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Fig. 1. Structure and symmetry breaking in a T-type configuration/*!

: (a) Schematic diagram of a magnetic multilayer with noncol-

linear magnetization; (b) the macrospin equilibrium state of FM1 and FM2 in a XYZ-coordinate with M, along the Z axis and M,

along the Y axis, the orange arrow represents the direction of rotational axis, Z’// (M1 + Ma2) ; (c) sketch of symmetry breaking,

a rotational symmetry operation Cyy/ along the Z' axis is applied and Cqz/ My # Mo .
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Fig. 2. The influence of J,,, M, and H, on the coupling strength and coupling ratel*!l: (a) The frequency dispersion relation of the

noncollinear magnetic structure; (b) the relationship between coupling strength and exchange energy density; (c) the coupling rate

as a function of saturation magnetization when the saturated magnetization M, = M, the inset shows the variation of the fre-

quency gap in the dispersion relation; (d) contour map of coupling rate, the dashed line (g/w, = 0.1) represents the boundary of ul-

tra-strong coupling region; contour map of (e) coupling strength and (f) coupling rate with Hy; and Ho.
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Fig. 3. Static magnetic properties and BLS measurement results”: Magnetization hysteresis loops of (a) p-SAF1 and (b) p-
SAF2 under the in-plane and out-of-plane magnetic fields, the insets show the large-scale loops; anomalous Hall resistance R,, of (c)
p-SAF1 and (d) p-SAF2 plotted as a function of in-plane magnetic field measured with a DC current of +2 mA, the black solid
lines represent the simulation results; (e) schematic of the spin wave propagation in p-SAF sample; BLS spectra with wave vector k =
11.8 pm ! for (f) p-SAF1 and (g) p-SAF2 samples at different external magnetic fields, the data are fitted through Lorentz peaks, as

shown by solid lines.
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Fig. 4. Spin wave dispersion relationship and reciprocity of the uncompensated and nearly compensated samples*”): Dependence of
resonance frequencies on external magnetic field for (a) p-SAF1 and (d) p-SAF2 samples, green, blue, and purple stand for antifer-
romagnetic, T-type, and ferromagnetic states, respectively; the dependence of resonance frequency on wave vector for (b) p-SAF1 at
H

e:

« = +3.6 kOe and (e) p-SAF2 at H,; = +2.8 kOe, the black solid lines represent the simulation results; the frequency nonre-
ciprocity Afas a function of wave vector for (¢) p-SAF1 and (f) p-SAF2 samples.
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Fig. 5. Spin wave dispersion in TmIG trilayer in transverse configuration?’: Contour plot of the imaginary parts of reflection para-
meters (a) Sj; and (b) Sy after nonmagnetic background subtraction, the black solid lines represent the theoretical calculation re-
sult; contour plot of the imaginary parts of transmission parameters (d) Sy; and (e) Sy, after nonmagnetic background subtraction;
(c), (f) spectra of the imaginary parts of the S-parameters extracted from the black dashed lines in color mapping under the exter-
nal magnetic field of +2.0 kOe.
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Fig. 6. Nonreciprocity of spin wave and magnonic BSF?: (a) The modulus of Ss1(12) as a function of transverse magnetic field;

(b) amplitude nonreciprocity x as a function of transverse magnetic field; contour plots of (c¢) Imag[Sy] and (d) Imag[S)s] in the fre-

quency range from 0.5 to 2.5 GHz, the black solid lines are theoretical simulation results and the dashed lines mark the frequency

gap; (e) spectra of Imag[Sy] near the FG, and the shaded area represents the FG; (f) sketch map of the characteristics of BSF.
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Fig. 7. Spin wave dispersion in the longitudinal configuration and demonstration of the switchable magnonic BSF23: Contour plot
of the imaginary parts of reflection parameters (a) S;; and transmission parameters (b) S;; after nonmagnetic background subtrac-
tion; (c) the transmission signals when the magnonic BSF device is switched on and off, respectively, the insets indicate the direc-
tions of the external magnetic field; (d) repetitive switching operations on the magnonic BSF device; (e) spin waves excited by the
microwave field in different configurations, upper part represents a coordinate is established, in which the Z axis is normal to the
film, Y axis is parallel to the wave vector, blue arrows represent the dynamic microwave fields created by the GS antenna; lower
part represents a diagram depicting magnetization precession modes in transverse and longitudinal configurations, red and blue

arrows represent the magnetizations in two TmlIG layers, respectively.
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Abstract

Magnon-based electronic devices can transmit information and energy via the transfer of spin angular
momentum without relying on the movement of charge, thereby providing material and physical foundations for
the research and development of low-power devices. This paper summarizes the research on magnon-magnon
coupling effect, spin wave dispersion relation and the corresponding device applications in perpendicularly
magnetized multilayer systems. First, a magnetization dynamics model is established based on the Landau-
Lifshitz equation for coupled multilayer systems with perpendicular magnetic anisotropy. It is verified that
symmetry breaking serves as the core mechanism of magnon-magnon coupling. Then, the magnon-magnon
coupling effect and frequency gap under the T-type magnetic configuration are observed in two perpendicularly
magnetized systems, and the nonreciprocity of spin waves is investigated. Finally, on the basis of theoretical
and experimental research, device applications are further developed. By regulating the ON and OFF states of
magnon-magnon coupling via magnetic field orientation, a switchable magnonic band-stop filter device is
successfully fabricated, which demonstrates excellent operational repeatability and stable performance. This
work summarizes the investigation path from physical mechanism, material system to device design, providing
theoretical foundations and technical schemes for low-power magnon information processing and microwave

functional devices.
Keywords: spin wave, magnon—magnon coupling, perpendicular magnetic anisotropy, band-stop filter
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