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The subject of strongly nonlinear magnetization dynamics in magnetic
nanostructures has recently received significant attention in connection with the
discovery and subsequent extensive studies of spin transfer effects [1-7]. Spin transfer
can induce very large amplitudes of magnetization oscillation characterized by
precession angles reaching tens of degrees, which is important for the implementation
of high-frequency nanoscale signal processing devices for communication and data
processing technologies [8-11]. The large-amplitude oscillations are generally
associated with strongly nonlinear dynamical processes, leading to significant
complexity and diversity of the observed behaviors [12-14]. The possibilities for the
experimental studies of these nonlinear processes are usually limited due to the lack of
direct access to the nanomagnetic elements buried under the electrical leads. As a
consequence, the majority of the studies have relied on measurements of the high-
frequency electrical signals produced by the oscillations due to the magnetoresistance
effect, with a few exceptions such as x-ray dichroism studies of the magnetization
reversal [15,16], and the Brillouin light scattering (BLS) spectroscopy of spin waves
emitted outside the active area of spin torque-induced excitation [17].

To overcome the limitations imposed by the spin-torque device geometry on the
experimental investigations of nonlinear magnetization dynamics, one can instead
utilize excitation by a strong microwave magnetic field [18-21]. This approach allows
one to precisely control the driving strength and access the magnetization dynamics in
individual nanoelements by magneto-optical techniques. Excitation by a large
microwave field was successfully applied for the observation of nonlinear hybridization
of eigenmodes in Permalloy microstructures [21]. However, the driving microwave field

amplitudes achieved in Ref. 21 were insufficient to obtain magnetization precession



angles comparable to those typical for spin-torque devices, resulting in only moderate
nonlinear effects.

Here we report the BLS study of large-amplitude magnetization dynamics in
nanoscale magnetic elements strongly driven by high-efficiency excitation elements
integrated into the nanostructure. Our samples enabled excitation of precession angles
comparable to those in spin-torque devices. In addition to the well-known moderately
nonlinear phenomena such as the nonlinear resonance, we were able to observe strongly
nonlinear magnon scattering leading to the accumulation of magnons in the lowest-
frequency state. This phenomenon was previously observed in low-loss garnet films at
relatively small precession angles [22,23], and was shown to result in room-temperature
Bose-Einstein condensation (BEC) of magnons [24].

The findings reported here suggest that the mechanisms of strongly nonlinear
magnon scattering are universal, since similar behaviors are found in magnetic systems
with considerably different nonlinear and relaxation properties. Moreover, our results
also indicate that the overpopulation of the lowest-frequency magnon state characteristic
of BEC is possible in magnetic metals as well as the insulating garnets. These processes
are expected to strongly affect the magnetization dynamics of magnetic systems brought
far out of equilibrium, and therefore must be taken into account in the analysis and
design of nanomagnetic devices.

Our samples were 10-nm-thick elliptical Permalloy elements patterned by ion
etching on top of a 160-nm-thick and 1-um-wide Au microstrip, as schematically shown
in Fig. 1. The microstrip was connected to a matched coplanar microwave transmission

line. Three Permalloy elements with lateral dimensions of 1000x500 nm, 500x250 nm,

and 250x125 nm were used in our study. The edge-to-edge separation between the



elements was 1 pwm, rendering them dynamically and statically uncoupled. The entire
structure was covered by a 50-nm thick SiO, protection layer. The sample was placed
into a uniform static magnetic field H/=400-900 Oe applied parallel to the direction of
the microstrip. The driving microwave magnetic field 4 oriented perpendicular to the
static field was produced by short pulses of microwave current through the microstrip.
The pulses had a 100 ns width and 2 ps repetition period. The low duty cycle of the
driving signal minimized the heating effects. The detection of the dynamic
magnetization was performed by micro-focus Brillouin light scattering spectroscopy
described in detail elsewhere [25]. This technique yields a signal proportional to the
square of the amplitude of the dynamic magnetization at the location of the focal spot of
the probing light, and provides information about the magnetization dynamics with
simultaneous temporal, spectral, and spatial resolution.

The Permalloy nanoelements were -characterized by measurements of the
dependence of their dynamical response on the driving frequency in the linear regime
(at small microwave power), and in the moderately nonlinear regime, as illustrated in
Fig. 2 for the element with dimensions of 500250 nm. Figure 2(a) shows resonant
curves for three different values of the excitation power P, measured by varying the
excitation frequency f from 8 to 11 GHz and recording the BLS intensity at the same
frequency. At small microwave powers, the dependence of the BLS intensity on f
exhibits the usual linear resonance line shape, as illustrated for P=0.01 mW in Fig. 2(a).
A Lorentizan function [shaded area in Fig. 2(a)] provides a good fit to these data. At
larger microwave powers, the resonance becomes increasingly asymmetric due to the
sharpening of the rising part of the curve and broadening of its high-frequency tail. This

behavior can be explained by the effects of the nonlinear damping and negative



nonlinear frequency shift, as analyzed in detail in Refs. 26-28. We note that the
anomalous positive nonlinear frequency shift [21] was not observed in the studied
samples due to the low efficiency of the edge mode excitation.

