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We report microwave-power-driven strong magnon-magnon coupling in Ni80Fe20 nanocross array with large
anticrossing gaps up to 1.03 GHz. We also observe microwave-driven large nonlinear shift in ferromagnetic
resonance (FMR) frequency with its sign dependent on the strength of bias magnetic field. A drastic enhancement
of inter-nanocross-dynamic dipolar interaction results in the anticrossing, while variation in internal spin texture
leads to the nonlinear FMR shift. The tunable coupling strength and nonlinearity by microwave power ushers
externally controlled nonlinear magnonic devices.
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I. INTRODUCTION

Hybrid systems have emerged as strong candidates in
quantum information processing [1] where quantum states
are coherently transferred from one medium to another us-
ing different carrier such as superconducting qubits, optical
and microwave photons, spin ensembles, and phonons. To
this end, coupling of magnons and microwave photons in a
resonator has been extensively studied [2–5]. In this system,
magnons in magnetic materials with high spin density are uti-
lized where the “coupling strength” is collectively enhanced
by square root of number of spins (N) to overcome the
weaker coupling strength (g0) between individual spins and
the microwave field, i.e., g = g0

√
N [2,6]. Recently, magnon-

magnon interactions in ferromagnetic heterostructures [7] and
interlayer coupled atoms in two-dimensional antiferromagnet
CrCl3 [8] have been demonstrated. However, for on-chip inte-
gration of hybrid systems scalability to nanoscale is important,
which is nontrivial from the

√
N dependence. Although recent

papers have claimed magnon-magnon coupling in ferromag-
netic nanowires of tens of micrometers length [9,10], strong
coupling in nanoscale magnets in all three dimensions remains
elusive.

The nonlinear ferromagnetic resonance (FMR) in thin films
and nanostructures has attracted attention over the years be-
cause nonlinearity can lead to a wide variety of effects, e.g.,
premature saturation of magnetic resonance [11], spin-wave
(SW) instabilities [12–15], auto-oscillations [16], solitons
[17], chaos [18], as well as Bose-Einstein condensation [19]
of excited magnons. Early experiments in nonlinear FMR con-
centrated mainly on determining the magnetic-field threshold
of SW instability in ferromagnetic thin films [20,21] and
few nonlinear FMR measurements [22–24] in nanostructured
samples have been reported. Recent studies [25–27] of SW
dynamics in Ni80Fe20 (permalloy, Py henceforth) nanocross
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structures manifested a variety of anisotropic SW properties
by tuning both applied bias-field strength and orientation,
including the presence of SW mode softening and mode
splitting. Hence, this structure can be considered for an inter-
esting testbed for studying nonlinear FMR effect and magnon-
magnon coupling.

In this paper, we report strong magnon-magnon coupling
in Py nanocrosses with the help of broadband FMR technique
and micromagnetic simulations. The number of spins in the
nanocross structure is several orders of magnitude smaller
than the smallest value (N ∼ 1013) reported in the literature
[10]. We observe two anticrossing phenomena with anticross-
ing gaps as large as 1.03 GHz at a bias field of about 0.8 kOe
for microwave power, P = +4 dBm. Both the anticrossing
gaps show strong dependence on microwave power. We find
that the strong magnon-magnon coupling originates from
dynamic dipolar interactions between neighboring nanocross
structures, driven by the microwave power. We also observe
power-dependent large FMR shift depending on the bias-field
strength. The observation of a negative FMR frequency shift
at high bias field and a positive FMR frequency shift at low
bias field with increased microwave power stems from the
two contrasting internal spin configurations of the nanocross
structure.

