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We observe strong interlayer magnon-magnon coupling in an on-chip nanomagnonic device at room
temperature. Ferromagnetic nanowire arrays are integrated on a 20-nm-thick yttrium iron garnet (YIG) thin
film strip. Large anticrossing gaps up to 1.58 GHz are observed between the ferromagnetic resonance of the
nanowires and the in-plane standing spin waves of the YIG film. Control experiments and simulations
reveal that both the interlayer exchange coupling and the dynamical dipolar coupling contribute to the
observed anticrossings. The coupling strength is tunable by the magnetic configuration, allowing the

coherent control of magnonic devices.
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Strong couplings between photons and spins, atoms,
and superconducting qubits lie at the heart of realizing the
quantum manipulation in quantum dots, nitrogen-vacancy
centers, and mechanical oscillators [1-5]. Cavity magnon
polaritons [6—12], i.e., the hybrid state of a cavity photon
and a spin-wave excitation in a magnet in the cavity,
have been evidence of such coupling at both ultralow and
room temperatures. Strong couplings have been observed
in submillimeter-sized yttrium iron garnet (YIG) spheres
[10-12], which obeyed the size scaling law proposed by
Dicke [13], i.e., g x V/N with N the number of spins.
However, Dicke’s law implies weak couplings when
magnets become small in nanomagnonic devices [14-22],
disqualifying microwaves for coherent control at the
nanoscale.

Here, we report the realization of strong coupling of
magnons not in photonic but magnonic cavities with
standing magnon modes. This is an analog to the magnon
polariton, but the cavity mode is magnonic rather than
photonic, and it happens on a smaller length scale. We
observe anticrossing gaps as large as 1.58 GHz at a
frequency of about 7.5 GHz in heterostructures consisting
of a metallic ferromagnet wire array on top of a thin-film
magnetic insulator YIG. This large anticrossing gap
approaches the ultrastrong coupling regime, comparable
to what is observed for macroscopic cavity magnon polar-
itons [11]. We can control the coupling by the magneti-
zation alignments, analogous to the tunable band gaps of
magnonic crystals [23—30] that would be difficult to realize
in photonic devices. The strong coupling between spatially
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separated nanomagnets offers new functionalities towards
magnon transistors [31] or spin-wave logic [32].

A schematic of the nanomagnonic device is shown in
Fig. 1(a). YIG thin films with thickness #; = 20 nm were
grown on Gd;GasO;, substrates by magnetron sputtering
and patterned by ion beam etching to form a magnon
waveguide of 90 ym width. Magnetic nanowire arrays were
deposited on top of a YIG waveguide by electron beam
evaporation with a thickness of 7, (20-nm-thick nickel or

field (Oe)

FIG. 1. (a) Sketch of a hybrid magnetic nanostructure based on
a YIG thin film. The applied field H is in plane and parallel to the
nanowires. (b) An SEM image (scale bar 500 nm) of the Ni-based
nanowire array on YIG thin film. (c) Color-coded reflection
spectra S|, measured on the Ni/YIG hybrid nanostructures by a
coplanar waveguide. The arrows highlight anticrossing modes
induced by different in-plane standing spin-wave modes with
mode numbers n = 4, 6, 8.
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30-nm-thick cobalt) [33]. a stands for the center-to-center
distance of two neighboring nanowires, i.e., the period of
the array. A scanning electron microscope (SEM) image of
the nanomagnonic arrays with @ = 600 nm is shown in
Fig. 1(b). An external magnetic field was applied (initially)
parallel to the nanowires. We excite and detect spin waves
using coplanar waveguides (CPWs) integrated on top of the
nanowire arrays. The scattering parameter S;; for reflection
is measured by a vector network analyzer (VNA) connected
to the CPW (Fig. S1) [33,37-40]. The nanowire arrays on
top of the YIG thin film act as Bragg scattering gratings to
form in-plane standing spin waves (ISSWs) with large
wave numbers as illustrated in Fig. 1(a).

Figure 1(c) shows reflection spectra S;; measured as a
function of the frequency and magnetic field where two
main branches are observed. The lower-frequency branches
agree with the spin-wave resonance of a bare YIG film in
the Damon-Eshbach (DE) configuration [39], whereas
those at higher frequencies are assigned to the ferromag-
netic resonance (FMR) of the Ni wires. The Ni modes can
be fitted with an in-plane demagnetization factor N, =
0.01 [27]. This value is smaller than the expected form
factor of a wire, which has been reported also by Ding,
Kostylev, and Adeyeye [41]. Dipolar interactions at the
edges [42] or between neighboring wires could explain the
observed reduction of the anisotropy. Here we focus on
the three pronounced anticrossings (marked with arrows)
observed in the Ni resonances that we attribute to the
interlayer coupling between the FMR of Ni and high-order
ISSWs in YIG as sketched in Fig. 1(a).

