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The dependences of spin wave resonance (SWR) frequency on the surface anisotropy field, interface exchange cou-
pling, symmetry, biquadratic exchange (BQE) interaction, film thickness, and the external magnetic field in bilayer ferro-
magnetic films are theoretically analyzed by employing the linear spin wave approximation and Green’s function method.
A remarkable increase of SWR frequency, except for energetically lower two modes, can be obtained in our model that
takes the BQE interaction into account. Again, the effect of the external magnetic field on SWR frequency can be increased
by increasing the biquadratic to interlayer exchange ratio. It has been identified that the BQE interaction is of utmost impor-
tance in improving the SWR frequency of the bilayer ferromagnetic films. In addition, for bilayer ferromagnetic films, the
frequency gap between the energetically highest mode and lowest mode is found to increase by increasing the biquadratic
to interlayer exchange ratio and film thickness and destroying the symmetry of the system. These results can be used to
improve the understanding of magnetic properties in bilayer ferromagnetic films and thus may have prominent implications
for future magnetic devices.

Keywords: spin wave resonance frequency, biquadratic exchange interaction, interface exchange coupling,

surface anisotropy
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1. Introduction

Magnetic materials have been considered very attractive
for various applications, including, but not limited to, commu-
nication devices!""?) and magnetic memory devices.>*! Mi-
crowave oscillators with broad frequency tuning range are one
of the most important components for radar and telecommuni-
cation systems, and are well known. With the rapid develop-
ment of electronic communication technology, an increasing
demand for higher operating frequency and higher integra-
tion density has prompted research on the application of re-
lated electronic devices in the high frequency field, especially
in GHz ranges.>% In this regard, the spin wave is poised to
play a significant role, which can be utilized to transfer infor-
mation and data with the application perspective of avoiding
Joule heating and preventing energy dissipation. Moreover,
in high-quality thick yttrium iron garnet films, the spin wave
can carry information over distances as large as millimeters,
with frequencies extending from the GHz to the THz regime,
and thus offer a great opportunity for exploring the huge mi-
crowave spectrum. Many significant investigations to obtain
higher resonance frequency have been accomplished in mag-

7-17

netic materials.[”~!7] However, it is well known that the study

of magnetic materials by Snoek!'®! in 1947 reported that the
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resonance frequency of bulk magnetic materials is limited.
The magnetic thin films and multilayers are expected to see
further progress, with an aim towards a higher resonance fre-
quency. Several methods have been used to study the prop-
erties of magnetic materials, such as ferromagnetic resonance
(FMR), Brillouin light scattering, spin rectification effect, and
spin wave resonance (SWR). Among these methods, SWR is a
well-established method for intensive studies of magnetic pa-
rameters.

Spin wave theory has been investigated since the
1930s.1"°1" According to Holstein and Rado,*?! quantum
spin wave theory and spin wave resonance behavior of mag-
netic materials were obtained. Kittel>?! first suggested that
SWR might be observed in ferromagnetic thin films. Immedi-
ately, an experimental confirmation was given by Seavey and
Tannenwald?3! in permalloy samples. In recent years, as re-
ported by Qiu ez al.,?*-3!] the surface and bulk anisotropies,
film thickness, interlayer coupling interaction, next-neighbor
interaction, and external magnetic field are found to be ben-
eficial for increasing SWR frequency in ferromagnetic thin
films. In addition, as regards the exchange interactions, the
study of high-order exchange coupling has long been a topic
of great interest, including the biquadratic exchange (BQE)

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097601-1


https://doi.org/10.1088/1674-1056/ad50bc
mailto:wanghuan429@163.com
mailto:jhrong502@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 097601 (2024)

interaction.3>=°1 As reported by Anderson et al.,***?] the
origin and magnitude of the BQE interaction can be fully ex-
plained in terms of the super-exchange mechanism. Glas-
brenner et al.'*3! confirmed that the BQE interaction is preva-
lent in Fe-based superconductors and cannot be neglected.
On the other hand, the importance of the BQE interaction
has also been demonstrated for the magnetic properties of

[45

ferromagnets'**! and antiferromagnets.*>! A previous study in

[46] regarding the dependence of the

a ferromagnetic thin film,
SWR frequency on the BQE interaction, has obtained an en-
hanced SWR frequency and a widened frequency gap. How-
ever, it is not clear how the BQE interaction affects the SWR
frequency in multilayer ferromagnetic films. Therefore, the
present study delves into the effect of BQE interaction on the
SWR frequency in bilayer ferromagnetic films using the linear
spin wave approximation and Green’s function method.

