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Abstract: Magnons, recognized as the quanta of spin waves, offer a pathway for transmitting in-
formation without the need for electron motion, thus emerging as a leading candidate for the next
generation of low-power electronics. Firstly, this study gives an overview by examining magnon
modes possessing infinite wavelengths or zero wave numbers (known as ferromagnetic resonance)
in classical ferromagnetic, antiferromagnetic, and synthetic antiferromagnetic systems. It delves
into the dynamics of magnetization, particularly focusing on magnetic moments precession and the
corresponding dispersion relationships under two distinct acoustic and optic eigenmodes. Further-
more, it elaborates on a novel hybrid quantum system termed magnon-magnon coupling. The study
elucidates the mechanism behind the robust coupling between acoustic and optic magnon modes.
Finally, we briefly discuss the current challenges and future research directions in this field.

Keywords: magnon spintronics; antiferromagnets; magnetization dynamics; ferromagnetic resonance;
magnon-magnon coupling

1. Introduction

Magnonics [1–10] aims to use spin currents conveyed by spin waves (magnons) rather
than electric currents for information processing and storage. By circumventing Joule
heat losses, this approach emerges as an ideal candidate for the next generation of low-
power electronic devices beyond conventional CMOS. As the primary research object of
magnonics, magnons have attracted prominent interest since they were first introduced
by F Bloch in 1932 [11]. Similar to phonons or photons, magnons are quasi-particles that
exhibit a plethora of rich physical phenomena, such as magnonic crystals [12], spin-wave
non-reciprocity [13,14], topological effects [15], and three-dimensional (3D) magnonic sys-
tems [16,17]. Among these, one of the most fundamental topics is magnon Bose-Einstein
condensation (BEC), which has recently been demonstrated in room-temperature ferrimag-
net yttrium iron garnet (YIG) [18,19]. And then numerous methods, including parametric
pumping [20] and spin pumping effect [21], have been proposed for the formation of
magnon BEC. Another great advantage in magnonics is the potential extension of the
magnon spectrum into the highly promising terahertz (THz) range, holding significant
implications for 6G communication technology [22–25]. For instance, Razdolski et al. [26]
successfully excited THz magnon resonance modes in Fe/Au/Fe multilayers using ultra-
short laser-induced spin currents, while several research groups have also demonstrated
coherent THz excitation of antiferromagnets [27–32]. The discovery of these novel physical
phenomena has significantly propelled the advancement of magnonics.

It is worth mentioning that the first direct observations of spin waves were achieved
by using the ferromagnetic resonance (FMR) technique [33]. The physical mechanism
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that gives rise to the resonance phenomenon can be understood as follows. Typically,
the magnetization vector M precesses around the effective field Heff, which includes the
anisotropy field HK, the external bias magnetic field H0, the demagnetizing field Hd, the
Dzyaloshinskii–Moriya interaction field HDMI etc., and can be calculated by He f f = −∇MF,
where F is the free magnetic energy. The corresponding magnetization precession is
commonly described by the Landau-Lifshitz-Gilbert (LLG) equation [34]:

dM
dt

= −γM × He f f +
α

Ms
(M × dM

dt
) +

aJ

Ms
M × (M × ^

mp) + bJ(M × ^
mp) (1)

Here, γ is the gyromagnetic constant, Ms is the saturation magnetization, and α is the
Gilbert damping factor. The third and fourth terms in Equation (1) describe the correspond-
ing spin-transfer torque, mp is the unit magnetization vectors of the spin polarizer, aJ and
bJ are the damping-like and field-like torque factor, respectively. Generally, due to energy
dissipation (damping), the amplitude of M precession gradually decreases. However,
when a radio-frequency (rf) alternating magnetic field hr f = h0e−iωt is applied, and its
frequency aligns with the natural magnetization precession frequency, the energy dissi-
pation is compensated. Consequently, the magnetization undergoes precession about its
equilibrium direction of maximum amplitude without spatial variation, a phenomenon
known as field-driven ferromagnetic resonance (FD-FMR), which results in the emergence
of a distinct type of spin wave with an infinite wavelength (wave vector k = 0) and serves
as a valuable tool for investigating magnetic properties and high-frequency dynamics in
various magnetic nanostructures [35–37]. And the FD-FMR tailored for detecting individ-
ual micron or nano-scale structures are of particular interest as they offer insights into
fundamental physics and find applications in spintronic devices operating at microwave
frequencies, such as microwave sources and resonators.

In contrast to FD-FMR, another method for exciting resonance modes involves uti-
lizing spin-transfer torque (STT) generated by spin-polarized electrical currents [38,39].
By applying a rf charge current Ir f = I0e−iωt across a magnetic nanodevice that exhibits
either tunneling magnetoresistance [40,41] or giant magnetoresistance [42,43], the mag-
netization of the free layer will be excited. Then, when the strength of STT induced by
Ir f can coincidentally compensate the magnetic damping, the magnetization evolves into
a steady-state oscillation, namely, spin-torque induced FMR(ST-FMR) [44–50]. The cor-
responding dynamic response of the magnetization in this method can then be inferred
through magnetoresistance measurements and detected via the dc voltage output. The
resonance state can be achieved using the frequency-swept method, the voltage signal is
maximized when the excitation frequency approaches the FMR frequency. This method
was firstly demonstrated in MgO-based MTJ devices by Tulapurkar et al. [40]. And then,
Fuchs et al. [51] further reported the ST-FMR in an current-perpendicular-to-plane giant-
magnetoresistance (CPP-GMR) device. Subsequently, the theoretical treatments of ST-FMR
were presented by Kupferschmidt et al. [52] and Kovalev et al. [53]. An important find-
ing arising from theoretical analysis was the reactive emission of spins from precessing
ferromagnets into the nonmagnetic space, known as the spin pumping effect [54]. Various
models have since been developed to describe ST-FMR behaviors [49,55–58]. Recently, the
ST-FMR technique has emerged as a powerful tool for studying phenomena related to spin-
orbit torque (SOT) [59–61] and assessing charge-to-spin conversion efficiency in diverse
materials including normal heavy metals and alloys [62–67], topological insulator [68–71],
antiferromagnetic materials [72–75] and so on.

