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Spin wave dispersion in perpendicularly magnetized synthetic antiferromagnets
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The spin wave is a promising candidate medium to be used as an information carrier and for processing.
Knowledge of the spin wave dispersion relation is a prerequisite for its application and the design of devices.
Here, we report on spin wave dispersion in perpendicularly magnetized synthetic antiferromagnets (p-SAFs),
consisting of two CoFeB layers and a thin W spacer layer. The Brillouin light scattering technique is employed
to measure the spin wave dispersion relations as a function of the in-plane magnetic field and wave vector.
Two resonance modes are observed in the finite range of the magnetic field, in which the configuration of the
magnetic moments in two CoFeB layers can be divided into antiferromagnetic and ferromagnetic states. In
addition, we observe a T-type region, where the magnetization in one CoFeB layer lies in the direction of the
in-plane magnetic field and the other stays in the out-of-plane direction. The dependences of the frequency on
the wave vector demonstrate the spin wave propagation in this case is reciprocal. We also theoretically derive
the spin wave dispersion relation for p-SAFs based on the Landau-Lifshitz equation, which agree well with the
experimental results.
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I. INTRODUCTION

Spin waves are collective excitations of magnetic moments
which carry spin angular momentum and can be used as
information carriers. The quanta of spin waves are referred
to as magnons, and the research field that utilizes spin waves
for information transport and processing is known as magnon-
ics [1–5]. Compared with the traditional information carrier,
like conduction electrons, spin-wave-based information pro-
cessing can significantly reduce Joule heating and operates
in the frequency range from serval gigahertz to hundreds of
terahertz. This attracts more attention due to its promising
prospect in energy-efficient and ultrafast devices [6–8]. So far,
most spin wave studies have mainly focused on ferromag-
nets (FMs) and ferrimagnets, including yttrium iron garnet
[9–12] and permalloy films [13–15]. Recently, antiferromag-
netic (AFM) spin waves have been stimulating interest due
to several advantages. AFMs have greater thermal stability
and the absence of stray magnetic fields [16]. Unlike FM spin
wave devices using the amplitude and phase, AFM spin waves
have not only right- and left-handed circular polarizations in
an easy-axis AFM but also a linearly polarized mode in an
easy-plane AFM, which have been observed in crystal AFMs
such as MnF2 [17], FeI2 [18], and α-Fe2O3 [19], although
some AFMs have gigahertz resonance frequencies due to the
low magnetic anisotropy or weak exchange coupling, such
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as the canted α-Fe2O3 [20] and the layered AFM insulator
CrCl3 [21]. However, it is difficult to excite and manipulate
spin waves in most AFMs because they have a high intrinsic
frequency (up to the terahertz range) due to strong magnetic
anisotropy and exchange coupling, which requires terahertz
techniques to probe and strong magnetic field up to several
Tesla [22–24]. Synthetic antiferromagnets (SAFs), formed
through the weak interlayer exchange coupling between two
FMs mediated by a sandwiched metallic layer, show the reso-
nance frequency within the range of conventional microwave
electronics (several tens of gigahertz) [25,26]. This facilitates
the detection and manipulation of AFM spin waves.

Recent works have reported the spin wave in SAFs with
easy-plane anisotropy or perpendicular magnetic anisotropy
(PMA), which mainly focus on the spin wave nonreciproc-
ity and resonance modes [27–29]. During the experiments,
an external magnetic field was usually applied along the
direction of Néel vector, as shown in Fig. 1(a). As the mag-
netic field increases, the magnetization states are divided into
three regions: AFM state, spin-flop transition, and FM state
[30]. Because of the interlayer coupling in SAFs, two res-
onance modes are observed, including acoustic mode (AM)
and optic mode (OM), which represent the in-phase and out-
of-phase precession, respectively [31]. For the situation that
magnetic field is perpendicular to the Néel vector, however,
it is rarely reported. In this paper, we experimentally study
the spin wave dispersion in perpendicularly magnetized SAFs
(p-SAFs) when an external magnetic field is perpendicular to
the Néel vector, as shown in Fig. 1(b), in which the AM and
OM are also observed in AFM and FM regions. Moreover,

