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We report a theoretical analysis of magnon—-magnon coupling in a noncollinear magnetic sandwiched structure with
interlayer exchange interaction, which consists of two ferromagnetic layers with perpendicular and in-plane magnetic
anisotropy, respectively. Based on the Landau-Lifshitz equation, the spin wave dispersion is derived, and then the fre-
quency gap is observed due to the magnon—magnon coupling effect induced by symmetry breaking. The influence of
saturation magnetization, exchange coupling interaction, perpendicular magnetic anisotropy, and wave vector on the cou-
pling strength is studied in detail. We find that the coupling strength is strongly dependent on the saturation magnetization
and a small saturation magnetization can lead to strong coupling strength. By selecting the appropriate magnetic materials,
the ultra-strong coupling regime can be achieved. The precession information in time domain is solved and the alternating
change of the precession components in two ferromagnetic layers implies the exchange of energy and information.
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Magnons, the quantization of collective spin excitations
in ferromagnets, have attracted extensive attention in both
fundamental and applied research fields and given birth to
magnonics.!'®) Magnonics addresses the physical properties
of magnons and utilizes them to process information!’~1 or
build the hybrid quantum systems.!!!=1%1 For the hybridiza-
tion of magnons with a quantum system, the reading and con-
trol of qubits can be achieved by coupling in the magnonics
cavity, which has smaller volume and lower Ohmic losses

(7191 In order to improve the

than the microwave cavity.
performances and facilitate the development of the magnon-
based functional quantum devices, it is vital to enhance the
strength of coupling. Recently, the strong magnon-magnon
coupling has been reported in magnetic nanostructures and
multilayers,?%2! which can be analogous to the hybrid quan-
tum system. It is found that the strength of magnon—magnon
coupling can be enhanced due to the stronger intralayer ex-
change coupling in a ferrimagnetic gadolinium iron garnet,
approaching 6.38 GHz.!'”! Moreover, magnon-magnon cou-
pling due to the interlayer exchange interaction has also
been demonstrated in a layered antiferromagnet CrCl; and
in synthetic antiferromagnets (SAFs), in which the coupling
between acoustic mode (AM) and optic mode (OM) was
excited.!??! Among these, due to the adjustable exchange cou-
pling (AEC) between two ferromagnetic layers and the break-
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(231 the popularity of synthetic anti-

ing of magnetic symmetry,
ferromagnets (SAFs) has increased as they can break symme-
try through spin pumping and the external magnetic field com-
ponent, among other advantages. This is beneficial for control-
ling the coupling strength, which is conducive to controlling
the coupling strength. The magnon—-magnon coupling effect
has been observed in the in-plane SAFs (CoFeB/Ru/CoFeB
and NiFe/Ru/NiFe multilayers) and in perpendicularly magne-
tized SAFs (MgO/CoFeB/W/CoFeB/MgO structures).[?4-28]
From a physical picture viewpoint, the key to realize a
strong and tunable magnon—magnon coupling in SAF is to
break the parity symmetry. A simple approach is to em-
ploy an external magnetic field tilted toward the out-of-plane
direction.?-32] Recent reports!*3! show that the perpendic-
ularly magnetized SAFs have ultra-strong magnon—magnon
coupling when an external magnetic field is applied perpendic-
ular to the direction of Néel vector. In particular, the magnon—
magnon coupling occurs when the magnetization of two FM
layers in SAF forms a T-type configuration, namely, the mag-
netization in one FM layer tends to in-plane while the other re-
mains in the out-of-plane direction. To date, the in-plane and
out-of-plane SAF structures have been extensively researched
and an external magnetic field is employed to break the parity
symmetry. Natural noncollinear antiferromagnets have been
extensively studied.[>*-3¢] However, the noncollinear SAFs,
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such as natural T-type, are rarely studied, which have intrin-
sic symmetry-breaking.

In this paper, we theoretically study the magnon—-magnon
coupling in noncollinear SAFs, namely, a T-type magnetic
structure with interlayer exchange interaction. Acoustic and
optical modes are observed and coupled due to symmetry
breaking. Considering the different physical parameters in
the noncollinear magnetic structure, including the saturation
magnetization, perpendicular magnetic anisotropy, interlayer
exchange interaction, dynamical dipolar interaction, we sys-
tematically study the coupling strength based on the Landau—
Lifshitz equation.