Spin waves in a periodic potential develop a band
structure with gaps at the Brillouin zone boundaries with
wave number 7/a, where a is the unit cell length. In the
limit of a strong periodic potential, the superlattice band
structure becomes dispersionless, the spin waves are all
localized in each unit cell, and the band index »n counts the
number of nodes. When the frequency of a standing spin
wave in YIG approaches a resonance of the Ni wire array, a
coupling results in a level repulsion or anticrossing [see
Fig. 2(a)]. When the nanowires are at resonance, the strong
magnetization of the relatively hard magnetic material Ni
drives a spin precession in the relatively soft magnetic YIG
through interlayer magnetic coupling. Since the FMR of Ni
ensures in-phase precession in all nanowires, the YIG film
beneath each nanowire precesses in phase as well. The
associated dynamic periodic boundary conditions can be
fulfilled by in-plane standing spin waves for an even
number of nodes only (n =2, 4, 6). In contrast, only
odd-numbered perpendicular standing spin waves (PSSWs)
are observed in the spin-wave resonance of intrinsic thin
films [43] when there is surface pinning of the magneti-
zation, which is not so important in the present transverse
geometry. The three observed anticrossing modes in
Fig. 1(c) can be fitted by dipolar-exchange spin-wave
dispersion relations of YIG film [44] taking exchange
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FIG. 2. (a) Color-coded reflection spectra S;; for high-order
ISSWs with a mode number of n = 8. (b) The line spectrum
selects the spectrum indicated by the vertical dotted line in (a) at
1200 Oe. The frequency gap in the anticrossing mode reveals the
coupling strength ¢. (¢) g as a function of the mode number
n =4, 6, and 8. Red dots: Experiments. Black squares: Simu-
lations. (d) Schematic of the modeled structure. The width of YIG
and Ni are 500 and 100 nm, respectively. (b) Simulation results of
reflection spectra as a function of the in-plane magnetic field for
the anticrossing of the Ni FMR mode and the n = 8 ISSW YIG
mode. The color represents the reflection amplitude with the
scale definition on the side.

constant Ao, = 3 x 1071 m? [36], the saturation magneti-
zation 4zM¢ = 1766 G [20], film thickness 20 nm, and
k = nz/a. As a result, these three modes are attributed to
ISSWs with mode numbers n =4, n =6, and n = 8.
Schematic drawings of these three high-order ISSWs are
shown in the insets in Fig. 1(c). The PSSWs of the YIG
films resonate at frequencies > 35 GHz and are not
relevant for the present study.

In Figs. 2(a) and 2(b), an anticrossing gap of 120 MHz is
observed for the n = 8 mode. The anticrossing covers a
broad frequency range, because the Ni FMR mode and the
n =238 ISSW mode run nearly parallel. The coupling
strength ¢ is defined as half of the minimal peak-to-peak
frequency spacing in the anticrossing. The coupling
strengths g extracted for all three anticrossings are plotted
in Fig. 2(c). For spin-wave resonance of films with thick—
ness d and pinned surface magnetization [8,33],
coupling strength decreases as ¢\") « \/d/n, where n is
a PSSW mode number. In our case, the driving force is not
the homogeneous ac field but the localized field beneath Ni
nanowires. Nevertheless, with increasing n the overlap with
the applied ac magnetic field is increasingly averaged out,
leading to a g « 1/n scaling as in conventional spin-wave
resonance [8,33,43]. We can also extract a dissipation rate
for n = 8 in terms of the half width at half maximum of the
line broadenings as k) ~ 0.63 GHz and «,\'¢ ~ 0.06 GHz.
This fulfills the condition for a magnetically induced
transparency (MIT) [11] for magnon transmission, since
kN> g > kYIG. The magnon-magnon cooperativity

217202-2



PHYSICAL REVIEW LETTERS 120, 217202 (2018)

C = #/( x k1) (1)

is large, C = 0.38 in our case. Returning to the analogy
with magnon polaritons, we note that the YIG magnons
play the role of the cavity photons, while the Ni wire
array forms the scattering object. We do not observe the
scattering properties of YIG magnons directly but rather
use the (auxiliary) microwave photons in order to study
the coupled system. The anticrossing is caused by the
periodic driving forces wunder the nickel FMR.
Magnetization dynamics is studied in a permalloy/YIG
system by the spin pumping effect not reporting anticross-
ing phenomena [45].