2469-9950/2024/109(5)/054406(10) 054406-1 ©2024 American Physical Society

https://orcid.org/0009-0009-1324-784X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.054406&domain=pdf&date_stamp=2024-02-05
https://doi.org/10.1103/PhysRevB.109.054406


TENGFEI ZHANG et al. PHYSICAL REVIEW B 109, 054406 (2024)

FIG. 1. Schematic diagram of resonance modes in perpendicularly magnetized synthetic antiferromagnets (p-SAFs). (a) The case of
external magnetic field applied along the direction of the Néel vector. The magnetic moments in two ferromagnetic (FM) layers experience
three states: antiferromagnetic (AFM), spin-flop transition, and FM state. The acoustic mode (AM) and optic mode (OM) are present in each
magnetization state. (b) The case of magnetic field applied along the perpendicular direction of the Néel vector. The presentation of AM and
OM in three different magnetization states: AFM, T-type, and FM state.

in the transition region between AFM and FM states, the
magnetization state forms an upside-down T-type configura-
tion, namely, two FM layers in p-SAFs have in-plane and
out-of-plane magnetization, respectively. A theoretical model
is proposed to explain the dispersion relations, which can fit
well with the experimental results. This paper can facilitate
the application of p-SAFs in spin-wave-based logic devices.

II. THEORETICAL MODEL

To understand the origin of spin wave dispersion in p-
SAFs, we firstly model the magnetic dynamics by performing
a macrospin simulation based on the Landau-Lifshitz (LL)
equation. As shown in Fig. 2, the system consists of two FM
layers with the same magnetization Ms and different PMAs
(K1 and K2) and thicknesses (t1 and t2), in which the interlayer

FIG. 2. Structure schematic of perpendicularly magnetized syn-
thetic antiferromagnet (p-SAF), and a XYZ coordinate is established.

exchange energy per unit area is Jex. The spin wave propa-
gation is assumed to be along the X axis with wave vector k.
The external magnetic field lies in the Y axis. The total energy
density E per unit area can be given by

E = −
∑
i=1,2

μ0MstiHext cos〈 �mi, �Hext〉 −
∑
i=1,2

(
tiKi−μ0M2

s ti
2

)

× m2
Zi + Jex �m1 · �m2 + EDMI, (1)

where the first term is Zeeman energy, the second term
is the demagnetization energy, the third term is inter-
layer exchange energy, and the last term is the interfacial
Dzyaloshinskii-Moriya interaction (DMI) energy. Here, �mi is
the magnetization of FM layer i(=1, 2), and Jex is a positive
value for the AFM coupling. Based on the minimum of free
energy, the equilibrium state of magnetization in a p-SAF is
determined on the condition of various magnetic fields. Two
sets of coupled LL equations in p-SAFs are thus established
at the equilibrium state (see Appendix A for more detail).
The effective field �Hi acting on the magnetization �mi is thus
given by �Hi = −∇�mi (

E
μ0Msti

) + �hdip,i [29]. Here, �hdip,i repre-
sents the dynamic dipolar field generated by the nonuniform
distribution of the magnetic moments of spin waves, which
can be obtained through Maxwell’s relations. The detailed
expressions of effective fields and dynamical dipolar fields
can be seen in Appendix B.
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To simplify the solution procedure, we introduce a new xyz
coordinate, where the z axis is parallel to the magnetization at
the equilibrium state and the x axis is parallel to the X axis, as
shown in Fig. 2. The effective fields can be transformed from
the XYZ coordinate to the xyz coordinate by using a rotation
matrix. In the xyz coordinate, the magnetization and effective
field in FM layer i can be expressed as

�mi(x, t ) =

⎛
⎜⎝

mxiexp[i(kx + ωt )]

myiexp[i(kx + ωt )]