The rest of this paper is structured as follows. The model
and Hamiltonian system are introduced in Section 2, together
with the calculation procedure. In Section 3, we present the
numerical solution and discuss the detailed dependence of the
SWR frequency in bilayer ferromagnetic films. Finally, the
paper is summarized in Section 4.

2. Model and calculation procedure

We assume a model of bilayer structure composed of
sublayer A and sublayer B, where the sublayer A (B) con-
sists of Ny (N2) monolayers located in the y—z plane, so N
(N = N; + N,) monolayers, i.e., the number of monolayers is
the film thickness, are obtained (Fig. 1). There are n lattices
in each monolayer, so the system contains a total of N x n lat-
tices. Here, the Hamiltonian for the present model considering
a biquadratic term is given by

Ny N
H=—=Y Y haSuSrr— Y, Y. JisSuSw
I

J=1i LU=N;+1 i

- Y Y JasSuSw
l,Z/:N|TN| +1 4

Ny N
=Y Y oaSuSe) = Y, Y Im(SuSry)

LI=14, LI'=Ni+1 i,
- Y guoKsS;—Y gusBoSy;, (1)
(I=1,N)i li
where S; (Sy;) represents the spin operators acting on mag-
netic sites i (i) on the monolayers [ (I'). Jia (Jig) and
Joa (JoB) stand for the interlayer and biquadratic exchange
constants, respectively, and the summations in the first two
terms are taken over all pairs of nearest neighbor sites. Jap de-
notes the interface exchange coupling between sublayer A and
sublayer B. Parameter ¢; (i = A, B) is defined in terms of the
ratio of the biquadratic to interlayer exchange (ota = Joa /JiA,
ag = Jop /J1).[***! We have also considered the Zeeman en-
ergy with the external magnetic field along the z-axis and the

surface anisotropy energy of the up and down film, where g is
the Landé factor, Ky is the surface anisotropy field and By is an
external magnetic field. tp and up represent the vacuum mag-
netic permeability and the Bohr magneton, respectively. Using
the Holstein—Primakoff transform (a* and a are creation and
annihilation operators, respectively)

St =+/(2s—ata)a,
S™=a"\/(2s—ata),

Sf=s—ara, )

the linear spin wave approximation, and introducing the spin
wave operators by, (b;(”) (I =1~ N). Here, our model con-
siders homogeneous ferromagnetic bilayer materials, setting
Jia=Jig =J1, oa =g =2, 0p = 0 = ¢ and Kgp =
Ksp = Ks. So, Eq. (1) can be rewritten as

2 2
H = —6nS%J; (N — 3) —2nS%Jag — 6nS%), (N — 3)

— Y suoKsnS— NngugBoS
I=I.N

N—1
Y (121S+24h8 +eusBo) b biy
[=2(1#N N k)

+ Y (10/15+20/,8° + gusBo +guoKs)ZbikHbLk“
I=1,N Ky

+ Y (10718 +2JaBS+20/,S" + gupBo) Zb{kubl,k“
I=N;,Nj+1 k|

N
=

(4115 +818%) Y. v (2b1 by —1)
1 ki

N—1
- Z (2J1S+41,8%) Z (bi, bﬁl,ku + bf_LkH briik)
I=1(1#Ny) Ky

Ni+1

- IZ 2JABSkZ (brybrly1 sy + i Drergy)- 3)
=M I

Note that

I i
Yoy = Z; et19 )
I

where 8” denotes only the exchange interactions between the
nearest neighbor lattices in the y—z plane, so that % is real
according to the lattice symmetry.