VA

M 1 ; MQ MZ @ M 1
Ao = A M
- 4 \

Fig. 1.  Structure and symmetry breaking in noncollinear SAFs.
(a) Schematic diagram of a magnetic multilayer with noncollinear mangeti-
zatization, and the blue (red) arrows represent the magnetization in FM1(2)
with perpendicular (in-plane) magnetic anisotropy, NM is the non-magnetic
spacer layer. (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’ || (M + M,).
(c) Sketch of symmetry breaking. A rotational symmetry operation Cpz
along the Z’ axis is applied and C,» M| # M.

Figure 1(a) shows the sample structure with noncollinear
magnetic configuration, in which the FM layer 1 with thick-
ness #; and saturation magnetization Mg, has perpendicular
magnetic anisotropy (PMA) and the FM layer 2 with thick-
ness f, and saturation magnetization M, has an in-plane mag-
netic anisotropy. These two FM layers form ferromagnetic
or antiferromagnetic (AFM) coupling through the interlayer
Ruderman—Kittel-Kasuya—Yoshida (RKKY) interaction me-
diated by a sandwiched spacer layer. In this noncollinear mag-
netic structure, the intrinsic symmetry breaking will induce a
strong magnon—magnon coupling. In the absence of an exter-
nal magnetic field, a XYZ coordinate is set along the magneti-
zation, as shown in Fig. 1(b), where M| and M, are parallel
to the Z and Y axes, respectively. The rotational axis is estab-
lished by Z' || (M, + M,). We define a rotation operator C,,
which can rotate the magnetic vector around the Z’ axis by
180° and obviously C%Z, = 1. When interlayer exchange cou-
pling is absent, we can obtain C,,» M| = M,. However, when
interlayer coupling exists and Hex; || éy , the magnetization
of the two ferromagnetic layers deviates from the easy axis
and forms an angle with the film plane and Cyz M| # My,
thus structures with intrinsic symmetry breaking are present

in interlayer-coupled noncollinear synthetic antiferromagnets.
In addition, because the two FM layers have different satura-
tion magnetization and magnetic anisotropy, the operation C,
on M, (M>) is not equal to the vector M, (M), as shown
in Fig. 1(c). This intrinsic symmetry breaking in noncollinear
magnetic structure thus induces the magnon—-magnon coupling
between acoustic and optic modes.

Based on the Landau-Lifshitz (LL) equation and the total
energy density of the magnetic system, we have carried out the
macrospin simulation. Figure 2(a) shows two Cartesian coor-
dinates in a noncollinear T-type magnetic structure, including
a fixed coordinate frame XY Z and a dynamic coordinate frame
xyz, where the Z axis is perpendicular to the magnetic film
and the Y axis is parallel to the external magnetic field Hey,
the z axis is along the magnetization at the equilibrium state;
the axes x and X coincide with each other. On the basis of
the Stoner—Wohlfarth model, the macrospin simulation is per-
formed. In coordinate XY Z, the total energy density of this
noncollinear SAF can be expressed as

Eot = — Zi:1.2 HoM; itiHex; sin 6;

Mt
_ |:(IIK1 _ ,U()2511> . (”f’ll .é‘Z)Z

1 .
—iﬂonzMstz : (m2~€z)2] +Jexmy -myp, (1)

where the first term is the Zeeman energy, the second term is
the magnetic anisotropy energy, and the third term is the inter-
layer exchange coupling energy. 6; is the polar angle between
the Z axis and the magnetization of FM layer i (1, 2). Hey i an
external magnetic field along the Y axis. K| is the perpendic-
ular anisotropy energy of FM1. The negative value of Hy; is
used to characterize the intensity of the easy plane anisotropy.
The J is the exchange energy density per unit area, which is a
negative (positive) value for the FM (AFM) coupling. The ef-
fective fields acting on the magnetization can be thus obtained
by