1

⎞
⎟⎠, (2)

�Heff,i =

⎛
⎜⎝

Hx
eff,i + hx

dip,i

Hy
eff,i + hy

dip,i

Hz
eff,i + hz

dip,i

⎞
⎟⎠, (3)

where the effective fields consist of static and dynamic com-
ponents. In the linear regime, the dynamic part of the effective
field is proportional to �mi(x, t ), which depends on the wave
factor k. Considering a small oscillation of the magnetiza-
tion around the equilibrium state, the LL equations d �mi/dt =
−γ �mi × �Heff,i can be linearized as

(
iω

γ
+ Ĥ

)⎛
⎜⎜⎝

mx1

my1

mx2

my2

⎞
⎟⎟⎠ = 0, (4)

where γ is the gyromagnetic ratio and Ĥ is a fourth-order
matrix. The resonance frequencies f = ω/(2π ) can be thus
obtained by solving the eigenvalues of coefficient matrix. The
detailed elements of the fourth-order matrix are explicitly
given in Appendix B. For the sake of simplicity, the eigen-
solutions of Eq. (4) can be obtained through the numerical
method, which are used to explain the following experimental
results.

III. SAMPLES AND EXPERIMENTS

To study the spin wave modes in p-SAFs, we fabricated
Co20Fe60B20 (CoFeB)/W/CoFeB multilayers. The sample
structure is Si/SiOx//W (1)/MgO (2)/CoFeB (t)/W (1)/CoFeB
(0.9)/MgO (2)/W (2), where // means the Si/SiOx substrate
and the numbers in parentheses are thicknesses in nanome-
ters. According to the difference of the dead layer of CoFeB
films grown on the W and MgO layers, we prepared the
uncompensated and nearly compensated SAFs, correspond-
ing to the bottom thicknesses t = 1.3 and 1.6 nm, which
are named p-SAF1 and p-SAF2, respectively. The two FM
layers form AFM coupling through Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction using an ultrathin W spacer. The
top W layer is used as a capping layer to protect the magnetic
layers from oxidation. All samples were prepared by using a
magnetron sputtering system with a 5 × 10−6 Pa base pres-
sure. Subsequent annealing was performed at the temperature
of 325 ◦C for 30 min in a vacuum furnace to induce strong
PMA and interlayer exchange coupling. The excitation and
detection of spin wave modes and propagation in p-SAFs
were studied by employing wave-vector-resolved Brillouin
light scattering (BLS). The hysteresis loops were measured

by using a vibrating sample magnetometer (Lake Shore 8604).
All measurements were performed at room temperature.

IV. RESULTS AND DISCUSSION

A. Static magnetic properties

Normalized magnetic hysteresis loops of p-SAF samples
are presented in Figs. 3(a) and 3(b), which clearly exhibit
PMA and AFM coupling between two CoFeB layers. Here,
p-SAF1 is an uncompensated sample [Fig. 3(a)] and p-SAF2
is a nearly compensated sample [Fig. 3(b)] from the rema-
nence at zero field. Both p-SAF samples have strong PMA
field Hk ≈ 5 kOe, and the saturation magnetization of them is
about Ms ≈ 1300 emu/cc. The effective interlayer exchange
coupling fields Hex can be evaluated to be ∼200 Oe for p-
SAF1 and 100 Oe for p-SAF2. These extracted values can be
used as reference parameters for the macrospin simulation.
The in-plane hysteresis loops display a hard-axis behavior,
and as the in-plane magnetic field increases, the magnetization
gradually rotates from the normal direction to in-plane direc-
tion of films, but it is hard to see the detailed magnetization
process, like the T-type region.