In recent years, a number of experimental techniques have been developed to study
the magnetization dynamics in magnetic nanostructures. Different from the above theoret-
ical analysis, the FMR experiments are usually done with fixed frequency and scanning
static field intensity. For macroscopic bulk samples, FMR can be measured by using stan-
dard microwave technology based on microwave cavities, where the appearance of the
resonance can be observed by monitoring the reflected rectified microwave power from
the microwave cavities and the resulting FMR signal has the shape of a Lorentzian deriva-



Magnetochemistry 2024, 10, 50 3 of 25

tive [76–78]. Time resolved magneto-optic Kerr effect (TR-MOKE) is another convenient
technique to study the dynamics of the magnetization vector, where the sample can be
periodically excited by an optical pulse. The optical pulse is split into two parts, namely,
pump pulse and probe pulse. The pump pulse is used to trigger magnetic field pulses
which excite magnetization dynamics in the sample, while the probe pulse is used to
perform spatially resolved resonance measurements [79–83]. In addition, there are many
other alternative techniques, such as photothermally modulated ferromagnetic resonance
(PM-FMR) [84], scanning thermal microscopy ferromagnetic resonance (SThM-FMR) [85],
and vector network analyzer ferromagnetic resonance (VNA-FMR) [86]. Each of these
techniques has certain advantages for specific materials and applications.

As one of the most important characteristics of magnetic materials, FMR determines
the operation speed of these magnetic materials in telecommunications and radar systems.
With modern electronics progressing toward higher operation speed, higher FMR frequency
is desperately needed [87]. Thus, it is very meaningful to study the FMR modes in different
magnetic materials, such as ferromagnetic and antiferromagnetic systems. In this work,
we firstly discuss the novel resonance phenomena caused by ST-FMR and then provide
an overview of the recent progress of FMR modes in three classical magnetic systems:
ferromagnets (FMs), antiferromagnets (AFMs), and synthetic antiferromagnets (SAFs).
We delve into the precession characteristics of magnetic moments in acoustic mode (AM)
and optic mode (OM), along with a detailed examination of the corresponding spin wave
dispersion relationships. Notably, unlike previous studies focusing solely on the frequency
and amplitude of magnons, we paid more attention to magnon polarization. On this basis,
we further explored the coupling phenomena of magnon modes, which holds significant
potential for hybrid magnonic systems aimed at advancing quantum information technolo-
gies and may pave the way for innovative applications and breakthroughs in the field of
magnonics, particularly in the realm of quantum information processing.

2. Overview Magnetic Resonance Modes
2.1. Resonance Modes in Ferromagnets

For ferromagnetic samples, as shown in Figure 1a,b, the magnetic moments con-
sistently align in the same direction under the action of the external magnetic field H0,
resulting in a state of single domain state. For the homogeneously precessing magneti-
zation described by Kittel (k = 0), only the effects of the external magnetic field H0, the
anisotropy field HK and the demagnetizing field Hd need to be considered [88]. And for
the convenience of derivation and discussion, the direction of M and H0 is represented
in the spherical coordinates by the polar angle θ and the azimuthal angle φ, as shown in
Figure 1b. In this scenario, the total free magnetic energy F can be expressed as:

F = −Kx sin2 θ cos2 φ − Ky sin2 θ sin2 φ − Kz cos2 θ
−Ms(H0 sin θH cos φH sin θ cos φ + H0 sin θH sin φH sin θ sin φ

+H0 cos θH cos θ) + 1
2 Ms

2 cos2 θ

(2)

where Kx and Ky are the in-plane anisotropy constant, Kz is the out-of-plane anisotropy
constant, θH and φH represent the angles of the applied field H0, and θ and φ represent the
angles of the magnetization M. We specify that the units used in the formula are CGS. The
equilibrium direction of magnetization under a given H0 is obtained by minimizing the
free magnetic energy F. And the resonance frequency can be written [89]:

ω =
γ

Ms sin θ

√
∂2F
∂θ2

∂2F
∂φ2 − (

∂2F
∂θ∂φ

)
2

(3)

for θ = θH = 0◦, with M and H0 parallel to [001], i.e., perpendicular to the film plane:

ω⊥ = γ(H0 +
2Kz

Ms
− 4πMs) (4)
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While for θ = θH = 90◦ and φH = 90◦, with M and H0 parallel to [010], i.e., parallel to
the film plane:

ω∥ = γ

√
(H0 +

2Ky

Ms
)(H0 +

2Ky

Ms
+ 4πMs) (5)

Here, ω is the angular frequency of the uniform mode (FMR mode), Figure 1c shows
the exemplary dispersion relations for in-plane and out-of-plane magnetized film, respec-
tively. From Equation (5), we can conclude that in ferromagnets, only one resonance mode
can be accommodated as determined by the LLG equation and the corresponding FMR
frequency mainly depends on the applied field and the shape of the samples. Generally,
the highest resonance frequency in ferromagnets is difficult to exceed 10 GHz without the
application of the external magnetic field [90]. To meet the need for higher FMR frequencies,
an extensive body of research has been conducted, investigating FMR in various geometries
and material classes [87,91–96]. In particular, Oates et al. [97] achieved a resonant frequency
nearing 100 GHz by applying external fields of around 5T in ferromagnetic thin films.
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Figure 1. (a) Classical spins arrangement of ferromagnets in the ground state. (b) Spherical coordi-
nates used to express the field and magnetization vectors. The representative precession direction of
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of exemplary dispersion relations in two typical ferromagnetic samples, ferromagnets with in-plane
(ω//) and perpendicular (ω⊥) magnetic anisotropy.