II. EXPERIMENTAL DETAILS

A continuous Py film of 20 nm thickness and Py nanocross
array with arm length (L) of 600 nm, edge-to-edge separation
(S) of 150 nm, and thickness of 20 nm were fabricated on
self-oxidized Si substrate (001) by a combination of e-beam
lithography and e-beam evaporation at a base pressure of
2 × 10−8 Torr. A coplanar waveguide (CPW) made by Au of
150 nm thickness, having 30-µm central conductor width (w),
300-µm length, and 50-� nominal characteristic impedance
(Z0), was integrated on top of the nanocross array at a base
pressure of 6 × 10−7 Torr. Subsequently, a Ti protective layer

2469-9950/2020/101(5)/054406(6) 054406-1 ©2020 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.054406&domain=pdf&date_stamp=2020-02-04
https://doi.org/10.1103/PhysRevB.101.054406


ADHIKARI, SAHOO, MONDAL, OTANI, AND BARMAN PHYSICAL REVIEW B 101, 054406 (2020)

FIG. 1. (a) Schematic of the experimental geometry. The directions of the bias field (H) and rf field (hrf ) are shown in the schematic.
(b) Scanning electron micrograph of Py nanocross array. The inset again shows the orientation of H with respect to hrf . (c) Surface plot of
bias-field-dependent SW mode frequencies for Py thin film of 20-nm thickness at excitation power of P = −15 dBm. The Kittel fit is shown
by solid line. Surface plots of bias-field-dependent SW mode frequencies for nanocross array at (d) P = −15 dBm and (e) P = +4 dBm,
respectively. (f) First and (g) second anticrossings from the nanocross array. The dotted line is to guide the eye. Real part of S11 parameter as
a function of frequency to highlight (h) first anticrossing and (i) second anticrossing. The frequency gap in the anticrossing mode reveals the
coupling strength g.

of 5-nm thickness was deposited on top of the Au layer at the
same base pressure. We excite and detect SWs using CPWs
integrated on top of the nanocross array. Excitation power of
the microwave input signal is varied in the range of −15 to
+4 dBm by a vector network analyzer (VNA). Additionally,
an in-plane bias magnetic field, H, is applied along the x
axis and the output scattering parameter S11 for reflection is
measured by the VNA connected with the CPW [27]. The
surface topography of the sample is measured by scanning
electron microscope.

III. RESULTS AND DISCUSSION

Figure 1(a) represents a schematic of the experimental
setup. Figure 1(b) shows a scanning electron micrograph
(SEM) of a ferromagnetic nanocross array. The applied bias-
field orientation is shown in the inset of Fig. 1(b). The
SEM image shows that the fabricated structures suffer from
slight edge deformations and rounded corners. All these
deformations have been incorporated in the micromagnetic
simulations as described later. Figure 1(c) shows the applied
bias-field (H)-dependent FMR frequency, f , of the Py thin
film and the data are fitted with the Kittel formula [28], which

is given by

f = γ

2π

√
(H + HK )(H + HK + 4πMs), (1)

to extract the magnetic parameters of Py. The magnetic param-
eters extracted from the fit are saturation magnetization (Ms)
= 850 emu/cc, gyromagnetic ratio (γ ) = 17.85 MHz/Oe
and the anisotropy field (HK ) = 0. These parameters will be
further used to numerically simulate the FMR spectra of the
Py nanocross array using micromagnetic simulations.

The bias-field-dependent FMR spectra (real part of S11

parameter) for Py nanocross array at P = −15 dBm is shown
in Fig. 1(d), which reveals rich anisotropic SW properties
and FMR mode frequencies vary nonmonotonically with the
bias-field magnitude. We observe merging of the two highest-
frequency branches followed by a Y-shaped mode splitting
of the highest-frequency branch and an anticrossing between
the two lowest-frequency branches, followed by sharp minima
and maxima of the lowest-frequency branch with the decreas-
ing bias-field value [26,27]. Our goal is to study how these
fascinating features respond to the nonlinear magnetic effects
arising from higher microwave excitation power.