Eot
Hi=-V,|—— Rgip ;-
'(IJOMs,iti) T dipi
Therefore, the LL equation can be expressed as
dM;
T —YM; x H;, @
t
H, = Hextéy + Hy (”'A’ll : éz) éZ
+ Hex1112 + huip 15 (3a)
H, = Hextéy — Mg (’/hZ . éz) éz
+ Hexa1iy + haip 2, (3b)

where 7 is the gyromagnetic ratio. Hy; = 2K /M) is the effec-
tive perpendicular anisotropy field, Hex ; = Jex / (HotiMs;) is the
effective field of RKKY exchange interaction acting on the FM
layer i, and the type of interlayer coupling can be determined
by the positive or negative sign of Jex. hgip; is the effective
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field of dynamic dipole interaction. The detailed expressions
of effective fields H; are given in Appendix A.

In order to reduce the number of variables, numerical cal-
culation will be carried out in the dynamic coordinate frame
xyz. The effective fields need to be transformed from the fixed
XYZ coordinate to the moving xyz coordinate through a rota-
tion matrix R,(0), as shown by the following expression:

X 1 0 0 X
y|=1]0cosO —sin6 Y |. (@Y)
z 0 sin® cos@ Z

In the xyz coordinate, the magnetization and effective
field in FM layer i can be expressed as

My ei(kx+a)t)
Metr; (x,1) = Re(6;) M; = | mye!®Fen | (5)
1
Hey; = R (6;) H;+ R, (6;) haip,i
H%ff,i h;c(!ip,i
= | Hy; | +R(6) | Trgip,i | - (6)
Héf‘f,i hgip,i

Here, dynamic dipole fields acting on the FM layer with in-

plane magnetic anisotropy*7-*1 or PMA3%4% can be obtained
through the microscopic Maxwell equation3”]
V- (hqg+4nMsm) =0, 7
V x hd =0.

In noncollinear synthetic antiferromagnets, the boundary con-
ditions of in-plane ferromagnetic layer (IP-FM) and perpen-
dicularly magnetized ferromagnetic layer (PMA-FM) are dif-
ferent. Assuming that the form of the dipole field of IP-FM
(PMA-FM) is consistent with that of the collinear SAF, 7! the
dynamic dipole field of IP-FM (PMA-FM) is consistent with
the dynamic dipole field of IP-SAF (PMA-SAF). The dynamic
dipole fields in noncollinear SAF can be represented by two
parts:

haip, = hfelN%édip + hgulualfdip
my1 nmy — imyZ
= 2nkt; | O | —2mkn 0 , (8)
0 —imy —my
hgip2 = hglf—dip + hﬁlltx/[tﬁal—dip
ny2 iy
= —2mkt 0 — 21kt 0 , ©))
—nyp imxl
where hfgﬁédip and hglf—dip represent the intralayer dipole
fields in the FM with PMA and in-plane magnetic anisotropy,
respectively. hyp .. aip and Apvioy g, denote the interlayer

dipole fields generated from the FM with in-plane magnetic
anisotropy and PMA, respectively. k is the wave vector of spin
wave, which can be experimentally determined through the in-
cident angle of laser beam in Brillouin light scattering or the

geometric structure of microwave antenna. We have studied
the magnetostatic surface spin wave (MSSW) mode, that is,
the wave vector k propagates in the positive direction along
the X-axis.

The spin wave dispersion relation in noncollinear SAF
can be thus obtained by solving Egs. (2) and (3). When the
magnetization deviates from the equilibrium position and ex-
periences the Larmor precession with a small angle, the LL
equations can be simplified to

io/y A, Az Au My
Ay iw/y Az An my|

. =0. 10
A3 Az i0/y Ay my (10)
Ay Ap Ap iofy My

Where the elements of coefficient matrix are listed in Ap-
pendix A. As a result, the analytical expression of the reso-
nance frequency f = @/27 can be obtained by calculating the
eigenvalue of the coefficient matrix. The result indicates that
the intrinsic spin wave dispersion of the noncollinear magnetic
structure is dependent on the saturation magnetizations of two
FM layers (M;; and My;), perpendicular magnetic anisotropy
(Hy1), interlayer exchange interaction (Jex), and spin wave
vector (k). In order to simplify the calculations, the dispersion
relation can be obtained through the numerical computation
method, which is used to produce and explain the following
results.