To make clear the magnetization switching in p-SAF sam-
ples, we fabricate the Hall bar devices to measure the transport
properties. The Hall bar device is shown in the inset of
Fig. 3(c). A charge current (Iy) flows through the channel
with a width of 20 µm, and meanwhile, the transverse Hall
voltage (Vxy) is measured. The anomalous Hall resistance
(Rxy = Vxy/Iy) is thus obtained. Figures 3(c) and 3(d) show the
anomalous Hall resistance as a function of in-plane magnetic
field for the p-SAF samples, which are obviously different
from the in-plane magnetic hysteresis loops, as shown in
Figs. 3(a) and 3(b). In the magnetic hysteresis loops, the nor-
malized magnetization is determined by the projection of the
total magnetic moment on the in-plane magnetic field, namely,
M/Ms = (t1sinθ1 + t2sinθ2)/(t1 + t2). This depicts a smooth
and monotonically increasing curve, from which it is hard
to distinguish the T-type region, while for the Rxy-H loops,
Rxy is dependent on the projection of total magnetization on
the Z axis, namely, Rxy ∝ (t1cosθ1 + t2cosθ2)/(t1 + t2). This
expression is not monotonic. As the magnetic field decreases
from +8 kOe to zero, Rxy firstly increases from near zero to a
large value and then decreases; correspondingly, the magneti-
zation states in p-SAF samples change from the in-plane AFM
state to a T-type configuration and then to the perpendicularly
magnetized AFM state, as shown in the inset of Fig. 3(d).
In other words, with the decrease of the magnetic field, the
two perpendicularly magnetized CoFeB layers have different
switching response speeds due to their different PMAs. At
zero field, Rxy of p-SAF1 has a significant value due to the
uncompensated magnetization at the normal direction, which
is larger than that of the nearly compensated p-SAF2. In
addition, the switching fields appear in the Rxy-Hy loops but
not in the in-plane magnetic hysteresis loops. This is mainly
contributed to the magnetization switching in the top CoFeB
layer forced by the out-of-plane component of the magnetic
field because the in-plane magnetic field is not completely
perpendicular to the Néel vector, and moreover, the magne-
tization in the bottom CoFeB layer also reverses under the
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FIG. 3. (a) and (b) Magnetization hysteresis loops of perpendicularly magnetized synthetic antiferromagnet (p-SAF) samples measured
under the in-plane and out-of-plane magnetic fields. The insets show the large-scale loops. (c) and (d) Anomalous Hall resistance Rxy plotted
as a function of in-plane magnetic field Hy measured with a DC current of +2 mA. The black solid lines represent the simulation results. The
inset in (c) shows a sketch map of the Hall bar and measurement setup. The insets in (d) show the magnetization state changing from in-plane
ferromagnetic (FM) state (i) to T-type state (ii), then to perpendicular antiferromagnetic (AFM) state (iii) at positive magnetic field. When the
magnetic field increases inversely, the T-type switches from state (iv) to state (v), and then forms the in-plane FM state (vi).

in-plane magnetic field, as shown by states (iv)–(v) in the inset
of Fig. 3(d). Based on the above theoretical model, the equilib-
rium state of magnetization in a p-SAF can be determined, and
we can thus obtain the theoretical results. The experimental
Rxy-Hy loops are well fitted by numerical simulation results,
as shown in Figs. 3(c) and 3(d), in which p-SAF1 and p-SAF2
have the same saturation magnetization Ms = 1300 emu/cc,
the same interlayer exchange coupling Jex = 0.02 erg/cm2,
and the same strong PMA field for the top CoFeB layer (Hk1 =
4800 Oe), but they have different PMA fields for the bottom
CoFeB layer due to the different thickness (Hk2 = 2600 Oe
for p-SAF1 and 1300 Oe for p-SAF2). Obviously, when the
in-plane magnetic field Hy is larger than Hk2 and less than Hk1,
the magnetization state forms a T-type configuration, in which
the magnetization of the bottom CoFeB layer firstly rotates to
the in-plane direction (see Appendix A for more detail).