Another result we can get from the Kittel equation is that the spin waves excited
in ferromagnets are always right-handed (RH), which has been confirmed by traditional
FD-FMR experiments [79,86,87]. However, this conclusion may shift when considering the
role of STT [38,39,98–100], as it introduced complexity to traditional FMR modes, giving
rise to a variety of new spin wave phenomena, such as propagating spin waves [101,102],
spin-wave Doppler shift [103], magnetic droplets [104–108] and spin-wave bullets [109,110].
Figure 2 shows two novel resonance phenomena caused by the ST-FMR technique. Zhou
et al. [111] proved that stable left-handed (LH) polarized spin waves can be introduced
into ferromagnets when a spin-polarized electrical current is presented. As shown in
Figure 2a,b, the RH polarized spin waves and the LH polarized spin waves coexist in a
ferromagnet when the spin current density is larger than a critical value, which is mainly
due to the contribution of the coefficient of the nonadiabatic STT [112]. Interestingly, STT
can not only change the polarization of the excited spin waves, but also induce additional
magnon modes. Qin et al. [95,96] revealed that two resonance states with distinct resonance
frequencies could appear in a nanoscale ring shape confined MTJs by launching the ST-FMR
measurement, as illustrated in Figure 2c. The corresponding micromagnetic simulation
results (see Figure 2d) distinctly depicted the magnetic moment precession of the two
resonance states defined as mode-1 and mode-2, respectively. For mode-1, nearly all
local magnetization precesses almost simultaneously in the same direction (acoustic-like).
Conversely, for mode-2, local magnetizations in parts A and B precess in opposite directions
(optic-like), suggesting that the two resonance states both originate from the in-phase
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and anti-phase localized magnetization oscillation. These studies undoubtedly prove the
importance of ST-FMR in the measurement of spin dynamics in magnetic nanostructures.
At present, the generation and regulation of spin waves by STT has become a research
hotspot in the field of magnonics [113–120].
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Figure 2. Two novel resonance phenomena induced by STT-FMR technique. Top panel: STT in-
duced left-handed polarized spin wave in ferromagnets. (a) Phase diagram for the right-handed
polarized spin wave (RPSW) and left-handed polarized spin wave (LPSW). The two curves de-
fined by u = ±2α/|α − β|, where α is the Gilbert damping parameter and β is the nonadiabatic
STTs induced by the spin-polarized current. Outside the two curves, spin waves lose their stability.
(b) Waveforms and the trajectory of the magnetization at a given position for the x-components
mx and y-components my, clearly demonstrate the left-handed circular precession. (Reprinted with
permission from Ref. [111]. Copyright 2019, American Physical Society.) Bottom panel: Additional
resonance states induced by STT. (c) Typical ST-FMR spectra measured from ±600 Oe to ±1400 Oe,
where two resonant peaks are clearly observed. f MW represents the frequency of the driving mi-
crowave change current, and the mixing voltage Vmix represents the corresponding ST-FMR signal.
(d) Different types of local magnetization (mx) precessions taken at point A (blue curve) and point
B (black curve). The two resonance modes exhibit obvious in-phase precession and anti-phase
precession characteristics. (Reprinted with permission from Ref. [96]. Copyright 2018, American
Physical Society).

2.2. Resonance Modes in Antiferromagnets

In comparison to ferromagnetic counterparts, the magnetizations of two adjacent
magnetic sublattices in antiferromagnets point in exact opposite directions (M1 = −M2),
see Figure 3a, consequently, lacking a net macroscopic magnetization and making antiferro-
magnetic materials resistant to perturbation and free from stray fields. Moreover, the direct
exchange or superexchange coupling field HE in crystal antiferromagnets even up to 107Oe,
resulting in spin excitations occurring in the much higher THz frequency range [27,31,121].
Recent studies have also demonstrated THz excitations in AFMs using either a dc electric
current or spin current, indicating the potential of AFMs for THz spintronic devices in
generation, detection, and modulation [29,122–125]. All the above advantages lead to the
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increasing significance of AFMs and have spurred the development of antiferromagnetic
spintronics [126–135]. In addition, Previous researches have indicated that magnons in
collinear AFMs with easy-axis anisotropy could exhibit two different eigenmodes with
opposite polarization (i.e., left-handed and right-handed) [30,125,136], as illustrated in
Figure 3b. This property provides antiferromagnetic magnons a significant advantage in
data processing by utilizing the chiralities of magnons as information carriers. On this basis,
Cheng et al. [137–140] proposed to generate coherent magnon spin currents by inducing
uniform spin precession at the antiferromagnetic resonance (AFMR). In this subsection, we
select MnF2 as a typical antiferromagnetic material to delve into the AFMR modes in AFMs
in detail.
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To describe the intrinsic magnetic excitation of AFMs, we introduce an analytical
theory extended from the classic coupled pendulum model, as illustrated in Figure 4a.
Theoretically, two identical pendulums coupled with a weak spring could oscillate into two
type of synchronization states: anti-phase asynchronous oscillation mode (optic mode) with
a phase difference of δθ = |θ1 − θ2| = 180◦ or in-phase synchronous mode (acoustic mode)
of δθ = 0◦. Similarly, spins in AFMs can also be modeled as a coupled pendulum system,
see Figure 4b, the direct exchange field acting on two sublattices of spins M1 and M2 can
be described as HE1 = −ηM2 and HE2 = −ηM1, respectively (η is the antiferromagnetic
coefficient). For simplicity, we consider two identical spins located in two sublattices, and
the effective fields acting on the two spins. Thus, in the absence of the Gilbert damping, the
equations of motion for these two sublattice magnetizations M1 and M2 can be governed
by coupled Landau–Lifshitz (LL) equations:

dM1,2

dt
= −γM1,2 × He f f 1,2 (6)

where M1,2 = ẑMz
1,2 +

(
x̂mx

1,2 + ŷmy
1,2

)
e−iωt, He f f = H0 + HK + HE, HK represents the

anisotropy field. In the Cartesian coordinate system, Equation (6) can be written as a group
of coupled equations [141]:

dmx
1

dt = γ(H0 + Hk − ηmz
2)m

y
1 + γηmy

2mz
1

dmx
2

dt = γ(H0 − Hk − ηmz
1)m

y
2 + γηmy

1mz
2

dmy
1

dt = −γ(H0 + Hk − ηmz
2)m

x
1 − γηmx

2mz
1

dmy
2

dt = −γ(H0 − Hk − ηmz
1)m

x
2 − γηmx

1mz
2

(7)
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Then, the resonance frequencies can be easily derived as:

