PHYSICAL REVIEW LETTERS 125, 017203 (2020)

Tunable Magnon-Magnon Coupling Mediated by Dynamic Dipolar
Interaction in Synthetic Antiferromagnets

Yoichi Shiota ,1’* Tomohiro Taniguchi ,” Mio Ishibashi ,] Takahiro Moriyama ,1 and Teruo Ono'?

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
*National Institute of Advanced Industrial Science and Technology (AIST), Spintronic Research Center,
Tsukuba, Ibaraki 305-8568, Japan
3Center for Spintronics Research Network, Graduate School of Engineering Science, Osaka University,
Toyonaka, Osaka 560-8531, Japan

® (Received 18 February 2020; accepted 3 June 2020; published 1 July 2020)

We report an experimental observation of magnon-magnon coupling in interlayer exchange coupled
synthetic antiferromagnets of FeCoB/Ru/FeCoB layers. An anticrossing gap of spin-wave resonance
between acoustic and optic modes appears when the external magnetic field points to the direction tilted
from the spin-wave propagation. The magnitude of the gap (i.e., coupling strength) can be controlled by
changing the direction of the in-plane magnetic field and also enhanced by increasing the wave number of
excited spin waves. We find that the coupling strength under the specified conditions is larger than the
dissipation rates of both the resonance modes, indicating that a strong coupling regime is satisfied. A
theoretical analysis based on the Landau-Lifshitz equation shows quantitative agreement with the
experiments and indicates that the anticrossing gap appears when the exchange symmetry of two
magnetizations is broken by the spin-wave excitation.
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Hybrid quantum systems based on collective spin excita-
tions in ferromagnetic materials, called magnons, have been
intensively studied in the last decade [1-14]. This is because
these systems offer a promising platform for novel quantum
information technologies. Understanding and exploiting the
interaction in hybrid quantum systems are the key to building
a large-scale artificial many-body quantum system [11-14].
These findings could lead to magnon-based functional
devices [15-18] and applications of quantum technologies
such as quantum computing [19,20], quantum communica-
tion [21,22], and quantum sensing [23]. In contrast to the
coupling of magnons with a distinct physical quantum system
(e.g., microwave and optical photon, phonon, etc.), it has
recently been reported that a strong magnon-magnon cou-
pling can be realized in several kinds of systems, which is
analogous to the hybrid quantum system. The magnon-
magnon coupling between the exchange spin wave in a
yttrium iron garnet thin film and the ferromagnetic resonance
in a ferromagnetic metal has been observed due to the
interlayer exchange interaction [24-27]. Recently, coupling
of antiferromagnetic magnon modes was demonstrated
using a layered antiferromagnet CrCl; by MacNeill et al.
[28] and a compensated ferrimagnet gadolinium iron garnet
by Liensberger et al. [29]. However, because these experi-
ments focused on magnons with uniform precession
(k=0.0 um~", where k is the wave number), external
magnetic field tilted toward the out-of-plane direction [28]
or the induction of a magnetocrystalline anisotropy [29] is
necessary for systems with symmetry breaking.
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In this Letter, we demonstrate the strong magnon-magnon
coupling between acoustic and optic modes with an in-plane
magnetic field by utilizing magnons with nonuniform
precession (k # 0.0 um™') in ferromagnetic-metal-based
synthetic antiferromagnets (SAFs) of FeCoB/Ru/FeCoB.
The coupling strength can be tuned by the wave number k
and angle ¢, between an external magnetic field and the
spin-wave propagation direction. An anticrossing gap of two
modes appears when the spin wave propagates in the
direction of ¢, # 0° and is maximized at approximately
@y = 45°. A theoretical analysis shows quantitative agree-
ments with the experimental results and indicates that the
appearance of the anticrossing gap accompanies symmetry
breaking with respect to the exchange of magnetizations.