B. Spin wave dispersion

A schematic diagram of the spin wave propagation in the p-
SAF sample using BLS measurement is sketched in Fig. 4(a).
A laser beam of wavelength λ = 532 nm shines on the sur-
face of the sample, where the incident angle θ is changed
from 10◦ to 50◦ and the scattering light is collected from the
opposite direction [32–34]. This allows exciting spin waves
to have different wave vectors k = (4π/λ)sinθ . An external

magnetic field is applied along the Y-axis direction, and the
wave vector is along the X axis. The BLS spectra are mea-
sured at different magnetic fields and wave vectors to obtain
the field- and k-dependent variation of resonance frequency.
Figures 4(b) and 4(c) display the typical BLS spectra with
wave vector k = 11.8 µm−1. Each BLS spectrum includes
four peaks, in which the two peaks with negative (positive)
frequencies correspond to Stokes (anti-Stokes) modes. Based
on the inelastically backscattering geometry, the Stokes and
anti-Stokes modes represent the creation and annihilation of
a magnon, corresponding to the wave vector along the +X
and −X directions, respectively [35,36]. The two Stokes or
two anti-Stokes peaks are originated from different resonance
modes due to the interlayer exchange coupling in p-SAFs:
AM and OM. The low-frequency resonance with higher signal
amplitude corresponds to the AM, and the high-frequency res-
onance with lower signal amplitude corresponds to the OM.
When two external magnetic fields with the same strength
but opposite directions are applied separately to the p-SAF
samples, the resonance frequencies of the AM and OM remain
unchanged. This indicates that the spin wave propagation in p-
SAFs is reciprocal, which is different from the nonreciprocal
propagation in a SAF with easy-plane anisotropy [28,30].

As the magnetic field increases, the resonance frequencies
will change, which are plotted in Figs. 5(a) and 5(b). When
the external magnetic field is less than the PMA fields of
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FIG. 4. (a) Schematic of the spin wave propagation in perpendicularly magnetized synthetic antiferromagnet (p-SAF) sample. (b) and (c)
Brillouin light scattering (BLS) spectra with wave vector k = 11.8 µm−1 for the p-SAF1 and p-SAF2 samples at different external magnetic
fields. The data are fitted through Lorentz peaks, as shown by solid lines.

two CoFeB layers in p-SAFs, namely, Hext < Hk1 and Hk2,
the magnetization is in the AFM state and the BLS spectra
present the very weak resonance signal because the probe of
BLS in this paper is more sensitive to the in-plane component
of magnetization. At a magnetic field with certain strength
(Hk1 > Hext > Hk2), the T-type state is established, where the
magnetization in the bottom CoFeB layer is aligned to the
direction of the magnetic field and the magnetization in the top

CoFeB layer mildly deviates from the normal direction. In the
T-type region, as the magnetic field increases, the frequency of
the OM firstly decreases and then increases, but the frequency
of the AM increases. Significantly, there appears a frequency
gap due to the coupling between the AM and OM. This gap
can be also known as magnon-magnon coupling, which is
realized by breaking the rotational symmetry [21,37,38]. At
a sufficiently strength magnetic field (Hext > Hk1 and Hk2),

FIG. 5. Dependence of resonance frequencies on external magnetic field for the (a) p-SAF1 and (b) p-SAF2 samples. Experimental data are
represented by different symbols, while the black solid lines represent the numerical simulations. The magnetization states are distinguished by
using three colored regions. Green, blue, and purple stand for antiferromagnetic (AFM), T-type, and ferromagnetic (FM) states, respectively.

054406-5



TENGFEI ZHANG et al. PHYSICAL REVIEW B 109, 054406 (2024)

FIG. 6. (a) and (b) The dependence of resonance frequency on wave vector for the p-SAF1 at Hext = +3.6 kOe and p-SAF2 at Hext =
+2.8 kOe. The black solid lines represent the simulation results. (c) and (d) The frequency nonreciprocity � f as a function of wave vector for
the p-SAF1 and p-SAF2 samples.