We define the N-order matrix retarded Green’s function
as follows:

G(kva) - [Gi-,j}NxN' (5)
Here,
Gi7j=<<bik”;bﬂu>>f, (i=1~N; j=1~N). (6

The solution of the Green’s function is as follows:

G(kHaf) = m [Mi,j]NxN’ @)
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where the matrix M is the adjoint matrix of the matrix D(f),
and

D(f) = [VVI'J']NXN+ [Hi/}NxN' ®)

For the N-order W matrix, the diagonal element is f rep-
resenting the resonance frequency of the system and all other
matrix elements are zero. The matrix elements H;; (i,j =1~
N) of the three-diagonal matrix H are as follows:

Hij = 8J1S(1— 1) + 415 +24/8>
— 16128, +g1Bo,
(i=2~(N=1), i #Ni, N1 +1),
Hyy = Hyy =81 S(1 =Yy ) +2/15+2018°
— 161,81, + g1ts Bo + gHoKs,
Hy, Ny = Hy, 11841 = 8/1S(1 = %) +2/1S + 2/aBS
+20/,8> — 1625y + gtn Bo,
Hij = 201S+40S, (i=1~(N—1), i#Ny),
Hi; 1 = 20184458, (i=2~N,i#N +1),
Hy, yy+1 = Hyj+1.8, = 2JaBS. 9)

The N numerical solutions of the SWR frequency of the bi-
layer ferromagnetic films and the dependence of the SWR fre-
quency on the BQE interaction occurring on the nearest neigh-
bor sites were obtained by solving det(D(f)) = 0.

Fig. 1. A sketch of the present model for bilayer ferromagnetic films.
Red and black dots indicate lattice sites and layers, respectively.
Here, it should be pointed out that the model is described
without considering the presence of dipole—dipole interaction,

[47,48

because of kH =0. 1 For convenience, we show the numer-

ical calculations in units of the spin quantum number S.

3. Results and discussion

The biquadratic to interlayer exchange ratio o depen-
dence of SWR frequency is demonstrated in Fig. 2 for sym-
metric (N] = N,) and asymmetric systems (N; # N,). For the
numerical calculations, the following parameters are consid-
ered: spin quantum number S = 1, surface anisotropy field
Ks = 1, interlayer exchange coupling J; = 1, interface ex-
change coupling Jag = 0.5, and external magnetic field By =
0, respectively. Considering that the two ferromagnetic thin

film consists of N = 12 monolayers, 12 SWR modes are ob-
tained, where m = 1, 2, ..., N indicating the mode number of
spin wave modes starting from the energetically lowest mode.
It can be seen from Fig. 2(a) that a linear increase of the SWR
frequency occurs by increasing the biquadratic to interlayer
exchange ratio ¢¢. Note that the value for o does signifi-
cantly affect the energetically mid-higher modes, but does in-
significantly affect the energetically lower two modes. This
shows that the effect of the BQE interaction on the energeti-
cally lowest mode which is a uniform mode is weaker. At the
same time, the frequency gap between the energetically high-
est mode and lowest mode can also be considerably increased
by increasing the biquadratic to interlayer exchange ratio .
However, as the mode number increases, the frequency gap
between neighbor modes is initially narrow and then varies
repeatedly between wider and narrower in symmetric bilayer
ferromagnetic films. The frequency gap between the energet-
ically higher two modes appears narrower compared to the
other gaps between neighbor modes. These results suggest
that the presence of the BQE interaction is rather important
for achieving a larger SWR frequency and a wider frequency
gap between the energetically highest mode and lowest mode.

Moreover, a visible change in the biquadratic to interlayer
exchange ratio o dependence of the SWR frequency (m # 1,2)
is obtained as the symmetry of the system is destroyed [see
Figs. 2(b) and 2(c)]. In asymmetric bilayer films, there is an
irregular variation of the frequency gap between the neigh-
bor modes as the mode number increases, which is different
from the variation of the frequency gap shown in symmetric
bilayer ferromagnetic films. In order to understand the effect
of symmetry more clearly, the slope is calculated by taking
the derivative of the SWR frequency with respect to the bi-
quadratic to interlayer exchange ratio a. The slopes (df/do)
of each mode for symmetric and asymmetric systems as a
function of mode numbers are presented in Fig. 2(d). With the
continuous destruction of the symmetry of the system, except
for the middle modes m = 6, 7, 8, 9, the SWR frequency of
the other even modes (odd modes) is monotonously changed.
For the even modes (m =4, 10, 12), SWR frequency increases
as the symmetry of the system is destroyed; while the opposite
occurs at the odd modes (m = 3, 5, 11), where SWR frequency
is decreased. On the other hand, as the symmetry of the sys-
tem is continuously destroyed, the spectrum curves for m = 6,
8 (m =17, 9) shift first towards higher (lower) values and then
towards the lower (higher) values. The slope clearly reflects
the different sensitivities of different modes to the symmetric
and asymmetric systems.