Results of model calculations of microwave absorption
spectra of Ni/YIG magnetic hybrid nanostructures are
shown in Fig. 2(e) for the n =8 mode as an example
(full simulation results are shown in Fig. S3). We consider a
thin-film trilayer Ni/YIG/Ni with magnetic field driven by
microwaves as shown in Fig. 2(d). This structure is a
simplification of the experimental situation but captures the
salient features of the observations. The PSSWs in this 1D
geometry correspond to the ISSWs in the experimental
structure. The reflection spectrum S;; shown in Fig. 2(e) is
calculated by the transfer matrix method that involves
solving the coupled Maxwell and Landau-Lifshitz-Gilbert
equations. The SSWs are governed by magnetization
boundary conditions that we chose here to be partially
free (Fig. S2) [46]:

—lmZZ =0 (2)

with m, , M,, A, A;, and K being the out-of-plane
component of the dynamic magnetization, saturation mag-
netization, exchange stiffness, interlayer exchange inter-
action with its neighboring layer, and interface uniaxial
anisotropy field, respectively. The z axis is normal to the
multilayers. In Fig. 2(e), we chose an interlayer exchange
coupling between Ni and YIG of Ay, = 0.03 erg/cm?,
which couples the SSWs of YIG and the FMR mode of Ni.
The anticrossing gaps in Fig. 2(c) decrease with an
increasing SSW mode number n, since higher-order
SSWs have smaller dynamical magnetization amplitudes
at the interface. The detailed analysis on the dependence
of anticrossing gap on the multilayer structure, spin-wave
order, and coupling mechanism will be given in a separate
paper [47]. By tuning the parameters, e.g., A, Ay, and K,
we find that the interlayer exchange coupling contributes
to the anticrossing gap. The ferromagnetic interfacial
exchange coupling in thicker YIG/ferromagnet extended
bilayers has been confirmed experimentally [48-51]. For
higher-order SSW modes, the interaction between SSW and
FMR becomes weaker as observed [see Fig. 2(c)].

We now change the material of the nanowire array to a
harder magnet (cobalt) and scale down the nanowire

periodicity to 180 nm. In these samples, we measured
the full spectra from —1000 to 1000 Oe [33]. The coupling
strength can be controlled by varying the magnetic align-
ments between YIG and Co wires. Sweeping the external
magnetic field gives rise to three different types of
magnetization textures that characteristically modulate
the reflection spectra S;; as shown in Fig. 3. The higher
FMR frequency is caused by the larger saturation mag-
netization of Co compared with Ni. Figure 3(a) shows the
S11 spectra when magnetizations of YIG and Co are parallel
(denoted as the “P” state). A line plot for —450 Oe is
shown in Fig. 3(b). An anticrossing appears when the
Co FMR mode crosses with the n = 4 ISSW YIG mode.
Figure 3(c) shows the extracted maxima of the resonances
as well as calculated Co and YIG modes following
Ref. [36]. The coupling strength ¢ is 284 MHz. The
coupling strength can be varied by the nanowire widths
[33]. Compared with the Ni-based structure, the coupling
strength is slightly enhanced. Nevertheless, taking into
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FIG. 3. (a) Color-coded reflection spectra Sy; for the n =4
ISSW mode. (b) The line spectrum is extracted at —450 Oe.
(c) Data points extracted from experimental data by reading out
the maxima of each resonances. The insets depict the n =4
ISSW mode and the parallel state of the Co/YIG multilayer.
Black dashed line: Co FMR mode. Blue dotted lines: n =4
ISSW modes of YIG thin film. (a)—(c) are data for P states. (d)—(f)
present data for the X state. (g)—(i) present data for the AP state of
Co/YIG hybrids [33]. All data presented in this figure are data
from the n = 4 ISSW mode.
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account broadening of the Co resonance, the system is still
in the MIT regime [11].