The sudden dip in the lowest-frequency branch [Fig. 1(d)],
which is a signature of mode softening appearing due to the
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FIG. 2. (a) Real part of S11 parameters of lowest-frequency SW branch as a function of frequency at H = 0.29 kOe for different values of
P showing the first anticrossing. (b) Simulated SW spectra for the same. (c) Real part of S11 parameters of lowest-frequency SW branch as a
function of frequency at H = 0.8 kOe for different values of P showing the second anticrossing. (d) Experimental and (e) simulated values of
g as a function of P for the first anticrossing are shown by filled symbols. The solid lines are lines joining the symbols.

variation in static magnetic configuration from an S state to
the onion state, reduces significantly and shifts drastically
to higher field value with the increment of P [Fig. 1(e)].
Figures 1(f) and 1(g) represent two anticrossings phenomena.
First and second anticrossings appear at around H = 0.29 and
0.8 kOe, respectively. The inter-nanocross magnon-magnon
coupling strength g is defined as half of the minimal peak-to-
peak frequency spacing in the anticrossing, which is shown
in Figs. 1(h) and 1(i) for the first and second anticrossings,
respectively. First anticrossing in the spectrum starts to appear
at H ≈ 0.29 kOe for P � −6 dBm in Fig. 2(a). Figure 2(b)
shows the simulated SW spectra as a function of P at H =
0.29 kOe. The power-dependent FMR spectra showing the
second anticrossing are presented in Fig. 2(c). The g value is
tunable by P, which is shown experimentally in Fig. 2(d) and
by simulation in Fig. 2(e) for the first anticrossing. We have
also calculated the magnon-magnon cooperativity [9] C = g2

k2 ,
where k is half width at half maximum of the linewidth. We
have obtained a large value of C = 0.28 for the first anti-
crossing at P = +4 dBm [9]. For the second anticrossing, we
have obtained a g value of 0.515 GHz and the corresponding
C value of 0.60 at P = +4 dBm. The second anticrossing
exhibits remarkably large g and C values.

To investigate the nonlinear FMR shift with microwave
excitation power, we have chosen two different SW modes
with same frequency of f ≈ 8.5 GHz from two different
branches of the FMR spectra, indicated in Figs. 1(d) and 1(e).
The variations of the peak frequencies with P for these two
modes are illustrated in Figs. 3(a) and 3(b). Remarkably, both
positive and negative FMR frequency shifts are observed as

a function of P at two different bias-field strengths. At lower
bias field (0.29 kOe, i.e., less than mode softening field, in S
state), the sign is positive, and at higher field (1.025 kOe, in
saturated state), the sign becomes negative. We have plotted
the peak frequencies of the SW branches at H = 0.3 kOe and
H = 1.025 kOe for different P values which are shown by
filled spherical symbol in Figs. 3(c) and 3(d), respectively.

To interpret the experimental results, we have performed
micromagnetic simulations by using Object Oriented Micro-
magnetic Framework (OOMMF) [29] software. The mimicked
array from the SEM image has been discretized into rectangu-
lar prismlike cells of 4 × 4 × 20-nm3 dimensions and two-
dimensional periodic boundary condition was applied. The
lateral dimensions of the cells were taken below the exchange

length (∼5 nm), lex =
√

2A
μ0M2

s
of Py. The material parameters

of the sample such as γ , Ms, and HK used in the simulations
were extracted from the Kittel fit of the bias-field-dependent
frequency of the Py thin film as discussed earlier, while
the exchange stiffness constant (A) = 1.3 × 10−6 erg/cm was
taken from the literature [30]. The damping constant was
used as α = 0.008 during dynamic simulations. To observe
the magnetization dynamics, we first simulated the static
magnetic ground state at desired bias-field value and then
a sinusoidal excitation field [hrf = hd

∗cos(wt )ŷ] was applied
along the y axis of the array with duration of 5 ns to trigger
the precessional dynamics. The amplitude of the microwave

excitation field was given by hd =
√

P
(4Z0w2 ) [31], where P is

the microwave power, Z0 is the characteristic impedance of
the CPW, and w is the central conductor width of the CPW.
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FIG. 3. (a) Real part of S11 parameters as a function of frequency
for highest-frequency SW branch from nanocross array for different
values of P at (a) H = 0.3 kOe and (b) H = 1.025 kOe, respectively.
Ferromagnetic resonance peak frequencies as a function of mi-
crowave excitation power show (c) positive shift at H = 0.3 kOe and
(d) negative shift at 1.025 kOe, respectively. Filled spherical symbols
correspond to experimental and unfilled circular symbols correspond
to simulated results. The saturation and nonlinear regimes of magne-
tization dynamics are indicated by two different color shades.