In order to see how the film thickness impacts the SWR
frequency in the bilayer ferromagnetic films, the SWR fre-
quency versus the biquadratic to interlayer exchange ratio o
for different thicknesses of the symmetric bilayer films are
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plotted as shown in Fig. 3. Other parameters here for the bi-
layer films were kept the same as Fig. 2. As can be seen in
Fig. 3, the increase of the film thickness results in a lower
SWR frequency of modes m < 8. Contrary to that obtained
for the variations of the SWR frequency of the energetically
mid-lower modes, the energetically highest mode in thicker
film is higher than those in thinner film. On the other hand,
upon increasing film thickness, the curves of neighbor modes
move in closer proximity to each other. Namely, the frequency
gap between neighbor modes decreases with the increase of
the film thickness. This means that the effect of thickness be-
comes weaker for energetically higher modes when the film is
thicker.

To achieve a deeper comprehension of the SWR fre-
quency, we analyze in detail the effect of the different sym-
metric and asymmetric systems and film thicknesses on the
SWR frequency of the energetically lower four modes and
the frequency gap between the energetically highest mode and

lowest mode, as displayed in Fig. 4. Here, the different sym-
metric and asymmetric systems and film thicknesses are rep-
resented by solid, dashed, and dotted lines, respectively, and
different colored lines represent different modes (black m = 1;
red m = 2; blue m = 3; green m = 4). The SWR frequency
of the energetically lower four modes linearly increases by in-
creasing the biquadratic to interlayer exchange ratio « [see
Fig. 4(a)]. There occurs a decrease (increase) of the SWR fre-
quency for mode m = 3 (m = 2, 4) as the symmetry of the
system is destroyed. However, the SWR frequency of the en-
ergetically lowest mode is found to be almost unaffected by
the symmetry. In addition, as illustrated in Fig. 4(b), increas-
ing film thickness leads to a decrease of the SWR frequency of
the energetically lower four modes and a narrower frequency
gap between neighbor modes occurs. This is probably because
the interface exchange interaction of the thicker film is weaker

than the thinner one.

N1:N2:6 N1:57N2:7 N1:47N2:8
24— 24— ----m_1216-.
(a) (b) (c) - (d)
—— N =N,=6
20f 201 =5, Ny=7
—— Ny =4, N,=§
g
g 161 161
9]
3
g
& 12 12¢
=
n 8 8
/ - .
0 0 oVeF—————m=1 0

0 0204060810 0 020.4060.81.0

Biquadratic to interlayer exchange ratio («)

2 4 6 81012
Mode (m)

0 0204060810

Fig. 2. SWR frequency as a function of the biquadratic to interlayer exchange ratio o for symmetric and asymmetric systems with § = 1,
Jap =0.5,Ks =1and By =0. () Ny =N, =6, (b) Ny =5, N, =7, and (c) N; =4, N, = 8. (d) Slope (the derivative of SWR frequency with
respect to the biquadratic to interlayer exchange ratio ) as a function of the different modes for symmetric and asymmetric systems.

N1:N2:6 N]:N2:8

24 ——— 24 ————
(b) () —m=1
—_—m=2
20¢ 20t 4 ——m=3
——m=4
o —— m=5
g 161 1 16} 4 m—6
e —_—m=7
g 12} 12} ——m=38
i —m=9
&~ ——m=10
z 8 { s e m=11
—m=12
m =13
L = m=15

—

0 0 0 —m=16

0 0.2 0.4 0.6 0.8 1.0

0 0.2 0.4 0.6 0.8 1.0

0 0.2 04 0.6 0.8 1.0

Biquadratic to interlayer exchange ratio («)

Fig. 3. SWR frequency as a function of the biquadratic to interlayer exchange ratio o for different film thicknesses. (a) N =8, (b) N = 12, and

(c) N = 16. Other parameters are chosen to be the same as before.
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4
—— N1 =Ny=6 (a)
...... Ny =5, Ny=7
3t Ny=4, N;=8 -7

SWR frequency

Difference of SWR frequency

0 02 04 06 08 1.0

0 02 04 06 08 1.0

Biquadratic to interlayer exchange ratio («)

Fig. 4. Biquadratic to interlayer exchange ratio o dependence of the SWR frequency of the energetically lower four modes for different
(a) symmetric and asymmetric systems and (b) film thicknesses. Different colored lines represent different modes, respectively. Biquadratic
to interlayer exchange ratio & dependence of the SWR frequency difference between the energetically highest and lowest modes for different

(c) symmetric and asymmetric systems and (d) film thicknesses.

