
axis (EA) of samples, the dispersion relation of the two FMRs
do not cross (see Supplemental Material [41]).

FIG. 2. The results of microwave transmission signals of
Co90Zr10/Fe20Ni80 bilayer film was measured by FMR measurement.
(a), (b) The mapping images measured along the EA (HA) direction
and the film surface placed downwards (see inset) with respect to
CPW. (c), (d) The mapping images measured along the EA (HA)
direction, and the film surface placed upwards (see inset).

III. RESULTS AND DISCUSSION

Transmission signals of Co90Zr10/Fe20Ni80 bilayer film
were obtained by a highly sensitive broadband ferromagnetic
resonance measurement system with lock-in detection [43].
Mapping images are reported in Figs. 2(a) and 2(c) and
Figs. 2(b) and 2(d) for the case when the external field is
applied along the EA and the HA, respectively. In the fitting
of FMR modes (red and green dashed line), we use the Kittel
equation as given below [44]:

fK = γ [H cos (ϕ − ϕ0) + Hrot + Hk cos 2ϕ]1/2

× [H cos(ϕ − ϕ0) + Hrot + H⊥ + Hk cos 2ϕ]1/2 (1)

with parameters listed in Table I to calculate. ϕ is the angle
between the external field applied in the film plane and EA,
ϕ0 is the angle between EA and magnetic moment confirmed
by stoner wohlfarth mode [45]. The gyromagnetic ratio of γ is
2.8 MHz/Oe, Hk is the anisotropic field, Hrot is the rotatable
anisotropy originated from the interlayer exchange coupling
interaction [46,47], and H⊥ is the effective field vertical to
the film plane, including magnetic interface anisotropy, per-
pendicular anisotropy, and demagnetization. Due to the error
of anisotropic axis and external magnetic field, it is not a
strict direction of the HA, thereby the angle ϕ is around 90
degrees. Remarkably, the anticrossing phenomenon between
two FMRs was observed when the external magnetic field is
around 294 Oe and along the HA of the sample, as shown in

TABLE I. Fitted parameters used in Eq. (1).

Material Hrot (Oe) Hk (Oe) H⊥ (kOe) Reference

FMR of Fe20Ni80 65 5 11.5 [48]
FMR of Co90Zr10 55 85 16 [49]
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Fig. 2(b). However, no crossover between two FMRs is ob-
served when the external field is along the EA of the sample,
as shown in Fig. 2(a).

We further use the two-state model with Hamiltonian as

H =
(

fK1 g/2

g/2 fK2

)
, (2)

which give two magnon-magnon coupling eigenmodes:[50]

f± = 1
2 ( fK1 + fK2) ± 1

2

√
( fK1 − fK2)2 + (2g/2π )2, (3)

where fK1 and fK2 are given by Eq. (1). f+ and f− are
represented by upper and lower yellow dotted lines (magnon-
magnon coupling eigenmodes), respectively [see Figs. 2(b)
and 2(d)], and the line width of two white branches (exper-
imental data) indicates the bandwidth of the FMR mode. The
coupling strength g/2π achieved 0.4 GHz. Moreover, the cou-
pling strength is much greater than the linewidth g/2π > � f
(the linewidth is 0.19 GHz and 0.16 GHz, respectively), which
is achieved strong coupling [51]. And the coupling efficiency
η = g/(2π fr ) reaches 6.9% [52,53].

For the Co90Zr10(100 nm)/Fe20Ni80 (100 nm) bilayer, it
is worth noting that the thickness of each FM layer reaches
the order of hundreds of nanometers in order to far exceed
their corresponding exchange length so that the FMR between
each layer can be measured completely independently which
would otherwise fuse into one signal so that magnon-magnon
coupling could not be observed [54]. In Figs. 2(a)–2(d), we
use “UP” and “DOWN” to show the orientation of one side
of the film relative to CPW. The reason is that the signal
disappearance caused by the orientation of the sample surface
relative to CPW cannot be ignored [see Figs. 2(a) and 2(c)].
When the Si substrate of samples is close to the CPW [see
inset of Fig. 2(c)], because the substrate does not conduct
electricity, the FMR signal of the CoZr layer, and the FeNi
layer can be clearly seen, but the signal strength has weakened
relative to the film facing CPW (from the signal values on the
color bar, it can be shown). However, when the FeNi layer
of samples is close to the CPW [see inset of Fig. 2(a)], the
FMR signal of the CoZr layer disappears due to the electric
shielding effect of microwave, but this vanishing signal, when
the external magnetic field is along the HA of samples, the
magnon-magnon coupling leads to a part of the CoZr signal
being seen, as shown in Fig. 2(d).