Now, let us discuss the equilibrium state of the non-
collinear magnetic structure. When an external magnetic field
is applied along the positive direction of the Y axis, the to-
tal energy, including Zeeman energy, perpendicular magnetic
anisotropy energy and interlayer exchange energy, is consid-
ered. According to the principle of free energy minimization,
the equilibrium position of macrospin Mj(;) can be deter-
mined by the differential method, namely, d&;t/d6; = 0 and
J€ot/d6, = 0. Figures 2(b)-2(d) show the magnetic field de-
pendence of the angle 6,y of magnetization M, deviating
from the Z axis. When the interlayer RKKY exchange interac-
tion is zero, namely, the two FM layers have no coupling, the
magnetization M and M), are perpendicular to each other
and form a standard T-shaped structure at zero magnetic field,
as shown in Fig. 2(b). With the increase of external magnetic
field, the M gradually deviates to the Y axis and M), remains
unchanged. When the magnetic field increases to 5 kOe, the
M, and M), are arranged in parallel along the Y direction.
Here the PMA of FM layer 1 is set to 5 kOe, and the sat-
uration magnetization of two FM layers are set to the same
1300 emu/cm®. When the type of interlayer exchange cou-
pling is FM coupling and the Jox = —0.1 erg/cm?, the M
and M, tend to be arranged in parallel at zero magnetic field,
as shown in Fig. 2(c), in which the M deviates from the X
axis clockwise and the M, deviates from the Y axis counter-
clockwise. When the type of interlayer exchange coupling is
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antiferromagnetic coupling and Jex = 40.1 erg/cm?, as shown
in Fig. 2(d), the RKKY exchange interaction makes M and
M, tend to be antiparallel at zero magnetic field, and the M
deviates from the X axis counter-clockwise, M, deviates from
the Y axis clockwise. For the above three cases of no coupling,
FM and AFM coupling, the M and M, gradually turn to the
direction of the Y axis with the increase of external magnetic
field, and they are parallel with the Y axis when the magnetic
field reaches 5 kOe. When considering the interlayer RKKY
exchange interaction, the M (M) deviates from the Z (Y)
axis with a small angle at the absence of magnetic field. The
deviation angle is related to the magnitude and type of inter-
layer exchange coupling, which also affects magnon—-magnon
coupling.

No coupling

90 )
b
a
(a) .
< 60 — 0
2
oD
0o Z 30 ; M,
M.
X0 e
0 . T
0 2 4 6 8
H (kOe)
FM coupling AFM coupling
90 90
@ (d)
—0 _ — 0,
< 60 0 | 60 — 6
) 2
g = 30
< 30 <
0 5 0 5
0 2 4 6 8 0 2 4 6 8

H (kOe) H (kOe)

Fig. 2. Equilibrium state of Hey; and the coordinate system. (a) A fixed XYZ-
coordinate and two motional xyz-coordinates. The macrospin M| and M,
are in the ZY plane and 6, () is the polar angle between the Z axis and M (3).
The motional z axis is along the equilibrium direction of M and M, and
the motional x axis is parallel to the fixed X axis. The external magnetic field
is along the Y axis, and the spin wave vector is along the X axis. (b)—(d) The
magnetic field dependent of 0 (y) at the equilibrium state when the interlayer
exchange energy Jex = 0 (no coupling), Jex < 0 (FM coupling), and Jex > 0
(AFM coupling), respectively. The blue dashed line is the reference line for
Hexi = 5 kOe.

At equilibrium state, the intrinsic dispersion relation
of noncollinear magnetic structure can be determined by
Eq. (10). When a small alternating magnetic field with fre-
quency f = @ /27 acts on the magnetizations, they will devi-
ate from the equilibrium position and precess at a small angle.
The inconsistent precession in magnetic sample produces spin
waves via direct exchange interaction and dynamical dipole
interaction. In our case, spin wave propagates along the di-
rection of the X axis. Figure 3(a) shows the typical disper-
sion relation of spin wave in a T-type magnetic structure. Here
the parameters are M) = M = 1300 emu/cm?, Hy; = 5 kOe,
Hy =5 kOe, Jox = 0.1 erg/cmz, referring to the CoFeB
samples.!?®! It can be seen that the dependence of acoustic