On the other hand, the frequency gap between the ener-
getically highest mode and lowest mode increases by increas-
ing the biquadratic to interlayer exchange ratio ¢ and destroy-
ing the symmetry [see Fig. 4(c)], while the symmetry has a
rather small effect on the frequency gap. The increase of
the film thickness is also accompanied by an increase of the
frequency gap between the energetically highest and lowest
modes obtained in bilayer films [see Fig. 4(d)]. In contrast,
the film thickness dependence of the frequency gap appears
larger than the symmetry dependence. Based on these depen-
dencies, it can be concluded that film thickness and symmetry
are very important for improving the SWR frequency.

The variations of the SWR frequency of the energeti-
cally lower and higher three modes with the surface anisotropy
field are given in Fig. 5 for different symmetric and asym-
metric systems and film thicknesses. Here, the solid, dashed,
dashed—dotted, and dotted lines represent the spectrum curves
of the different systems Ny =4, N, =8; Ny =5, Nb =7,
N; = N, = 6 and N; = N, = 8§, respectively, and different
colored lines represent different modes. For the energeti-
cally lower three modes, there is a pronounced increase of
the SWR frequency by increasing the surface anisotropy field
[see Fig. 5(a)]. Moreover, for the energetically lowest mode
(m = 1), it is shown that the overlap of the spectrum curves
for the symmetric and asymmetric systems at fixed film thick-
ness and that the surface anisotropy field dependence of the
SWR frequency decreases with increasing film thickness. This
agrees with the results reported in Ref. [26]. In asymmetric
bilayer films, the effect of the surface anisotropy field on the
SWR frequency of even (odd) mode m =2 (m = 3) is much

larger (lower) than in symmetric bilayer films. For the energet-
ically higher three modes, the curves of the SWR frequency
in Fig. 5(b) exhibit little variation as the surface anisotropy
field increases. In particular, the SWR frequency of the en-
ergetically highest mode is almost independent of the surface
anisotropy field for the bilayer films. In addition, for the sym-
metric bilayer films, the SWR frequency of the energetically
highest mode increases as the film thickness is increased. It is
also found that the SWR frequency of the energetically high-
est mode at the same film thickness increases as symmetry
is destroyed. On the other hand, the frequency gap between
the energetically higher two modes is increased by reducing
the film thickness and destroying the symmetry of the bilayer
films.

To examine the dependence of the SWR frequency on the
external magnetic field in our system, the spectrum curves of
all modes are plotted as a function of the external magnetic
field in Fig. 6 with S =1, Jagp = 0.5 and Kg = 1. Here, the solid
and dashed lines represent the spectrum curves of the sym-
metric system (N; = N; = 6) and asymmetric system (N; = 4,
N, = 8), respectively. One can see that a larger SWR fre-
quency has been obtained in the stronger external magnetic
field, while the frequency gap between the neighbor modes
does not depend on the external magnetic field [see Fig. 6(a)].
Even more significant enhancement of SWR frequency was
attained after the biquadratic to interlayer exchange ratio o in-
creased, whereas the energetically lower two modes are less
affected by the value for o [see Figs. 6(b) and 6(c)]. In addi-
tion, for the even modes (m = 4, 6, 8, 10, and 12), the SWR
frequency in the bilayer films shifts towards the higher val-
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ues by destroying symmetry, which is opposite to the behavior
shown at the odd modes (m = 3, 5, 9, and 11). However, the
spectrum curves of mode m = 7 for the symmetric system and
asymmetric system are indistinguishable.

m=1,2,3 m=N-2, N—1, N
k@ Tasste) T T Iblack m=1
. - red m=2
B N blue m=3
L2 -/'/-/l —”/’- Y S purple m = N—2
- T green m=N-1
- ink m=N
5, LOE- 4 14.5F Jpink m
o
=}
E .
& 0.8f 1 140t i
5]
& e
2 0.6F —Ni=4 N=8 I ]
g N1 =5, Na=7 13.5
n ~=-N;=N;=6
0.4
0.2k~
0

. . . . 0 . . . .
0 0.2 04 06 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Surface anisotropy filed (Ks)