the FM state is formed and the magnetization in both CoFeB
layers is parallel to the direction of the magnetic field. The
frequencies of the AM and OM gradually increase with the
increase of the magnetic field. Compared with the uncompen-
sated p-SAF1 sample, the nearly compensated p-SAF2 sample
has a wider range T-type region and a higher-frequency po-
sition of the gap, which are caused by the large difference
of PMA fields between top and bottom CoFeB layers. The
numerical simulation results are shown by the black solid
lines in Figs. 5(a) and 5(b), which are well matched with
the experimental data. The simulation parameters are con-
sistent with the above results in Rxy-Hy loops for the two
p-SAF samples. This demonstrates that the experimental re-
sults and theoretical model are self-consistent. The theoretical
results also reveal that the stronger interlayer exchange cou-
pling will widen the frequency gap in the T-type region (see
Appendix C for more detail). In addition, we also measure
the spin wave propagating along the direction of the in-plane
magnetic field, namely, the backward volume magnetostatic
wave (BVMSW) mode. The results show that the spin wave
dispersion of the BVMSW mode is like the case of the wave
vector being perpendicular to the magnetic field. The exper-
imental data can also be well fitted by the physical model in
this paper (see Appendix D for more detail).

C. Reciprocal spin wave propagation

Figures 6(a) and 6(b) show the dependence of resonance
frequencies on the wave vector. Here, the external magnetic
fields are set to a certain value to produce the T-type config-
uration. For both p-SAF samples, the frequencies of the OM
and AM are positively related to the wave vector, which are
consistent with the simulation results represented by black
solid lines. This result indicates that the dynamic dipolar fields
would hardly influence the resonance frequency of p-SAF
samples in the T-type region. Furthermore, it can be seen mi-
croscopically that the frequencies of Stokes modes are slightly
larger than that of anti-Stokes modes, which is due to the
interfacial DMI in the CoFeB/W/CoFeB multilayers [39,40].

To analyze the nonreciprocity of spin wave prop-
agation, we define the frequency nonreciprocity � f =
[( f H+

Stokes − f H−
Stokes) + ( f H+

anti−S − f H−
anti−S)]/2. Note that this ex-

pression has excluded the system error from the instrument.
Figures 6(c) and 6(d) show the dependence of frequency
nonreciprocity � f on the wave vector for both samples.
Here, � f is within the range of 0.1 GHz for the T-type
configuration, then the DMI constant D can be estimated
by � f = 2γ

πMs
Dk [41]. When k = 10 µm−1, D = 0.08 mJ/m2.

This value is slightly less than the reported values (D =
0.12 − 0.68 mJ/m2 for W/CoFeB structure) in Refs. [42,43],
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which is likely due to the very thin thicknesses of the W
and CoFeB layers in this paper. As a result, the small � f
can be ignored due to the weak interfacial DMI. The spin
wave propagation in p-SAF samples can be thus considered
reciprocal. This reciprocal spin wave has the potential to be
applied to wave-based logic circuits, and it can overcome the
parasitic scattering in the combiner region of logic elements
[44,45].

V. CONCLUSIONS

In summary, we have studied the spin wave dispersion
relations in uncompensated and nearly compensated p-SAF
samples by using BLS technique, in which an external mag-
netic field is applied to the perpendicular direction of the
Néel vector. The AM and OM are observed in the AFM,
T-type, and FM states, and the experimental results can be
well explained by the theoretical model. Moreover, we found
a frequency gap in the T-type region that is originated from
the coupling between the AM and OM. As the wave vector
increases, the resonance frequencies increase slightly, and the
nonreciprocity � f < 0.1 GHz, namely, the spin wave propa-
gation in this case is reciprocal. This paper paves the way for
next-generation spin-wave logic devices.
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APPENDIX A: EQUILIBRIUM STATE
OF MAGNETIZATION