Films of Ta(3)/RU(3)/Fe60C020B20(15)/RU(06)/
FegyCo0Bag(15)/Ru(3) (the numbers in parenthesis are
thicknesses in the unit of nanometers) were deposited using
dc magnetron sputtering on thermally oxidized Si sub-
strates. The Ru thickness was optimized to obtain anti-
ferromagnetic coupling between two FeCoB layers [30].
The films were patterned into a circular shape with a
diameter of 15 um for uniform precession [ferromagnetic
resonance (FMR)] and into a rectangular shape with 50 x
100 um? for nonuniform precession [spin-wave resonance
(SWR)], and 50-nm-thick SiO, was then deposited for
electrical isolation. Subsequently, we fabricated the anten-
nas to create a dynamic Oersted field with single strip
line coplanar waveguides for FMR and ground-signal-
ground coplanar waveguides for SWR, as shown in
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FIG. 1. Optical micrograph of the devices for investigation
of (a) FMR spectra (k=0 um™') and (b) SWR spectra
(k # 0 um™') (scale bars: 20 ym). The external in-plane mag-
netic field was applied with the rotation angle ¢, where the field
magnitude varies from O to 150 mT with an incremental step of
2 mT. (c) The square of the Fourier spectrum of the dynamic in-
plane magnetic field distribution generated by the ground-signal-
ground coplanar waveguides with different widths. (d) k as a
function of w, where k was determined from the peaks in (c).

Figs. 1(a) and 1(b). Excited spin waves with well-defined
k were determined from the design of antennas [31].
Figure 1(c) shows the square of Fourier spectrum of
dynamic in-plane magnetic field distribution generated
by ground-signal-ground coplanar waveguides with differ-
ent widths. The peaks correspond to the wave number of
effectively excited spin waves, and this allows for the spin-
wave excitation with different k, as shown in Fig. 1(d). The
scattering parameter S;;, which is the microwave reflection
occurring mainly from the antenna, was measured using a
vector network analyzer to investigate the magnetic reso-
nance. An external magnetic field was applied in the in-
plane direction and rotated in the film plane with a rotation
angle ¢, as shown in Figs. 1(a) and 1(b). To extract the
signal originating from the magnetic contribution, the S,
signals were analyzed by subtracting a reference signal
obtained at a higher magnetic field. All the measurements
were performed at room temperature.

Before introducing the experimental results, we describe
the features of antiferromagnetic resonance modes in SAFs.
It is known that SAFs exhibit two kinds of resonance
precession modes in the case of the canted magnetization
state: acoustic and optic modes [32,33]. At low magnetic
fields (o > 45°, where ¢, is the relative angle between
the magnetization and the external magnetic field), the
resonance mode of lower (higher) frequency is character-
ized by an in-phase (out-of-phase) precession, which is
classified as the acoustic (optic) mode. At high magnetic
field (¢, < 45°), an exchange between two modes occurs,
because the resonant frequency of the acoustic (optic) mode
increases (decreases) as the magnetic field increases.

Figures 2(a)-2(c) show the contour plot of the FMR
spectra (k = 0.0 um™") at ¢, = 0°, 45°, and 90°, respec-
tively. The two-dimensional plots are generated from the
individual Re[S;,] spectra acquired at a given applied
magnetic field. When ¢, = 0°(90°), the optic (acoustic)
mode [32,33] can be effectively observed in the canted
magnetization state, because each mode is coupled to the
in-plane microwave field depending on the angle of a static
magnetic field [28,30,34]. When the external magnetic field
is applied at an intermediate angle ¢, = 45°, both the
acoustic and optic modes can be observed, as shown in
Fig. 2(b).

The SWR spectra (k = 1.2 yum™') at ¢, = 0°, 45°, and
90° are shown in Figs. 2(d)-2(f), respectively. The line-
width of the SWR spectra originates from not only the
intrinsic contribution but also the extrinsic contribution of
the spin-wave dispersion, which is proportional to V Ak,
where V is the spin-wave group velocity and Ak is the
linewidth of the wave number distribution of the microwave
field [31] [see Fig. 1(c)]. It should be noted that the
resonance peaks of acoustic and optic modes exhibit a
pronounced anticrossing gap for the SWR spectra at
@ = 45°, while this is not the case for the FMR spectra
at ¢, = 45°. In Figs. 2(g) and 2(h), we plot (f . — f_)/2 as
a function of the magnetic field for FMR and SWR spectra
at ¢, =45°, respectively, where f _) is the resonance peak
of upper (lower) frequency. The minimum of (f, — f_)/2
indicates the mutual coupling strength g/(27z). We found
that g/(2z) = 0.10 MHz for k = 0.0 um~! and g/(2x) =
670 MHz for k = 1.2 ym~!. Therefore, a larger k is one
of the keys to increase the coupling strength between
two modes.