ω1,2 = γ
(√

2HEHK ± H0

)
(8)
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Figure 4. (a) Classical mechanical model of coupled pendulums. (b) Sketch of magnetization
oscillations of AFM sublattices. H0 is the external magnetic field, while HK denotes the uniaxial
magnetic anisotropy. (c) Comparison of resonance spectra of MnF2 for the atomistic LLG simulations
(red squares and black circles), along with the analytical results from the macrospin model (the
green and cyan curves) as well as the coupled pendulum-like model (blue and magenta curves).
(d) Anti-phase magnetization precession of the two sublattice m1 and m2 simulated at H0 = 5 T (<HSF)
for the left-handed and right-handed resonance modes, and the in-phase magnetization precession
of m1 and m2 at H0 = 14 T (>HSF) for the quasi-ferromagnetic resonance mode. (Reprinted with
permission from Ref. [141]. Copyright 2023, Institute of Physics).

This result shows that there will be two eigenmodes in AFMs. In the absence of a
magnetic field, these two resonance modes could degenerate into a single resonance state.
Once a bias magnetic field is applied along the easy axis, two different resonance modes will
be observed, and the resonance frequency increases (decreases) linearly with the increase
of bias magnetic fields. Both qualitative and quantitative agreements are achieved between
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the atomistic LLG simulations and analytical models for the resonance modes (Figure 4c).
Figure 4d shows the characteristics of magnetization precession under two typical external
magnetic fields. For a relatively small external magnetic field (H0 < HSF, spin-flop field
HSF =

√
HK(2HE + HK)), two resonance modes coexist, and the magnetization precession

of the two sublattices m1 and m2 under these two modes are both anti-phased, representing
the LH and RH magnon modes, respectively. Once the bias magnetic field is increased over
the spin-flop field, both the RH mode and LH mode are replaced by a single resonance
mode, also known as the quasi-ferromagnetic (QF) resonance mode.

It should be emphasized that the above theory only applies to collinear AFMs with
easy-axis anisotropy, but not to the case of easy-plane or biaxial antiferromagnets. Typi-
cal biaxial antiferromagnets, such as NiO, are characterized by two distinct anisotropies,
a hard-axis anisotropy (H⊥) and an in-plane easy-axis anisotropy (H∥), as displayed in
Figure 5a. Similar to collinear AFMs, there are also two resonance modes in biaxial AFMs,
where the two eigenmodes are associated with the different anisotropy constants and re-
ferred to as out-of-plane mode (ω+) and in-plane mode (ω−). The corresponding magnon

dispersion spectrum are satisfied as ω+ = γ
√

2HEH⊥ + 3H2
0 and ω− = γ

√
2HEH∥ − H2

0 .
It is worth noting that the resonance modes of biaxial AFMs exhibits completely different
spin dynamic characteristics from that of easy-axis AFMs. For the out-of-plane mode
(ω+), M1 precesses counterclockwise about the z-axis with elliptical trajectories, while
M2 precesses clockwise. The precessions in opposite directions give rise to an oscillating
magnetization component in the y-direction, as illustrated in Figure 5b. For the in-plane
mode (ω_), however, M1 precesses clockwise while M2 precesses counterclockwise, giving
rise to an oscillating magnetization component in the x-direction. Based on this, Satoh
et al. [142] found the coherent spin oscillations triggered nonthermally by a circularly
polarized light in the fully compensated NiO, and the corresponding polarization rota-
tion is shown in Figure 5c. Cheng et al. [29] further exploit the feedback mechanism in
an AFM/heavy-metal heterostructure, see Figure 5d, when the spin current exceeds a
threshold, the combined effect of spin pumping and current-induced torques introduces a
steady-oscillation feedback with the oscillating frequency in the THz range. Immediately
after that, Parthasarathy et al. [143] studied the precessional spin-torque dynamics in biaxial
AFMs and proposed device setups for electrical control and detection of THz oscillations.
And now, research on easy-plane AFMs has also become an important branch in the field
of antiferromagnetic spintronics.