Fig. 5. SWR frequency as a function of the surface anisotropy field for
the (a) energetically lower three modes and (b) energetically higher three
modes with different symmetric and asymmetric systems and film thick-
nesses. Other calculated parameters are S =1, Jap = 0.5, Bo =0and a =0.5.

a=0 a=0.2

(@ (b) ' (c)
16 1 16} 16f o ---==

SWR frequency
—
o o

IS

/ -
=  loe—r |
0 0204060810 0 0204060810 0 0.2040.60.81.0
External magnetic field (By)

Fig. 6. External magnetic field dependence of the SWR frequency
for different biquadratic to interlayer exchange ratios o with § =1,
Jag = 0.5 and K = 1, for the symmetric system (solid lines) and asym-
metric system (dashed lines), respectively. (a) o« =0, (b) @ = 0.2, and
() x=0.5.

In order to get a clear understanding of the effect of the in-
terface exchange coupling, we investigated the variation of the
SWR frequency as a function of the interface exchange cou-
pling for symmetric and asymmetric systems, as depicted in
Fig. 7. The different colored lines represent different modes,
as in Fig. 3. For the symmetric bilayer ferromagnetic films
(N1 =N, =6), the SWR frequency of the odd modes exhibited
no dependence on the interface exchange coupling, whereas
an increase of the even modes is obtained by increasing in-
terface exchange coupling [see Fig. 7(a)]. This is consistent
with the results reported in Ref. [25]. The variations of the
SWR frequency of the middle modes m = 4, 6, 8 are more
pronounced than those of the other modes. It follows that in
symmetric bilayer ferromagnetic films, the main effects of the

interface exchange coupling occur for the SWR frequency of
even modes. Accordingly, it is noted that there is a significant
increase of the frequency gap between the modesm=n (n=1,
3,5,7,9,11) and m = n+1 as interface exchange coupling in-
creases. At the same time, the frequency gap first increases as
mode number (m < 6) increases and then gradually decreases
for higher modes (m > 6). For the asymmetric bilayer ferro-
magnetic films (N; =4, N, = 8), the SWR spectrum curves of
modes m = 1, 4,7, 10, 12 are almost parallel to the horizontal
axis [see Fig. 7(b)]. However, for the other modes, interface
exchange coupling leads to an increase of the SWR frequency,
especially for modes m = 5, 8. Moreover, the frequency gap
between the energetically highest mode and lowest mode is
slightly increased with the increase of the interface exchange
coupling for the symmetric ferromagnetic films [see Fig. 7(c)].
However, it can be seen that for the asymmetric ferromagnetic
films, the frequency gap does not monotonously change by in-
creasing interface exchange coupling.
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Fig. 7. SWR frequency as a function of the interface exchange coupling
for symmetric and asymmetric systems with @ = 0.5. (a) Ny = N, = 6,
(b) N1 =4, N, = 8. (c) Difference of SWR frequency between the energet-
ically highest mode and lowest mode vs. interface exchange coupling for
symmetric and asymmetric systems. Other parameters here are the same as
those in Fig. 2.

4. Conclusion

A higher SWR frequency in bilayer ferromagnetic films
is obtained by investigating the dependence of the SWR fre-
quency on the variation of both BQE interaction, interface ex-
change coupling, symmetry, film thickness, surface anisotropy
field, as well as the external magnetic field by means of the
linear spin wave approximation and Green’s function method.
Specifically, the biquadratic to interlayer exchange ratio o
leads to a pronounced increase of the SWR frequency, where
the variations of the energetically lower two modes are neg-
ligible in comparison to other modes. Again, a larger SWR
frequency has been achieved in the stronger external magnetic
field. As the surface anisotropy field increases from O to 1,
the SWR frequency displays a clear increase for energetically
lower modes, whereas only very small increases are obtained
for energetically higher modes. In addition, for the even (odd)
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modes, the SWR frequency increases (decreases) as the sym-
metry of the system is destroyed, whereas the spectrum curves
form =6, 8 (m="17,9) shift first towards higher (lower) values
and then towards the lower (higher) values. Finally, the fre-
quency gap between the energetically highest mode and lowest
mode can be increased by increasing the biquadratic to inter-
layer exchange ratio o and film thickness, and by destroying
the symmetry of the system. Our results thus imply that the
BQE interaction needs to be taken into consideration to ma-
nipulate the SWR frequency and to promote the applications
of magnetic material.
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