The equilibrium state of magnetization in a p-SAF is
determined based on the minimum of free energy, namely,
∂E/∂θ1 = 0 and ∂E/∂θ2 = 0. By solving θ1 and θ2 for each
magnetic field Hy, the hysteresis loops can be thus obtained by
calculating the normalized projection of total magnetization
on the Z axis, as shown in Figs. 3(c) and 3(d). In the process
of solving the equilibrium equations, the dependence of θ1 and
θ2 on the magnetic field can be given, as shown in Fig. 7.
For both p-SAF samples, the top CoFeB layer has a strong
PMA field (Hk1), while the bottom CoFeB layer has a weaker
PMA field (Hk2). Therefore, when the external magnetic field
is less than Hk1 and greater than Hk2, the magnetization in the
bottom CoFeB layer quickly turns to the in-plane direction,
while the magnetization in the top CoFeB layer remains in the
out-of-plane direction, forming an approximate upside-down
T shape, which can be called the T-type region and marked by
the blue area as shown in Fig. 7. Especially for p-SAF2, the
Hk2 of the bottom CoFeB layer is ∼1300 Oe, which is much
less than that of the top CoFeB layer. This causes a wide range
T-type region, as shown in Fig. 7(b).

FIG. 7. Dependence of θ1 and θ2 on external magnetic field for
the (a) p-SAF1 and (b) p-SAF2 samples. Green, blue, and purple
areas stand for the antiferromagnetic (AFM), T-type, and ferromag-
netic (FM) states, respectively.

APPENDIX B: EFFECTIVE FIELD IN LL EQUATION

On the basis of the total energy density E per unit area
of the p-SAF system, the effective field �Hi acting on the
magnetization �mi is given by

�Hi = −∇�mi

(
E

μ0Msti

)
+ �hdip,i, (A1)

where �hdip,i represents the dynamic dipolar field. In the XYZ
coordinate, as shown in Fig. 2, the first term of the effective
field can be obtained as

�H1 =

⎛
⎜⎜⎝

−Hex1
Ms

mx2

Hext − Hex1sinθ2 − Hex1
Ms

cosθ2my2

Hk1cosθ1 − Hex1cosθ2− Hk1
Ms

sinθ1my1+ Hex1
Ms

sinθ2my2

⎞
⎟⎟⎠,

(A2)

�H2 =

⎛
⎜⎜⎝

−Hex2
Ms

mx1

Hext − Hex2sinθ1 − Hex2
Ms

cosθ1my1

Hk2cosθ2 − Hex2cosθ1− Hk2
Ms

sinθ2my2+ Hex2
Ms

sinθ1my1

⎞
⎟⎟⎠.

(A3)

054406-7



TENGFEI ZHANG et al. PHYSICAL REVIEW B 109, 054406 (2024)

Here, Hex1 = Jex/(t1Ms) and Hex2 = Jex/(t2Ms) are the ef-
fective fields of interlayer exchange coupling, Hk1 = 2K1/Ms

and Hk2 = 2K2/Ms are the effective PMA fields, θi denotes
the angle between the magnetization �mi and the Z axis. Note
that the DMI field only leads to a shift of the dispersion
relation, depending on the wave vector. Therefore, the final
dispersion relation can be expressed as f0(k, H ) + � f , and
� f = 2γ

πMs
Dk [41]. Here, D is the interfacial DMI constant.

By assuming kt 
 1 and considering Maxwell’s relations
∇ · �B = 0 and ∇ × �hdip,i = 0, the dynamic dipolar field �hdip,i

can be given by [46,47]

�hdip,1 = −2πkt1

⎛
⎝mx1

0
0

⎞
⎠ − 2πkt2

⎛
⎝ mx2

0
imx2

⎞
⎠, (A4)

�hdip,2 = −2πkt2

⎛
⎝mx2

0
0

⎞
⎠ − 2πkt1

⎛
⎝ mx1

0
imx1

⎞
⎠, (A5)

where the first term is the self-dipolar field and the second
term is the mutual-dipolar field. To simplify two sets of
coupled LL equations in p-SAFs, a new xyz coordinate is
established, as shown in Fig. 2. The effective fields can be
transformed from the XYZ coordinate to the xyz coordinate by
using a rotation matrix, which is given by