2.3. Resonance Modes in Synthetic Antiferromagnets

In the previous discussion, our focus primarily rested on naturally occurring crystal
FMs and AFMs. However, advancements in nanofabrication techniques have enabled the
engineering of thin layers of magnetic and non-magnetic materials, thereby unveiling a
plethora of novel physical phenomena. One of such phenomenon is the coupling between
two magnetic layers adjacent to the same non-magnetic spacer via the interlayer exchange
coupling (IEC) [144–148]. The interlayer coupling results from the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction, whose strength is highly sensitive to the Fermi surface of the
non-magnetic metal (such as Cr, Cu, Au, Ru) [149,150]. By modulating the thickness of the
non-magnetic spacer, one can adjust the coupling from ferromagnetic (parallel alignment)
to antiferromagnetic (antiparallel alignment). The multilayer structures (see Figure 6)
composed of two ferromagnetic layers separated by a thin metallic spacer (FM/NM/FM)
with an antiferromagnetic interaction between them, are commonly referred to as synthetic
antiferromagnets (SAFs) [131,151]. As a synthetic material with both FMs and AFMs
properties, SAFs can amalgamate the advantages of both materials. Firstly, the presence
of IEC enables the resonance frequency to reach tens of gigahertz (GHz), surpassing that
of FMs [35,152–155]. Secondly, the RKKY strength in SAFs is approximately 100 times
weaker than the direct or super-exchange coupling in crystalline AFMs, facilitating easier
detection and manipulation of magnetic alignments [151,156–158]. Moreover, there are two
FMR modes that appear in SAFs. One is the acoustic mode (AM) with in-phase precession
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between the two FM layers, while the other is the optic mode (OM) with out-of-phase
precession [159–166]. All of these advantages attribute SAFs as a prime candidate for next-
generation spintronics. In this subsection, we delve into the diverse FMR modes in two
distinct SAF structures, namely, in-plane magnetization and out-of-plane magnetization.
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Figure 5. (a) Crystal structure and spin arrangements in biaxial antiferromagnet NiO. (b) Illustration
of the magnetization precessions of the two antiferromagnetic resonance modes, where ω+ represents
the out-of-plane mode and ω− represents the in-plane mode. (Reprinted with permission from
Ref. [133]. Copyright 2019, American Institute of Physics.) (c) Temporal evolution of the two mixed
spin wave modes in NiO. Spin wave polarization rotation after photoexcitation with different time
delays is examined. The rapid oscillations correspond to the out-of-plane mode, while the slow
oscillations correspond to the in-plane mode. (Reprinted with permission from Ref. [142]. Copyright
2010, American Physical Society.) (d) Evolutions of the eigenfrequencies and the eigenmodes of NiO
as a function of the STT strength ωs. In the region ωs/ω⊥ < 0.5, Re[ ω+] and Re[ ω−] approach each
other with the increasing STT. And the two sublattice magnetization precess elliptically with opposite
chiralities. (Reprinted with permission from Ref. [29]. Copyright 2016, American Physical Society).
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2.3.1. FMR Modes in SAFs with In-Plane Uniaxial Anisotropy

The typical analytical model applicable to in-plane SAFs was developed by modifying
the normal antiferromagnetic material as well as that of the single ferromagnetic layer.
Firstly, the analytical expression of the corresponding dispersion relation of the correspond-
ing FMR modes was given by Rezende et al. [160] and Wigen et al. [167], as shown in
Figure 7. With the external field H0 I applied in the film plane parallel to the in-plane easy
axis, the SAFs structure undergoes three unique equilibrium states: In region-I, where
H0 is smaller than the critical spin flop field HSF =

√
HK Hsat, the magnetizations of M1

and M2 opposite to each other along the easy axis direction, resulting in nearly zero net
magnetization for the SAF system. Here, Hsat = 2Hex − HK represents the saturation field,
HK denotes the in-plane uniaxial anisotropy field, Hex = |JIEC |

tMs
is the interlayer exchange

field with exchange coupling constant JIEC. This region is also commonly referred to as the
antiferromagnetic (AF) region. Two FMR modes emerge in this region, with the resonant
frequencies given by [159]:

ω1,2 =
{

H2
0 − H2

K + (HK + Hex)(2HK + 4πMs)

∓[H2
0(2HK + 4πMs)(2HK + 4πMs + 4Hex) + H2

ex(4πMs)2]1/2
}1/2 (9)

In region-II, beyond the spin-flop (SF) field, the magnetizations of the two FM layers
of M1 and M2 deviate from the complete antiparallel alignment, adopting a canted state.
The FMR frequencies in this region are given by [159]:

ω1,2 =
{
[2H2

ex + HK(Hex + 4πMs)][H0/(2Hex − HK)]
2 + (Hex − HK)(Hex + 4πMs)

−H2
ex ± Hex

{
(2Hex + 8πMs + HK)[H0/(2Hex − HK)]

2 − (HK + 4πMs)
}
}1/2 (10)

when H0 > Hsat (region-III), both M1 and M2 align parallel to the easy axis. Consequently,
the SAF trilayer system behaves akin to a single ferromagnetic layer, with the FMR fre-
quency also expressible through Equation (3). Through the above analysis, we observe
that the characteristics of the two FMR modes in SAFs exhibit obvious dependencies on
external magnetic field H0 and the anisotropy field HK. Interestingly, if the in-plane mag-
netic anisotropy is ignored, the first equilibrium state (region-I) does not exist with the
application of the external magnetic field, and Equation (10) will simplify to [168]:

ω1 =
√

2Hex(2Hex + 4πMs)
H0

2Hex

ω2 =

√
8πHex Ms(1 −

H2
0

4H2
ex
)

(11)

In this approximation, the two FMR modes (AM and OM) will exhibit even and odd
parity properties. This phenomenon will be explained in detail in the next subsection.
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We give a further detailed description of magnetization oscillation in the above three
distinct equilibrium states. In region-I, the dynamic properties of the magnetizations
between the two FM layers exhibit evident antiferromagnetic characteristics. Figure 8a
shows two distinct resonance states at a small magnetic field. For the low-frequency mode
(f 1), as depicted in Figure 8b, the z-components of the magnetization mz

1 and mz
2 resonate

in-phase, while my
1 and my

2 resonate out-of-phase. This result supports a periodic oscillation
of the z-component sum of the two layers (mz

1 + mz
2 = 2mz) and a canceled oscillation of

the y-component sum (my
1 + my

2 = 0), identifying this resonance mode as the out-of-plane
mode. In contrast, for the high-frequency mode (f 2), it’s evident that mz

1 and mz
2 resonate

out-of-phase, while my
1 and my

2 resonate in-phase, as shown in Figure 8c. This configuration
results in a periodic oscillation signal of y-component sum (my