We have computed the z component of the magnetization
dynamics data after turning off the sinusoidal excitation field.
Consequently, we have performed first Fourier transformation
on simulated time-resolved data to obtain the SW power
spectra. Figure 2(b) shows the simulated SW spectra as a
function of P at H = 0.29 kOe, which reproduces the first
anticrossing quite well. The simulated g values as a function
of P are plotted in Fig. 2(e). Figures 3(c) and 3(d) show the
simulated SW peak frequencies as a function of excitation
power by unfilled circular symbol at H = 0.3 kOe and H =
1.025 kOe, respectively. Simulation results qualitatively re-
produce all the important features of the experimental results
as discussed above. Experimental results reveal that there
is no significant nonlinear effect up to P = −9 dBm. The
threshold of microwave power (Pth) for the onset of nonlinear
dynamics is found to be about −6 dBm. The experimental data
[Figs. 3(c) and 3(d)] fit with a function given by f = aP +
bP2 + c, showing the nonlinear power dependence. We have
also calculated the stray-field distribution between neigh-
boring nanocrosses. Figures 4(a) and 4(b) show stray-field
distribution at P = −15 dBm and P = +4 dBm, respectively.
Significant decrease of uncompensated magnetic charge is
observed, when microwave power is increased from −15 to
+4 dBm, due to increment of dynamic dipolar interaction
between the neighboring nanocrosses.

We have further simulated the spatial distribution of power
and phase profiles of SW modes using a home-built code [32].
Figure 5 represents simulated spatial distribution of power
and phase profiles at two extreme P values corresponding
to the lowest-frequency SW mode, which shows anticrossing
at higher microwave powers (P�−3 dBm). Simulated power

FIG. 4. Simulated stray-field distribution between the neighbor-
ing nanocrosses at (a) P = −15 dBm and (b) P = +4 dBm, respec-
tively, at H = 0.3 kOe. The color map is shown at the top of the
figure.

and phase profiles reveal that a mixed backward volume
(n)–Damon-Eshbach (m) mode (7, 3) in the low-P regime
transforms into a rather incoherent mode as P enters into the
nonlinear regime. The observed reduction in the dip and
the increase in the bias-field value corresponding to the mode
softening with the increase in P is associated with the shift in
the dynamic magnetization from its equilibrium direction due
to the increase in the rf excitation field at large value of P. A
sharp change in the magnetization state from S state to onion
state is thereby halted, leading to the observed behavior.

Figure 6 shows that the observed anticrossing at low field
(0.29 kOe) with large P values can be understood from the
observed spatial power and phase maps for those two fre-
quency modes. To this end, using OOMMF software, we have
launched a time-varying field of “sinc” profile (frequency
cutoff of 20 GHz) at the center of the array over a small square
region of 100 nm × 100-nm area. We have then simulated
the spatial distribution of power and phase profiles for the
lowest-frequency SW mode(s) at two extreme P values. At
P = −15 dBm, the spatial power corresponding to this mode
is weak on the array, while the phase shows sharp changes
due to mode quantization. On the contrary, at P = +4 dBm,
the spatial power distribution is stronger over the whole
array for both the modes. However, while the spatial phase

FIG. 5. Simulated spatial distribution of power and phase pro-
files corresponding to lowest-frequency SW branch, which shows
SW anticrossing at higher excitation powers. The color maps are
shown in the inset.
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FIG. 6. Simulated spatial distribution of power and phase pro-
files of lowest-frequency SW mode(s). We have locally excited the
center of the array with excitation power of P = −15 dBm and
P = +4 dBm. At P = −15 dBm, only a single mode was observed
at 2.15 GHz, while at P = +4 dBm, two modes appear at 2.92 and
3.32 GHz due to the anticrossing. The color map is shown at the top
of the figure.

change is sharp and regular for the lower-frequency mode,
it is rather incoherent showing random-phase fluctuations
for the higher-frequency mode. The strong coupling between
these two magnon modes leads to the observed anticrossing
induced by the microwave excitation power. The increase
in microwave power also increases the dynamic dipolar in-
teractions between the nanocross structures (Fig. 4), which
boasts the magnon-magnon interactions responsible for the
appearance and increment of the first anticrossing gap, as
well as the continuous increment of the second anticrossing
gap. This is further confirmed by the numerical simulation
of microwave-power-dependent FMR spectra of a single Py
nanocross, which does not open any anticrossing gap even at
the highest power of +4 dBm as shown in Fig. 7.