and optical modes on the external magnetic field is very sim-
ilar to the dispersion relation of the SAF with PMA.[?8] Tt is
worth noting that a frequency gap occurs when the magnetic
field is about 3 kOe, which is due to the magnon—magnon cou-
pling effect between acoustic and optical modes. The coupling
strength is defined as g = | fom — fam|,,;, /2. and the coupling
rate is defined as g/ @y, where @y = (fom + fam) /2 is the cen-
ter frequency. The frequency gap is about 2.3 GHz. There-
fore, the coupling strength is 1.15 GHz, and the coupling rate
is 0.09. In this calculation, the exchange energy is relatively
weak, which refers to the previous result in CoFeB/W/CoFeB
structure.!”8! Generally, the Jox in magnetic heterojunction
will be larger, which makes the experimentally measured fre-
quency gap much larger.?*-3?] Considering the FM and AFM
coupling in the noncollinear magnetic structure, the coupling
strength is given in Fig. 3(b). This indicates that the coupling
strength increases almost linearly with the interlayer exchange
energy Jex. The slope of ferromagnetic coupling is slightly
larger than that of antiferromagnetic coupling. In the follow-
ing discussion, we mainly focus on the AFM coupling state.
Magnon—magnon coupling primarily originates from the sym-
metry breaking of the magnetization configuration in the mag-
netic multilayers, and the interlayer exchange coupling has a
significant impact on the coupling strength.

Furthermore, we study the influence of saturation magne-
tization on the coupling strength and rate. Figure 3(c) shows
the coupling rate as a function of M, where My, = My, and
Jex = 0.1 erg/cm?. The range of M; is from 100 emu/cm?
to 1300 emu/cm?, which has covered most current mag-
netic materials, including YIG (~ 140 emu/cm3), NigoFeso
(~ 900 emu/cm?) and CoyyFegoBao (~ 1300 emu/cm?). It
can be seen that the coupling rate g/wp monotonically de-
creases with the increase of saturation magnetization, and the
overall trend is similar to an inverse proportional function. A
small saturation magnetization gives rise to a stronger cou-
pling strength. This is partly because decreasing the satura-
tion magnetization while maintaining a constant exchange en-
ergy density is equivalent to enhancing the RKKY interaction.
Additionally, the disparity in saturation magnetization exacer-
bates the asymmetry between the two layers. When the M in-
creases from 100 emu/cm?® to 500 emu/cm?, the coupling rate
rapidly decreases from 0.42 to less than 0.2, correspondingly,
the coupling strength changes from 9.3 GHz to 2.75 GHz. This
result reveals that a lower M can lead to a stronger magnon—
magnon coupling. Under the condition of the same total thick-
ness, the M of magnetic multilayer with multiperiodic struc-
ture is lower than that of the monolayer film.*! Tt means that
there will be an ultra-strong magnon—-magnon coupling in the
noncollinear magnetic structure with multiperiodic magnetic
films, which is consistent with the reported work. 3!

Figure 3(d) shows the coupling rate for the different sat-
uration magnetizations in the range from 100 emu/cm?® to
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1300 emu/cm?. When keeping the M, of one FM layer con-
stant and changing the M; of the other FM layer, the coupling
rate is similar to an inverse proportion function. Under the crit-
ical condition of ultra-strong coupling regime,*>~** as shown

by a dashed line, g/@y = 0.1. This indicates that the ultra-

strong coupling state can be achieved when the two FM layers
have hugely different saturation magnetization. Moreover, as
Mg, and My, decrease, the coupling strength and rate gradu-
ally increase. When the M, of the two FM layers is about
140 emu/cm?, the coupling rate can reach around 0.38.

30 2.7
(a) (b)
257 —— J =0.1 erg/cm? _ —o— FM coupling ot
9oL =~ Jex=0 1.8} AFM coupling °
N N ) )
= s o
o 15 Y /
S == . A\ A
“~ 10} 2~ 2 Py = 0.9F m/n
s
00 0.05 0.10 0.15 0.20
Jex| (erg/cm?
o Cengfemt)
1300 ~ = 0-45
(d) 0.10 T
N
f ~
E 900 10.30
<
5
£ \
2L -
5 500/ L0.15
= .
. . 100& lO
0 500 1000 1500 100 500 900 1300

M (emu/cm?)