The situation changes when the magnetization becomes
noncollinear. With a small external field perpendicular to the
Co nanowires, their magnetizations remain along the wire
axis due to a large demagnetization field [41], but the
magnetization of the soft YIG layer is rotated. The size of the
anticrossing gap of this magnetic configuration (denoted as
the “X” state) in Figs. 3(d) and 3(e) is much larger than that
of the P state. Furthermore, as shown in Figs. 3(g)-3(i), an
increased magnetic field along the nanowires can even bring
the YIG/Co bilayer into an antiparallel state (marked by
“AP”). The full spectra of P, X, and AP states are presented
in Figs. S4 and S5 [33]. The AP state exhibits a remarkably
large anticrossing gap up to 1.58 GHz. One can extract from
experiments k5° ~ 0.50 GHz and « )¢ ~ 0.06 GHz away
from the anticrossing. This indicates a strong coupling is
formed where g > x$° and g > kX0 [11]. We can calculate a
cooperativity of C = 21. Considering the resonance fre-
quency w, =~ 7.5 GHz, the coupled system yields a ratio
of g/w, = 10.5% that reaches the ultrastrong coupling
(USC) regime (the highest USC coupling ratio achieved
in Ref. [11] is 6.7%).

The USC may be attributed to the enhanced interlayer
coupling strength arising from the exchange spring effect.
Essential for the nanofabrication is a 1 nm-thick Ti layer
between YIG and the Co/Ni nanowires that acts as an
adhesive during lift-off. The Ti layer should be thin enough
to ensure a ferromagnetic-type interlayer exchange cou-
pling [52]. In the P configuration, there should be no
texture, since the interlayer exchange favors the P state. As
we rotate the magnetization of one of the two magnetic
layers while the magnets remain collinear at the interface,
we create an exchange spring near the interface that
penetrates into the YIG layer over the exchange length
that can be large for soft magnetic materials.

The angle-dependent measurements in Fig. 4 are addi-
tional evidence for the lateral “exchange spring.” The
ferromagnetic interlayer exchange coupling twists the
magnetization with an increasing angle. The exchange
spring is twisted by 180° in the AP configuration. The
perturbation of the surface spin waves in YIG by the Co
wires is then maximized, generating a large anticrossing
gap. Between each step of the angular dependence mea-
surements, the magnetic field is switched off and on in
order to suppress nonuniversal effects due to the sweep
history. As a consequence, the spectra in Fig. 4 are
symmetric about the 180° angle. The observed collapse
of the gap when reducing the magnetic field angle can be
understood by the corresponding relaxation of the spring.
While we are not able to observe the magnetic texture
directly with our technique, this is strong evidence for an
interface exchange controlled surface magnetization. A
“reopen” of the gap at 0° is observed which is possibly
due to the fact that at the P state 170 Oe is off the crossing

P X AP X P
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FIG. 4. Angle-dependent microwave spectra. @ is the in-plane
magnetic field angle with respect to the orientation of the
nanowires. At the applied field of 170 Oe, the Co wire
magnetization is not modified, and the YIG magnetization is
nearly parallel with the field direction. So 0° corresponds to the P
and 180° to the AP state. The splitting of the lines is the
anticrossing between the n = 4 ISSW mode and the Co FMR.
A line plot at 180° is shown as an example of the color vs
intensity code.

point [around 450 Oe; see Figs. 3(a)-3(c)], and therefore
these two modes become separated Co and YIG modes.
Such a strong angular dependence may also be related to
the 1D bicomponent magnonic crystal band structure [53].

Notably, the residual mode splitting observed in the
sample with a thin alumina barrier (Fig. S7) reflects a
contribution from the dynamical dipolar coupling [54]. The
resonance in the ferromagnetic nanowires generates oscil-
lating magnetic charges whose stray fields interact with
the YIG magnetization. The amplitude of the dynamical
dipolar coupling can be estimated as %Nxx]/47L'MS [55],
which amounts to 0.83 GHz for the sample in Fig. 4. This
value is not negligible compared to the interlayer exchange
coupling. More precise estimations require detailed micro-
magnetic modeling beyond the scope of the present Letter,
however.

In conclusion, we demonstrate an anticrossing between
the magnon modes in ferromagnetic nanowires and the
substrate formed by a magnetic insulator YIG thin film.
The measured spectra prove that the FMR modes of
ferromagnetic nanowires couple with high-order ISSW
modes in YIG films. The coupling strength is tunable over
a large range by varying the magnetization alignment of the
nanowires and films. Simulations and control experiments
indicate that both interlayer exchange and dynamical
dipolar couplings contribute to the observed splittings.
The comparison of Ni/YIG and Co/YIG hybrid nano-
structures suggests that material engineering of nanomag-
nonic devices can enhance their functionalities.
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Note added.—Recently, reports on anticrossings in the
FMR of extended bilayers between the Co Kittel mode
and perpendicular standing spin waves in a micrometer-
thick YIG film [56] and between the CoFeB Kittel mode
and perpendicular standing spin waves in a 295-nm-thick
YIG film [57] have been posted.
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