Figure 2(b) summarizes the dependence of the resonant curve linewidth &f measured
at one half of the maximum value (squares) and the BLS intensity at the resonant
frequency £=9.73 GHz (circles) on the microwave power in the range from 0.01 to 1
mW. From the data of Fig. 2(b), one can conclude that the nonlinear effects become
significant around P=P;=0.04 mW, where the increase of the BLS intensity with P falls
significantly below the low-power linear dependence, and the broadening of the
resonant curve accelerates. Note that P, is about three orders of magnitude smaller than
the value obtained in Ref. 21, due to the higher efficiency of the microwave excitation
by the smaller microstrip, and more precise impedance matching among the microstrip,
the sample leads, and the microwave source.

Figure 3 illustrates the strongly nonlinear dynamics induced at P>1 mW, at a fixed
excitation frequency /=£=9.73 GHz. The dependence of the BLS intensity measured at
the same frequency initially exhibits a gradual increase with P, similar to the moderately
nonlinear low-power behavior [Fig.2(b)]. The increase continues up to P=4 mW, above
which the BLS intensity abruptly drops, suggesting an onset of an additional nonlinear
effect. To identify this effect, we measured the complete BLS spectra covering the
detection frequency range of 4 to 14 GHz, at P between 1 and 100 mW [Fig. 3(b)].
These data clearly demonstrate that, in addition to the usual dynamic magnetization
response at the excitation frequency of 9.73 GHz, a second spectral peak appears at 8.12
GHz above the threshold power P=P,. Above the onset, the intensity of this peak

initially increases. The decrease of intensity at higher powers is accompanied by the



spectral broadening of the peak. The central frequency f, of the peak monotonically
decreases by 2 GHz as P is increased from P, to 100 mW. These findings suggest that
the observed phenomenon represents scattering of the excited magnons into a certain
magnon state with frequency f;.. The relatively modest variation of f;. with P is likely
caused by the nonlinear frequency shift.

To identify the magnon state with frequency f;., we performed BLS measurements
similar to those described by Fig. 3(b) for different values of the static field H. From
these measurements we determined the field dependence of the linear-regime (P=0.01
mW) frequency of the resonant mode f; and the frequency of the secondary mode
corresponding to the threshold power P=P,. Figure 4 shows the obtained frequencies (f;
— circles, fic — squares) and their comparison with the frequencies of the center and the
edge modes calculated using OOMMEF software [29] for the experimental geometry of
the elliptical element and the established room-temperature parameters of Permalloy.
The data of Fig. 4 show that the experimental and calculated frequencies of the center
mode are in excellent agreement, which proves the validity of the calculations.
Meanwhile, the calculated frequency of the edge mode is clearly below the frequency
Jse(P2), and its dependence on the magnetic field exhibits a different slope. Therefore,
we concluded that the observed nonlinear scattering is not associated with the edge
modes, which was also confirmed by the spatially-resolved measurements, as described
below.

Investigations of strongly-nonlinear magnon scattering in low-loss garnet films have
shown that, at sufficiently large amplitudes of dynamic magnetization, magnons begin
to overpopulate the lowest-frequency state of the magnon spectrum [22,23], under

certain conditions resulting in their Bose-Einstein condensation [24]. The location of



this state in the magnon spectrum is shown in a qualitative diagram of the spectrum for
an in-plane magnetized ferromagnetic film (inset in Fig. 4) [22]. The solid curves
represent the dispersion for the two limiting magnon branches with wave vectors k
oriented perpendicular and parallel to the static magnetic field H, respectively. The
latter contains a state with a finite frequency f;, which is the lowest allowed frequency
of magnons. Strictly speaking, the shown spectrum is valid for a continuous magnetic
film only, whereas in the case of a nano-element the spectrum is quantized.
Nevertheless, as described below, spin waves corresponding to the lowest-frequency
state can be excited in a nano-element independently of its geometry, provided the
excitation is local and the system is characterized by a non-zero damping.

To determine whether the additional peak observed in our measurements above the
threshold P, is associated with scattering into the lowest-frequency state, we
analytically calculated f, using the theory of spin-wave dispersion developed in Ref. 30.
In our calculations, we took into account the demagnetization effects due to the finite
dimensions of the elliptical elements by using the value of the internal magnetic field
obtained from the OOMMF simulations. The calculated dependence fy(H), shown in
Fig. 4 by a dashed curve, is in excellent agreement with the experimentally determined
Jse(P2).

We found further evidence for the overpopulation of the lowest-frequency state by
performing two-dimensional imaging of the dynamic magnetization in one of the
studied elements with dimensions of 1000x500 nm. Panels (a) and (b) in Fig. 5 show
the pseudo-color spatial maps of the intensity of magnetization oscillations at fq,
measured at P=P, and P=4P,, respectively. The data of Fig. 5 show that, at the onset of

the overpopulation, the magnetization oscillations at f;. are well localized near the



center of the element, while at larger P they gradually expand to the entire area of the
ellipse.