Figure 2(i) shows the ¢, dependence of g/(2x) for
k = 1.2 um~'. We found that the coupling strength can be
tuned by rotating the in-plane magnetic field and it exhibits
the maximum value at approximately ¢, = 45°. Because
the spin-wave propagation direction (the vector of wave
number) was defined by the antenna geometry, the rotation
of the in-plane magnetic field results in a change of the
relationship between the magnetization configuration and
spin-wave propagation direction, as shown in the insets of
Figs. 2(d)-2(f).
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FIG. 2. Contour plots of Re[S;;] for FMR spectra (k =0 ym™') at (a) ¢, = 0° (b) 45° and (c) 90°, and for SWR spectra
(k=12 um™") at (d) 0°, (e) 45° and (f) 90°. (Insets) Configuration between the device and the external magnetic field. (g),(h)
(f+ — f_)/2 as a function of external magnetic field at ¢, = 45° for FMR and SWR spectra, respectively. The minimum of (f, —
f—)/2 indicates the coupling strength g/(2x). (i) g/ (27) as a function of ¢;. The orange solid line indicates the dissipation rates of both
the resonance modes k, and k,, determined from the half width of half maximum linewidth in the FMR spectra.

We further investigated the evolution of magnon-
magnon coupling at ¢, =45° as a function of k by
changing the widths of the coplanar waveguide.
Figures 3(a)-3(e) show the contour plot of the Re[S]
spectra with k of 0.0, 0.4, 0.8, 1.2, and 1.6 ym‘l,
respectively. As shown in Fig. 3(f), the anticrossing
gap between two modes, i.e., the coupling strength,
increased monotonically with increasing k. This ten-
dency can be understood from the dynamic dipolar
interaction, because the amplitude of the dipolar fields
generated by the magnetization motion of spin waves is
proportional to k within |kz| < 1 limit, where 7 is the
thickness of ferromagnetic layer. Therefore, the magnon-
magnon coupling observed in this study was mediated by
the dynamic dipolar interaction between the two ferro-
magnetic layers in SAFs.

The dissipation rates for both the resonance modes «,
and k, were determined from the half width at half
maximum linewidth using FMR spectra, because the line-
width in the SWR spectra includes extrinsic broadening, as
discussed above. k,,/(2x) and k,/(27) at the crossing point
of the two modes are represented by orange solid lines in
Figs. 2(i) and 3(f). The condition for a strong coupling
g > Kk,, K, 1s clearly satisfied under specified conditions,
which indicates that magnon-magnon coupling with a
strong coupling regime is achieved in this study.

We now present an analysis based on the Landau-
Lifshitz (LL) equation to clarify the relationship between
the magnon-magnon coupling in the SAFs from a theo-
retical viewpoint (see Supplemental Material for details
[35]). A system, including two identical ferromagnetic
layers FM1 and FM2 is considered. Two ferromagnets are
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FIG. 3.
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Contour plots of Re[S},] spectra at ¢, = 45° with (a) k = 0, (b) 0.4, (c) 0.8, (d) 1.2, and (e) 1.6 gum~". (f) g/(2x) as a function

of k. The orange solid line indicates the dissipation rates of both the resonance modes «, and «,, determined from the half width of half
maximum linewidth in the FMR spectra.
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coupled via interlayer exchange coupling, where the energy
per unit area is denoted as J.. In addition, dynamic dipolar
interaction appears in the presence of spin waves due to the
nonuniform distribution of local magnetic moments.
Therefore, the effective magnetic field H; acting on the
magnetization m; (normalized as |m;| = 1) of the FMi
layer is given by

H;, = H.e, — Mm e, — Hpm; + Hy, ;; + Hy;, 5
(i, j=1,2 and i#)), (1)

where the x axis is parallel to the direction of the in-plane
magnetic field H,, whereas the z axis is perpendicular to
the sample plane. The second term on the right-hand side of
Eq. (1) represents the shape anisotropy (demagnetization)
field. The field strength of the interlayer exchange coupling
is Hgp = |Jo|/(M,t), where M is the saturation magneti-
zation of the ferromagnet, whereas the last two terms in
Eq. (1) correspond to the self- and mutual-dipolar fields
[36-38]. In the absence of a spin wave, the magnetizations
point in the tilted direction from the external field with an
angle ¢y = cos™![H./(2H)] for H. < 2Hp. It is con-
venient for the evaluation of resonance frequencies to
introduce X;Y;Z; coordinates, where the X; axis is parallel
to the equilibrium direction of uniform magnetization m;,
whereas the Z; axis is parallel to the z axis. We denote a
small-amplitude oscillating component of magnetization
around the X; axis as ém; = (0, m;y,m;z)", where the
components are defined in the X;Y,;Z; coordinate, and the
superscript 7' represents the transpose vector. The LL
equation can then be linearized by assuming m;y ~ 1
and |m;y|, |m;z| < 1, and is given by