In Ref. [21], positive and negative shifts of FMR frequency
at low and high bias field, respectively, were reported in a
Py thin film. However, the positive and negative shifts were
asymmetric and the negative shift was negligibly small even at

FIG. 7. Simulated SW spectra of a single Py nanocross at bias-
field value of H = 0.8 kOe at three different values of microwave
excitation power of (a) P = −15 dBm, (b) P = 0 dBm, and (c)
P = +4 dBm, respectively. The second anticrossing observed in the
nanocross arrays is absent in all these spectra from a single Py
nanocross.

a very high power. On the other hand, in Py elliptical nanodots
again positive and negative frequency shifts were observed but
both shifts were observed at a very large microwave power
[22]. On the contrary, we have observed relatively large and
symmetric positive and negative frequency shifts of up to
0.35 GHz at much smaller microwave power of +4 dBm as
opposed to the above two reports. The answer to this lies in
the nanocross structure and its rich and flexible spin configura-
tions. The nanocross structure shows drastic variation in spin
configurations with bias magnetic-field strength as described
before [26]. At large bias field (e.g., 1.025 kOe), the spins are
nearly aligned along the bias-field direction (x axis) and in-
creased microwave excitation power increases the magnitude
of the rf field along the y axis. This causes a reduction of the
effective field along the bias-field direction leading towards a
decrease in FMR frequency. On the contrary, Fig. 8 shows that
at smaller bias field (e.g., 0.3 kOe), the magnetization inside
the nanocross shows an S state with significant amount of
spins making a large angle with the bias field [26]. An increase
in rf field (along the y axis) may reorient the spins towards the
bias field, increasing the effective field along that direction.
This can cause a positive shift in FMR frequency of this
system. Due to the magnetic instability of this structure even
in the equilibrium configuration, the reorientation of spins and
the corresponding precession trajectory force the dynamics to
a nonlinear regime even at a very moderate rf field (microwave
power).

FIG. 8. Simulated static magnetic configurations for Py
nanocross array at two different bias magnetic-field values. We
have shown here a single nanocross from the center of the array
to prominently represent the spin configurations. The nanocross
structure shows a drastic variation in spin configurations with bias
magnetic-field strength.
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IV. CONCLUSIONS

In conclusion, we have reported microwave-power (P)-
dependent FMR in Py nanocross array. We have observed
microwave-power-driven anticrossing, where the anticrossing
gap increases systematically with P. We have also observed
a power-dependent nonlinear frequency shift in the FMR
frequency, the sign of which depends on the strength of the
applied bias magnetic field and the internal spin configura-
tion of the nanocrosses. Beyond a threshold power, Pth =
−6 dBm, the dynamics enters into a nonlinear regime and the
FMR frequency varies quadratically with P. The SW mode
softening can also be efficiently controlled by microwave
power. Remarkably, we detect two strong magnon-magnon
coupling-induced anticrossings, where the coupling strength
is tunable over a large range by varying P. Micromagnetic
simulations show that microwave-power-driven modulation
of inter-nanocross-dynamic dipolar interactions results in
the observed anticrossings. Micromagnetic simulations have
also reproduced the power-dependent FMR frequency shift.

Additionally, simulated power and phase maps of SW modes
demonstrate a transformation of the linear SW dynamics into
a nonlinear dynamics for P > Pth. Nonlinear FMR study in
artificial spin-ice structures would also produce very inter-
esting results due to its metastable ground-state spin con-
figuration. Finally, the observed nonlinear FMR and strong
magnon-magnon coupling in ferromagnetic nanocross array
are promising for applications in microwave-assisted fast
magnetic storage, logic, and communication devices.
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