A =
⎛
⎝1 0 0

0 cosθi −sinθi

0 sinθi cosθi

⎞
⎠. (A6)

In the xyz coordinate, the effective field can be expressed
as �Heff,i = A �Hi, and the LL in Eq. (A1) can be thus linearized
as ⎛

⎜⎜⎝
iω/γ A12

A21 iω/γ

A13 A14

A23 A24

A31 A32

A41 A42

iω/γ A34

A43 iω/γ

⎞
⎟⎟⎠

⎛
⎜⎜⎝

mx1

my1

mx2

my2

⎞
⎟⎟⎠ = 0, (A7)

where the matrix elements are given by

A12 = Hextsinθ1 + Hk1cos2θ1 − Hex1cos(θ1 − θ2)

− Hk1sin2θ1,

A13 = − 2πMsikt2sinθ1,

A14 = Hex1cos(θ1 − θ2),

A21 = − Hextsinθ1 − Hk1cos2θ1 + Hex1cos(θ1 − θ2)

− 2πMskt1,

A23 = − Hex1 − 2πMskt2,

A24 = A42 = 0,

A31 = − 2πMsikt1sinθ2,

A32 = Hex2cos(θ1 − θ2),

A34 = Hextsinθ2 + Hk2cos2θ2 − Hex2cos(θ1 − θ2)

− Hk2sin2θ2,

A41 = − Hex2 − 2πMskt1,

A43 = − Hextsinθ2 − Hk2cos2θ2 + Hex2cos(θ1 − θ2)

− 2πMskt2.

FIG. 8. Simulation results of magnon-magnon coupling. (a) De-
pendence of resonance frequencies on magnetic field for p-SAF2
with different interlayer exchange energy Jex. (b) The frequency gap
as a function of Jex for p-SAF1 and p-SAF2.

To solve Eq. (A7), the determinant of the coefficient matrix
must be equal to zero. Therefore, we can obtain the depen-
dence of resonance frequency on the magnetic field and the
wave vector by numerical calculation.

APPENDIX C: MAGNON-MAGNON COUPLING
IN T-TYPE REGION

Figure 8 shows the simulation results of magnon-magnon
coupling in the T-type region with different interlayer ex-
change energy Jex. As Jex increases for the p-SAF2 sample,
as shown in Fig. 8(a), the frequency gap gradually widens,
and the position of resonance fields moves to the high field.
When the interlayer exchange energy Jex = 0.05 erg/cm2, the
frequency gap reaches 1.42 GHz. Figure 8(b) shows the de-
pendence of the frequency gap on Jex. The frequency gap
increases linearly with the increase of interlayer exchange
energy Jex. Moreover, compared with the p-SAF2 sample,
p-SAF1 has larger frequency gaps due to its strong PMA
field of the bottom CoFeB layer. This result is vital for the
quantum magnonics, and it needs to be studied through more
experimental results.
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FIG. 9. (a) Sketch map of the configuration of spin wave propagation and external magnetic field. (b) and (c) Dependence of resonance
frequencies on external magnetic field for the p-SAF1 and p-SAF2 samples.

APPENDIX D: BVMSW

Figure 9(a) shows the sketch map of the BLS measure-
ment, in which the spin wave propagates along the direction
of the external magnetic field. Due to the influence of the
electromagnet on the optical path, BLS spectra are only mea-
sured at the incident angle θ = 20◦ (k = 8.1 µm−1). In this
configuration, the excited spin wave is a BVMSW mode [1].

Figures 9(b) and 9(c) show the dependence of resonance fre-
quencies on the external magnetic field for the p-SAF1 and
p-SAF2 samples. We also fit the experimental data by the
physical model in this paper, as shown by the black solid lines.
For the two cases of k // H and k � H, only the dynamical
dipolar fields are different, and the total energy of the SAF
system is the same. Therefore, their dependences of frequency
on the magnetic field are almost identical.
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