myy myy

. miz ~ | Mz

i + poyH =0, (2)
myy myy
mpz mpz

where y is the gyromagnetic ratio. The resonance frequencies
f = o/ (2x) are the eigenvalues of the fourth-order matrix

H. The secular equation for the eigenvalue has the form
o* + aw* + bo + ¢ = 0. (3)

The detailed expressions for the matrix H and the coef-
ficients a, b, and ¢ are given in Supplemental Material [35].
First, we evaluate the anticrossing gap from the analytical
solutions of Eq. (3) and compare it with the experimental
result. The solid lines in Figs. 2(i) and 3(f) represent the
theoretical values of the gap as functions of the spin-wave
propagation angle and the wave number, respectively, where
the values of the parameters are derived from our previous
work [30]. Quantitative agreement between the experiment

and theory guarantees the validity of the analysis based on
the LL equation.

Next, we discuss the origin of the anticrossing gap. The
details of the calculations supporting the following dis-
cussions are given in Supplemental Material [35]. We note
that Eq. (3) is applicable to evaluate the resonant frequen-
cies of FMR by considering the limit of Hg, — 0. Under
this condition, the coefficient b in Eq. (3) is zero, because b
is proportional to the dipolar field H ;. Then, the solutions
of Eq. (3) become f = +f,, +f,, where f, and f, are the
resonant frequencies of the uniform acoustic and optic
modes, respectively. The eigenfunctions of these modes
can be expressed as (ém;,ém,)’ = (6m;,ém;)" and
(6my,ém,)’ = (6m,—ém )7, respectively. The resonant
frequencies of the two modes cross at approximately ¢, =
45° under the external magnetic field H.,, ~ V2H; i.e., the
anticrossing gap does not appear. It is also useful to note
that the eigenfunctions of FMR have an exchange sym-
metry of the magnetizations. This symmetry means that
the matrix H commutes with an exchange operator P
of the magnetizations, which acts as P(ém;,ém,)’ =
(6m,,5m;)". However, in the presence of Hyy, (b # 0),
the solutions of Eq. (3) are independent of each other,
leading to the nonreciprocity of the spin-wave propagation
in the SAFs [30,39-42]. The exchange operator P does not

commute with the matrix H, indicating that the exchange
symmetry of the magnetizations is broken. The resonant
frequencies of SWR then have no crossing point; i.e., the
anticrossing gap appears. It should be, however, noted that
the exchange symmetry of the magnetizations is recovered
when the spin wave propagates in the direction parallel to
the external magnetic field (¢, = 0°). Then, the anticross-
ing gap disappears. In other words, the appearance of the
anticrossing gap accompanies the symmetry breaking with
respect to the exchange of the magnetizations. The sym-
metry breaking occurs due to the asymmetry of the self- and
mutual-dipolar fields between two magnetizations, whose
magnitudes depend on the relative angle between the
magnetizations and spin wave. The asymmetry in these
dipolar fields is maximized at approximately ¢, = 45°.
Therefore, the anticrossing gap is also maximized at
approximately the same angle, as can be seen in Fig. 2(f).

In summary, we demonstrated a tunable and strong
magnon-magnon coupling between acoustic and optic
modes in synthetic antiferromagnets. Our Letter demon-
strated that the coupling between two modes is mediated by
the dipolar fields generated by the magnetization motion of
spin waves. Thus, the coupling strength can be controlled
by the wave number of excitation spin waves and the angle
between the external magnetic field and spin-wave propa-
gation directions. The experimental results quantitatively
agree with the theoretical analysis based on the Landau-
Lifshitz equation. The theory indicates that the anticrossing
gap appears when the exchange symmetry of two
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magnetizations is broken due to the excitation of the spin
waves. Our findings offer a new approach toward tunable
magnon-magnon coupling systems for SAF-based mag-
nonic applications.
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