1 + my
2 = 2my), identifying

this resonance mode as the in-plane mode. It’s noteworthy that this feature resembles the
behavior observed in NiO [142]. In region- II, magnetic resonances can also be observed
twice at a given bias magnetic field H0, as shown in Figure 8d. However, the characteristics
of the two resonance states are completely different. The magnetization vectors of the two
FM layers display a scissor-like magnetization state due to the competition between the
interlayer AF coupling and the bias magnetic field [169], as described in previous studies.
More importantly, m1 and m2 will precess around their own effective fields, with the time
evolutions of both the y- and z-components of m1 and m2 oscillating in-phase for the
acoustic mode and anti-phase for the optic mode, as shown in Figure 8e and 8f, respectively.
These two resonant modes occur only in SAFs with in-plane anisotropy and have been
widely reported in the literature [164,165,170]. With the further increase of the magnetic
field into the region-III, the magnetization vectors are forced to the direction of H0. In this
case, the SAF trilayer system behaves as a single ferromagnetic layer. Theoretically, the
optic mode will be hidden as the resonance intensity goes to zero, thus only the Kittel mode
in the ferromagnetic phase can be observed [160].
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Ref. [36]. Copyright 2022, Institute of Physics).
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2.3.2. FMR Modes in SAFs with Perpendicular Magnetic Anisotropy

Better than in-plane magnetized materials, magnetic thin films with perpendicular
magnetic anisotropy (PMA) have attracted great interest due to their unique advantages
such as greater information storage density, higher thermal stability, and faster response
frequency [171–176]. Recent studies have shown that, similar to collinear AFMs, magnetic
resonance modes with right-handed and left-handed precession can also be excited in
PMA-SAFs [37,177]. In addition, conventional techniques employed for ferromagnetic
materials, such as the magneto-optical Kerr effect and anomalous Hall effect, can be applied
to detect the magnetic state or texture in SAFs, suggesting that PMA-SAFs structures can
not only possess the characteristics of abundant polarization degrees of freedom of collinear
AFMs, but also the spin dynamics is detectable by the same methods as FMs, which provide
an attractive platform for designing the next generation of field-effect transistors based on
magnon polarization. Here, we expand the description of the two resonance modes with
opposite polarization in PMA-SAFs.

We first give a theoretical analysis of the FMR modes in ideal PMA-SAFs including
two ferromagnetic layers with same thicknesses t and saturation magnetizations Ms. The
effective magnetic field Hi,e f f acting on each FM sublayer can be written as:

Hi,e f f = (H0 + HKe f f )ez − Hexmj(i ̸= j) (12)

where HKe f f =
2K
Ms

− 4πMs is the effective anisotropy field. In the absence of bias magnetic

field or the bias field is smaller than the spin-flop field (HSF =
[

HKe f f

(
2Hex + HKe f f

)]1/2
),

the magnetizations of the two FMs will align completely antiparallel. And the mag-
netization precessions of the two FMs are governed by Equation (1). By taking Mi =(
mi,xx̂ + mi,yŷ

)
e−iωt + Msẑ (i = 1, 2), Equation (1) can be re-written as a 4 × 4 matrix equa-

tion with the basis of (m1x, m1y, m2x, m2y). The matrix equation can be further simplified as:

iω


m1x
m1y
m2x
m2y

+ γ[A]


m1x
m1y
m2x
m2y

 = 0 (13)

The resonance frequencies are the eigenvalues of the resonance matrix [A]:

[A] =


0 H0 − Hex − HKe f f 0 −Hex

−(H0 − Hex − HKe f f ) 0 Hex 0
0 −Hex 0 H0 + Hex + HKe f f

Hex 0 −(H0 + Hex + HKe f f ) 0

 (14)

In the case of antiparallel state, the two resonance frequencies are given by:

ω± = γ

(√
HKe f f

(
2Hex + HKe f f

)
± H0

)
(15)

Figure 9 shows the resonance frequency spectra (i.e., the dispersion relations) ob-
tained by Equation (15). Here, ω+ and ω− represent the resonance frequencies of the RH
mode and LH mode, respectively. Note that for symmetry-breaking SAFs (M1

S ̸= M2
S or

t1 ̸= t2) the magnetic field HK are no longer equal and Equation (15) needs to be corrected
accordingly [177]:

ω± =
1
2

γ [
√
(HK,1 + HK,2)(4Hex + HK,1 + HK,2)± (2H 0 + HK,1 − HK,2 )] (16)

For symmetric SAFs, we can see that the resonance frequencies of the RH and LH
precession modes are degenerate without a magnetic field, and they are split into high
frequency and low frequency with an applied magnetic field. The frequency of RH (LH)
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branch linearly increases (decreases) with the increase of the applied magnetic field. While
for symmetry-breaking SAFs, all the above conclusions are valid, the only difference is that
the crossing fields in which the RH and LH modes degenerated are shifted from zero fields.
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We then discuss the possible polarization under the condition of degeneracy be-
tween the two precession modes. Recent theoretical and experimental work show that
the precession chirality of the magnon modes in the crossing field is directly depen-
dent on the polarization of the rf microwave magnetic field [37,177]. Figure 10 shows
the detailed trajectories of each magnetization under the application of four types of
microwave fields. When the microwave field is taken as the counterclockwise (CCW)
form of hRH = h0cos(ωt)x̂ + h0sin(ωt)ŷ, see Figure 10a, the magnetization of the bot-
tom layer mBL performs an active precession state (large circle) while the top layer mTL
behaves as a forced precession state (small circle). In this case, the net magnetization
m = (mBL + mTL)/2 precesses with a CCW rotation around the z-axis, i.e., RH polar-
ization. But when the microwave driving field is taken as the clockwise (CW) form of
hLH = h0cos(ωt)x̂ − h0sin(ωt)ŷ, mTL will go to the active precession state while mBL will
perform as the forced precession state, as shown in Figure 10b. And m performs a LH polar-
ization procession. However, when the x-type microwave magnetic field hx = h0cos(ωt)x̂ is
applied, the x-components of both mBL and mTL oscillate in-phase while the y-components
oscillate out-of-phase with time, see Figure 10c. This type of magnetization resonance re-
sults in a periodic oscillation of the net magnetization m in the x-direction mx and a constant
value in y-direction (my ≈ 0). In contrast, for a y-type microwave field hr f 2 = h0cos(ωt)ŷ,
see Figure 10d, the x-components oscillate out-of-phase while the y-components oscillate
in-phase, showing an oscillation in the y-direction and a constant value in the x-direction
(mx ≈ 0). From the above phenomenon, we can conclude that when a linearly polarized
microwave field is applied, the precession trajectory of the net magnetization m becomes
linear and oscillate in the direction of the corresponding microwave field. However, when
a circularly polarized microwave field is applied, the precession trajectory of m will also
become circular. These results reveal that arbitrary polarizations, including elliptically
or linearly polarized magnons, can be achieved by the corresponding type of microwave
magnetic field in PMA-SAFs, which provides a new road for us to exploit the polarization
degree of freedom of the magnon to realize information transmission.
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2.3.3. Magnon-Magnon Coupling