To analyze this result, we note that the spatial distribution corresponding to the
lowest-frequency magnon state must be correlated with the distribution of the resonant
state, which is the source of the lowest-frequency magnons. The spatial distribution of
the resonant mode is not uniform in space and has a maximum in the center of the
ellipse (see the map in Fig. 1). Therefore, the threshold condition for the overpopulation
of the lowest-frequency state is first satisfied near the center. Since the magnons at the
spectral minimum f; are characterized by zero group velocity (see inset in Fig. 4), they
do not propagate toward the edges, and the magnetization oscillations at f; remain
localized. As P increases above P,, the threshold condition is satisfied over a larger
area, leading to the spatial expansion of oscillations at f; towards the edges of the
ellipse. This spatial expansion can also explain the spectral broadening of the peak at
large P shown in Fig. 3(b). The internal magnetic field determined by the superposition
of the applied field and the local demagnetizing field of the ellipse is spatially non-
uniform. As a consequence, the frequency f; also varies in space, resulting in the
broadening of the averaged lowest-frequency magnon peak when the oscillations spread
over a significant portion of the magnetic element.

Finally, to estimate the relevance of the observed nonlinear behaviors to the large-
amplitude oscillations in spin-torque measurements, we calculate the reduction of the
projection M, of the magnetization vector M onto the precession axis z, characterizing
the magnetization precession angles achieved in our experiments. The estimate can be
made based on the observed nonlinear shift of frequency f,. with P [see Fig. 3(b)]. We

assume that this shift is determined by the reduction of the projection M, as a result of



the large-amplitude magnetization precession. Using the theory of Ref. 30, we obtained
the dependence of M,/M on the microwave power. The results of these calculations
show that the overpopulation of the lowest-frequency state starts at M,/M=0.96 and the

smallest normalized projection achieved in our experiments is about M,/M=0.5.

Calculating the mean precession angle ¢ as cos™ (M, /M), the largest value of ¢

achieved in our measurements is 59° and the angle corresponding to the onset of the
overpopulation is about 17°. We emphasize that the angle @ characterizes all the
magnetization oscillations over the entire spectrum, and not just the resonant-frequency
precession. We also note that the estimated onset angle is much larger compared to that
typical for garnet films [22-24], which can be associated with much larger magnetic
losses in Permalloy.

In conclusion, we experimentally realized excitation of magnetization dynamics
with precession angles of several tens of degrees in nano-sized Permalloy elements
driven by a large microwave field. We have observed nonlinear scattering of the excited
magnons into the lowest-frequency magnon state and a strong overpopulation of the
latter, which was previously found only in the low-loss garnet films. In contrast to the
garnet films, the overpopulation in Permalloy structures is accompanied by a strong
nonlinear shift of the lowest-frequency state and is strongly influenced by the
demagnetization effects. Our findings prove the universal character of this type of
magnon dynamics and show that it should be considered in modeling of intense
magnetization oscillations. The discovered nonlinear scattering mechanisms should
also be taken into account in the design of nanomagnetic devices operating at large

precession amplitudes.
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FIGURE CAPTIONS

FIG. 1. (Color online) Schematic of the experiment. A typical measured map of the
intensity of magnetization oscillations corresponding to the resonant center
mode is superimposed on the largest elliptical element. Inset shows an SEM
micrograph of a section of the microstrip with the 500x250 nm Py
nanoelement.

FIG. 2. (Color online) (a) Resonant curves for the ellipse with dimensions of 500x250
nm, at three different values of the applied microwave power P, as labeled.
The shaded area is a Lorentzian fit of the P=0.01 mW data. (b) Dependence of
the BLS intensity at the resonant frequency f;=9.73 GHz (circles) and of the
resonant curve width df (squares) on the applied microwave power. Lines are
guides to the eye. All measurements were performed at H = 900 Oe.

FIG. 3. (Color online) (a) BLS intensity vs microwave power in the strongly nonlinear
regime. (b) Logarithmic-scale pseudo-color plot of the BLS intensity as a
function of the microwave power and the detection frequency. All data were
acquired with the excitation frequency fixed at 9.73 GHz.

FIG. 4. (Color online) Dependence of the dynamical characteristics on the static
magnetic field H: circles — low-amplitude linear resonant frequency, squares —
frequency of the state into which the magnons are scattered at P=P,, solid
curves — calculated frequencies of the center and the edge modes, as labeled,
dashed curve — calculated lowest magnon frequency. Inset qualitatively shows

the magnon spectrum for a magnetic film magnetized in-plane.
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FIG. 5. (Color online) Normalized pseudo-color spatial intensity maps of
magnetization oscillations at f;., measured at P= P, (a) and P=4P, (b). The

dimensions of the maps are 1100x600 nm, and the spatial step size is 50 nm.
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