Mg (emu/cm?)

Fig. 3. The influence of My and Jex on the coupling rate. (a) The frequency dispersion relation of the noncollinear magnetic structure, the

black dashed line is the cross mode without magnon—-magnon coupling.

The inset shows the frequency dispersion in the range from 2.5 kOe to

3 kOe. (b) The relationship between magnon—magnon coupling strength and exchange energy density, the blue sphere means antiferromagnetic
coupling and the orange square means ferromagnetic coupling. (c) The coupling rate as a function of saturation magnetization when the
saturated magnetization Ms; = M. The inset shows the variation of the frequency gap in the dispersion relation. The purple solid line
(pentagram), green solid line (square), and orange solid line (circle) represent the saturation magnetization M; = 900 emu/cm?, 1100 emu/cm?,
and 1300 emu/cm?, respectively. (d) Contour map of coupling rate. The dashed line (g /@y = 0.1) represents the boundary of ultra-strong

coupling region.

1.2

(a) t; =1.2 nm| (b) —o— |Hy1| = |Hyo
é? 1.0 0.3
2 os %
= > 0.2
0.6 0.1
2 4 8 12 U.51 4

Hyo (kOe)

3.0
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3.0 4.5

0 .
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Fig. 4. The influence of Hy and #, on the coupling strength and coupling
rate. (a) The relationship between magnon—magnon coupling strength and
thickness of r, (IP-FM) when #; = 1.2 nm (PMA-FM). (b) The relationship
between magnon—magnon coupling rate and anisotropy effective magnetic
field when the absolute values of Hy; and Hy, are equal. The blue sphere
means antiferromagnetic coupling and the orange square means ferromag-
netic coupling. (c) Contour map of coupling strength. (d) Contour map
of coupling rate. The dashed line (g/wp = 0.1) represents the boundary of
ultra-strong coupling region.

Subsequently, we explore the influence of the perpendic-
ular magnetic anisotropy and thickness of FM on magnon—
magnon coupling. In the experiment, the ferromagnetic layer

with perpendicular anisotropy cannot be too thick. There-
fore, we only discuss the thickness variation relationship of
IP-FM. Figure 4(a) shows the coupling strength as a func-
tion of the t, (IP-FM), as the thickness #, increases from
2 nm to 10 nm, the coupling strength decreases monotonically
from 1.15 GHz to 0.53 GHz.

dicates a decrease in the volumetric energy density of the in-

The increase in thickness in-

terlayer coupling, which leads to a reduction in the coupling
strength. Figure 4(b) shows the coupling strength and rate
as functions of the effective PMA (IP) field Hy; (Hy,), where
My = My = 1300 emu/cm?, and Jo, = 0.1 erg/cmz. When Hy
gradually increases from 0.5 kOe to 5 kOe, the coupling rate
is reduced from 0.39 to 0.09. Figures 4(c) and 4(d) show the
relationship between the coupling strength and the anisotropy
field of the two ferromagnetic layers. Weak Hy; and strong
Hy; lead to greater coupling strength and coupling rate. The
coupling rate can reach approximately 0.7 when Hy; = 500 Oe
and Hy, = 5000 Oe. A combination of low saturation magne-
tization and weak perpendicular magnetic anisotropy has the
potential to achieve a higher coupling rate.

Then, we explore the influence of the wave vector on
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magnon—magnon coupling. In Fig. 5, the orange line shows
the coupling strength as a function of the wave vector in
PMA-SAF. When the wave vector increases from 2 pm™!
to 20 um~!, the coupling strength linearly increases from
0.6 GHz to 1.2 GHz, and the parameters used in the cal-
culation are taken from previous work.[?8) This is because
in the limit of kt < 1, the dynamic dipole field excited by
the spin wave is proportional to the wave vector k. In the
IP-SAF, the relationship between the coupling strength and
the wave vector is also a similar linear relationship, which