In recent years, magnon–magnon hybrid systems have attracted significant attention
due to their advancements in quantum information technologies [178–181]. SAFs serve as
the most promising platforms for hybrid quantum systems. From the previous sections,
we know that there are typically two distinct resonance modes in SAFs. For in-plane
magnetized SAFs, the most well-known are the in-phase AM and anti-phase OM. Con-
versely, for perpendicularly magnetized SAFs, these eigenmodes exhibit clear LH and RH
polarizations. In principle, the corresponding dispersion spectra will exhibit a degeneracy
at their crossing field of in-plane SAFs or PMA-SAFs, meaning that the two orthogonal
magnon modes cannot interact and are independent due to symmetrical protection [168].
An interesting question in the field of magnon spintronics is whether there exist additional
magnon modes beyond the aforementioned four [2,182–184]. Recent studies have indicated
that new magnon modes can indeed be excited by adjusting the coherent coupling of
these two eigenmodes, a phenomenon known as the magnon-magnon coupling effect,
which could be pivotal in the development of future magnonic devices [185–193]. MacNeill
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et al. [168] demonstrated that once the symmetry of the layered antiferromagnet CrCl3 is
broken by tilting the external magnetic field H0, coupling between the AM and OM occurs,
resulting in the formation of an anti-crossing gap. To describe these coupled resonance
modes, the matrix formalism of the LLG equation is equivalent to solving the following
two-by-two matrix, whose solutions capture the characteristics of the coupled magnon
modes [168]: ∣∣∣∣ω2

AM(H0, φ)− ω2 ∆2(H0, φ
)

∆2(H0, φ
)

ω2
OM(H0, φ

)
− ω2

∣∣∣∣= 0 (17)

where the angular frequency of the bare AM is given by:

ωAM = γ
√

1 + (Ms/2HE)Hcosφ (18)

and the angular frequency of the bare OM is given by:

ωOM = γ
{

2HE Ms

[
1 −

(
H2

0 /H2
FM

)]
+
(

sin2 φ
)

/[1 + (Ms/2HE)]
2H2

0

}2
(19)

HFM is the applied magnetic field required to fully align the two sublattices. The term
∆ represents the coupling of AM and OM:

∆ = γH0

[
2·2HE/(2HE + M)sin2 φcos2 φ

] 1
4 (20)

Generally, the effect of the coupling term is negligible, and the solutions are approxi-
mately ω = ωAM and ω = ωOM. Only when the optic and acoustic modes become closer
in frequency, are they hybridized by the coupling term, opening a gap. Figure 11a is the
frequency-field dispersion relation obtained from the numerical calculation of Equation (17)
and clearly displays an anti-crossing gap between the AM and OM in the spin-canted state.
Interestingly, this coupling is zero for φ = 0

◦
but becomes nonzero as the applied field

H0 tilted out-of-plane. Similar experimental phenomena were reported by Kurebayashi
et al. [164] in SAFs and Liensberger et al. [194] in YIG.

It has been demonstrated that the key to achieve the coupling between magnon modes
is to break the rotational symmetry. In addition to the method of applying a tilted external
magnetic field, there are other means to break the rotational symmetry and achieve the
coupling phenomenon. Shiota et al. [163] demonstrated the magnon-magnon coupling
between AM and OM can also be achieved with an in-plane magnetic field by utilizing
magnons with nonuniform precession (k ̸= 0), i.e., spin-wave resonance (SWR), see
Figure 11b, the corresponding coupling strength can be tuned by the wave number k and
the angle between the external magnetic field and the spin-wave propagation direction.
Ma et al. [195] and He et al. [196–198] proved that the intrinsic symmetry breaking (i.e.,
different saturation magnetization or thickness of the two ferromagnetic sublayers of SAFs)
will also lead to the coupling phenomena, as illustrated in Figure 11c. In addition, Wang
et al. [199] and Comstock et al. [191] discovered the hybridization caused by Dzyaloshinskii–
Moriya-Interaction (DMI), as shown in Figure 11d.

Different from the coupling between the two different resonance modes of AM and
OM mentioned above, a new coupling phenomenon called self-hybridizations has been
attracting attention recently. By using micromagnetic simulation, Sklenar et al. [200] demon-
strated that the number of optic and acoustic magnon modes are exquisitely sensitive to
the number of layers, and self-hybridization occurs when more than two FM layers are
present, as shown in Figure 12a. Unlike the bilayer SAF structure, two optic or acoustic
mode branches can exist simultaneously in a four-layered SAF. The field-frequency relation-
ships for the four-layered SAFs also show an anticrossing gap between the two branches,
suggesting self-hybridization between magnons of the same character (optic or acoustic).
Rong et al. [193] experimentally proved that the number of layers can not only determine
the number of excitation modes, but also the mode hybridizations, see Figure 12b. They
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found that self-hybridizations of optic or acoustic modes appear in even-numbered layers
(n = 4, 6 · · · ) of SAFs, leading to an opening of gaps within the same type of modes. While
for the odd-numbered layers (n = 3, 5 · · · ), the self-hybridization phenomenon disappeared
and was replaced by hybridization between different magnon modes. A global gap be-
tween AM and OM was generated and the corresponding coupling strength decreased
with increasing layer number. All these studies greatly promoted the research of hybrid
magnetic subsystems, which may invigorate the development of magnonics.