We next study the effect of inserting a Ta interlayer with
varying thickness on the magnon-magnon coupling strength
in the FM/NM/FM multilayer system. Mapping images of
FMR measurement for Ta thickness of t = 0.4, 1, and 1.6 nm
with external magnetic field applied along HA are shown in
Figs. 3(a)–3(c), respectively. All show coupling behavior; we
summarize the experimental results by plotting the coupling
strength g/2π in relation to the inverse of the thickness of the
Ta interlayer, as shown in Fig. 3(d). The coupling strength be-
tween two FMRs is inversely proportional to the thickness of
the Ta interlayer, which is consistent with the law of interlayer
exchange interaction [55–58]. By considering phenomeno-
logical expression for the interlayer exchange energy, which

FIG. 3. The mapping images of microwave transmission signals
of Co90Zr10/Ta/Fe20Ni80 measured by FMR measurement. [(a)–
(c)] The mapping images of Ta layer thicknesses of 0.4, 1, and
1.6 nm, respectively. (d) The relationship between the coupling
strength and reciprocal of the Ta layer thickness.

is given by

Eex = −J1
M1 · M2

M1M1
− J2

(
M1 · M2

M1M1

)2

, (4)

where M1 and M2 represent the magnetization vectors of the
two ferromagnetic layers, respectively; and J1 and J2 represent
bilinear and biquadratic coupling coefficient, respectively. If
J1 dominates from the minima of Eq. (4), the coupling is
ferromagnetic (antiferromagnetic) for positive (negative) J1,
respectively. If J2 dominates and is negative, 90 degree type
interlayer coupling is obtained. For ferromagnetic material
with J1 > 0, in our systems, M1 and M2 are parallel to
each other not perpendicular, so J1 � J2, the second term of
Eq. (4), can be neglected.

In the Co90Zr10/Ta(0.6)/Fe20Ni80 with oblique sputtering
angles 30, 40, 50, and 60 degrees, respectively, we observed
the strong magnon-magnon coupling between FMRs when the
external magnetic field is along the HA [see Figs. 4(a)–4(d)].
Furthermore, we observed strong coupling between the FMR
of CoZr and the first perpendicular standing spin waves mode
(first PSSW) of FeNi when the external magnetic field is along
the EA. Anticrossing phenomena between the FMR of CoZr
(green line) and the first PSSW of FeNi (orange line) are
shown in Figs. 4(e)–4(h), and Eq. (3) is used to fit the coupling
(yellow dotted line).

In the Co90Zr10/Ta/Fe20Ni80 multilayer film, the fre-
quency of the nth PSSW f n

P is

f n
P = γ [H + Hk + Hrot + Hex,n]1/2

× [H + Hk + Hrot + Hex,n + H⊥]1/2, (5)

where Hex,n = 2A
MS

( nπ
tM

)
2

is the saturation magnetization, tM is
the thickness of FM layer, and A is the exchange constant.
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FIG. 4. The mapping images of Co90Zr10/Ta(0.6)/Fe20Ni80 with
oblique sputtering angles 30, 40, 50, and 60 degrees, respectively.
[(a)–(d)] The mapping images measured when the external magnetic
field is along the HA of samples. [(e)–(h)] The mapping images mea-
sured when the external magnetic field is along the EA of samples.

The fitting parameters of the Co90Zr10/Ta (0.6)/Fe20Ni80 with
oblique sputtering angle 40 is listed in Table II.

Figure 4 clearly revealed that different oblique sputtering
angles of samples lead to different anisotropy fields, which
leads to different coupling region. Figure 5 depicts the relation
of coupling field and coupling efficiency as a function of
oblique sputtering angle θ , which is related to the anisotropy

FIG. 5. The relationship between oblique sputtering angles and
coupling field and coupling efficiency. (a), (b) The case of the exter-
nal magnetic field along the HA (EA) axis of samples.

of the sample. Experiment results [Fig. 5(a) for magnetic
field applied along EA while Fig. 5(b) for HA] show that η

increased with θ as the film fabricated with larger θ result
in lower fr , while g/2π does not change significantly for
increasing θ . And one can see that the coupling field gradually
decreases when the anisotropic field becomes larger. There-
fore, without external magnetic field, it is possible to realize
the coupling near the zero field between FMR and FMR [see
Fig. 5(a)] or PSSWs [see Fig. 5(b)] possibly when the large
enough anisotropy field acts as the bias field.

IV. SUMMARY

In summary, we obtained two types of magnon-magnon
coupling by changing the external magnetic field configura-
tion. Through the thickness of the FM layer on the order
of hundreds of nanometers, the spin number N is large
enough and far beyond its exchange length to obtain the
strong magnon-mamgnon coupling between FMRs. Based
on the interlayer exchange, we realized the control of the
coupling strength by changing the thickness of the NM in-
terlayer. Based on changing the magnetic field configuration,
we realized the coupling between FMR and PSSWs. We
demonstrated the regulation of the coupling parameters by
changing the oblique sputtering angle of samples, which make
it possible to realize the coupling between FMR and FMR
or PSSWs near zero field. Our work also paves the way to
build a relationship between two ground-state magnon modes,
which could exert a positive influence on the development of
magnonics devices.
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TABLE II. Fitted parameters used in the trilayer films.

Co90Zr10/Ta/Fe20Ni80 Hk (Oe) Hrot (Oe) H⊥ (kOe) MS (kG) A (erg/cm) tM (nm) Equation number Reference

FMR of Co90Zr10 125 55 16 (1) [49]
1st PSSW of Fe20Ni80 47.5 52.5 11.5 10 1.6 × 10−5 90 (5) [48]
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