(401 Tn noncollinear synthetic

has been proven in experiments.
antiferromagnets, the dipole magnetic field experienced by
PMA-FM is represented as hgﬁédip + hguwa]idip, and the
dipole magnetic field experienced by IP-FM is represented
as hgppo = hFElffdip + hﬂﬁﬁakdip. In Fig. 5, the blue line
shows the coupling strength as a function of the wave vec-
tor. When the Hy; = 5 kOe and Hy, = 5 kOe, the relation-
ship between the coupling strength in T-SAF and the variation
of the wave vector follows a similar linear pattern to that of
PMA-SAF and IP-SAF. When the wave vector increases from
2 um~! to 20 um™!, the coupling strength linearly increases
from 0.54 GHz to 1.12 GHz. Under the same exchange energy
density and at Hy, as the wave vector increases gradually, the
rate of growth of coupling strength in T-SAF is the same as

that in PMA-SAF.

1ol PMA-SAF
1.0}
N
=
O o8t
>
0.6}
0'4 1 1 1 1
0 5 10 15 20
k (pm~1)

Fig. 5. The change in coupling strength with the wave vector. Or-
ange squares represent PMA-SAF with a perpendicular anisotropic
field Hy; = 4800 Oe and Hy, = 2600 Oe, exchange energy density
Jex = 0.1 erg/cmz, while blue circles indicate noncollinear synthetic
antiferromagnets.

To gain insights into the magnon—magnon coupling, the
time-domain results of magnetization dynamical response
have been numerically calculated by using the same magnetic
parameters as before. At the equilibrium state, a perturbing
magnetic field is firstly applied and then removed, the mag-
netization then relaxes and the x-component of magnetization
in two FM layers is recorded within 20 ns. The time-domain
results are shown in the left of Fig. 6 when the external mag-
netic fields are 1000 Oe, 3000 Oe, 7000 Oe, respectively, and
the corresponding frequency-domain results obtained through
Fourier transform are shown in the right of Fig. 6. When the

Heyxi = 1000 Oe, the M and M), nearly form a T-shaped con-
figuration. The m,; and m,, have different precession fre-
quencies, and the amplitudes of m,; and m,, differ but re-
main essentially constant. The precession frequency of miy
is composed of the superposition of AM and OM. When the
Heyxi = 7000 Oe, the M| and M are nearly parallel. The pre-
cession components of magnetization have higher resonance
frequencies. When Heyx¢ = 3000 Oe, which corresponds to the
precession at the frequency gap, the frequency of my; is also
composed of the superposition of AM and OM. The ampli-
tudes of m,; and m,, will undergo significant changes during
precession. The maximum amplitude and minimum ampli-
tude of the x-component of precession in two FM layers corre-
spond to each other, in other words, the m,| and m,, alternately
change in time domain. This indicates that the changes of
amplitude during precession represent the exchange of energy
and information between two resonance modes. This result
demonstrates a clear understanding of the magnon—magnon
coupling and facilitates the research of the hybrid quantum

( Al()ooe

—— 3000 Oe

system based on magnon.

0.05

10—°
0.05

FFT intensity (arb. units)

008 — G O ——7000 Oc é?o; .
o M

t (ns) f (GHz)

Fig. 6. Magnetization dynamical response in time domain (on the left)
when the external magnetic field is 1000 Oe, 3000 Oe, 7000 Oe, re-
spectively. The corresponding frequency-domain results (on the right)
are obtained through Fourier transform. The images at the top show
the precession information of a T-type configuration, the middle images
correspond to the position of the frequency gap, namely, the magnon—
magnon coupling, and the bottom images show the precession informa-
tion when the magnetizations in two FM layers are parallel.

In summary, we have studied the magnon—-magnon cou-
pling in a noncollinear SAF through the theoretical and nu-
merical methods. The coupling strength is determined by the
physical parameters, including the saturation magnetizations
of two FM layers, perpendicular magnetic anisotropy, inter-
layer exchange interaction, and spin wave vector. The cou-
pling strength has a linear relationship with the interlayer ex-
change energy. The saturation magnetization of the FM layer
has a remarkable influence on the coupling strength, and the
ultra-strong magnon—magnon coupling can be achieved at the
condition of lower saturation magnetization. Moreover, we
find that the magnetization precession at the position of fre-
quency gap represents the exchange of energy and information
between two resonance modes. This work provides a helpful
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insight into the magnon—magnon coupling in the noncollinear

SAF.
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