Magnetochemistry 2024, 10, x FOR PEER REVIEW 17 of 25 
 

 

 
Figure 11. Some novel mechanisms for inducing the coupling between acoustic and optic modes. 
(a) the coupling between acoustic mode and optic mode in SAFs achieved by the application of an 
out-of-plane tilted external magnetic field. (Reprinted with permission from Ref. [168]. Copyright 
2019, American Physical Society.) (b) the magnon-magnon coupling mediated by the dynamic di-
polar interaction. (Reprinted with permission from Ref. [163]. Copyright 2020, American Physical 
Society.) (c) intrinsic symmetry breaking induced magnon-magnon coupling. (Reprinted with per-
mission from Ref. [196]. Copyright 2021, American Physical Society.) (d) ultrastrong magnon–mag-
non coupling induced by the interlayer DMI. (Reprinted with permission from Ref. [199]. Copyright 
2024, American Physical Society.) 

Different from the coupling between the two different resonance modes of AM and 
OM mentioned above, a new coupling phenomenon called self-hybridizations has been 
attracting attention recently. By using micromagnetic simulation, Sklenar et al. [200] 
demonstrated that the number of optic and acoustic magnon modes are exquisitely sensi-
tive to the number of layers, and self-hybridization occurs when more than two FM layers 
are present, as shown in Figure 12a. Unlike the bilayer SAF structure, two optic or acoustic 
mode branches can exist simultaneously in a four-layered SAF. The field-frequency rela-
tionships for the four-layered SAFs also show an anticrossing gap between the two 
branches, suggesting self-hybridization between magnons of the same character (optic or 
acoustic). Rong et al. [193] experimentally proved that the number of layers can not only 
determine the number of excitation modes, but also the mode hybridizations, see Figure 
12b. They found that self-hybridizations of optic or acoustic modes appear in even-num-
bered layers (n = 4,6 ⋯) of SAFs, leading to an opening of gaps within the same type of 
modes. While for the odd-numbered layers (n = 3, 5 ⋯), the self-hybridization phenome-
non disappeared and was replaced by hybridization between different magnon modes. A 
global gap between AM and OM was generated and the corresponding coupling strength 
decreased with increasing layer number. All these studies greatly promoted the research 
of hybrid magnetic subsystems, which may invigorate the development of magnonics. 

Figure 11. Some novel mechanisms for inducing the coupling between acoustic and optic modes.
(a) the coupling between acoustic mode and optic mode in SAFs achieved by the application of an
out-of-plane tilted external magnetic field. (Reprinted with permission from Ref. [168]. Copyright
2019, American Physical Society.) (b) the magnon-magnon coupling mediated by the dynamic dipolar
interaction. (Reprinted with permission from Ref. [163]. Copyright 2020, American Physical Society.)
(c) intrinsic symmetry breaking induced magnon-magnon coupling. (Reprinted with permission from
Ref. [196]. Copyright 2021, American Physical Society). (d) ultrastrong magnon–magnon coupling
induced by the interlayer DMI. (Reprinted with permission from Ref. [199]. Copyright 2024, American
Physical Society).
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Copyright 2024, American Physical Society).

3. Conclusions and Perspectives

In recent years, there has been a growing interest in the utilization of magnon manipu-
lation. Using the FMR technique, this article provided a concise review of the fundamental
concepts and characteristics of the magnon modes in classical magnetic systems, encom-
passing both crystal magnetic materials (ferromagnets and antiferromagnets) and synthetic
magnetic materials (synthetic antiferromagnets, or SAFs). Our focus has been on antifer-
romagnets with easy-axis anisotropy (such as MnF2 and Cr2O3), and SAFs with in-plane
and perpendicular anisotropy. In ferromagnetic materials, the ferromagnetic resonance
excitation is mainly influenced by the magnetic anisotropy field and the demagnetization
field, resulting in resonance frequencies which are typically in the GHz range. In contrast,
in antiferromagnets, the presence of two sublattices leads to a dominant antiferromag-
netic coupling field, allowing antiferromagnetic resonance frequency (AFMR) to reach the
THz range. This property holds significant potential for applications in high-frequency
spintronic devices. Despite these promising prospects, the challenge of controlling and de-
tecting magnetization in crystalline antiferromagnets lags behind expectations. SAFs offer
a compelling solution by combining the high-frequency capabilities of antiferromagnets
with the easy detection of ferromagnets. This amalgamation of advantages positions SAFs
as potential candidates for future spintronic applications.

Furthermore, we delved into the polarization of magnon modes, highlighting the
differences from ferromagnets. In collinear AFMs and PMA-SAFs, the presence of two
magnon modes with opposite polarizations adds a novel degree of freedom for encoding
and processing information. In AFMs with easy-axis anisotropy, applying a bias magnetic
field along the easy-axis induces left-handed and right-handed polarization modes, whose
resonance frequencies exhibit linear dependence on the applied field until reaching a critical
spin-flop field. Similarly, in SAFs with perpendicular magnetic anisotropy, we observed
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analogous behavior. Interestingly, it was shown that small circularly polarized microwave
fields can selectively excite magnon modes based on polarization, opening avenues for
designing magnonic devices. Then, we further introduced the magnon-magnon hybrid
systems, a novel approach to create new spin-wave states.
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