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We study experimentally the processes of parametric excitation in microscopic magnetically saturated
disks of nanometer-thick yttrium iron garnet. We show that, depending on the relative orientation of the
parametric pumping field and the static magnetization, excitation of either degenerate or nondegenerate
magnon pairs is possible. In the latter case, which is particularly important for applications associated
with the realization of computation in the reciprocal space, a single-frequency pumping can generate pairs
of magnons whose frequencies correspond to different eigenmodes of the disk. We show that, depending
on the size of the disk and the modes involved, the frequency difference in a pair can vary in the range
0.1–0.8 GHz. We demonstrate that in this system, one can easily realize a practically important situation
where several magnon pairs share the same mode. We also observe the simultaneous generation of up to
six different modes using a fixed-frequency monochromatic pumping. Our experimental findings are sup-
ported by numerical calculations that allow us to unambiguously identify the excited modes. Our results
open new possibilities for the implementation of reciprocal-space computing.

DOI: 10.1103/PhysRevApplied.21.064041

I. INTRODUCTION

The field of magnonics aims to use spin waves (SWs) as
information carriers to perform radio-frequency (rf) pro-
cessing as well as classical and neuromorphic computing
[1–4]. Indeed, spin waves (and their quanta—magnons)
are a promising alternative to charge carriers because of
their low energy, short wavelength, and easily attainable
nonlinear dynamics. These characteristics make them par-
ticularly suited for the implementation of new computing
schemes that take advantage of the massive parallelization
of operations in the frequency space and of the intrinsic
hyperconnectivity in the reciprocal space (k space) due
to nonlinear spin-wave interactions [5–11]. Dynamic mag-
netic systems can thus be seen as a neural network whose
nodes are SW modes that are interconnected by nonlinear
magnon-magnon interactions in the k space. The inputs

*Corresponding author: hugo.merbouche@cea.fr

and outputs of such a network can be accessed and read
either in the frequency space [10,11], or by the use of a
real-space separation, through propagation and wave inter-
ference [5,6,8]. Implementation of such schemes requires
the excitation and manipulation of many modes in small
magnetic structures. This can be achieved by the use of
parametric processes [12], where a photon or a magnon
at frequency 2f splits into two magnons at frequencies
f − δf and f + δf . The splitting can be degenerate (δf = 0)

or nondegenerate (δf �= 0). The degenerate process has
been the most studied to excite SW modes in a broad
range of materials and systems, including extended films
[12–18] and microwaveguides and nanowaveguides
[19–22] as well as magnetic nanocontacts [23], magnetic
tunnel junctions [24], microdots and nanodots of permal-
loy [25–27], and yttrium iron garnet (YIG) [28]. In contrast
to direct linear excitation [29], it allows the efficient excita-
tion of modes with the use of a uniform dynamic magnetic
field irrespective of the mode spatial profile [25,28]. On
the other hand, excitation of nondegenerate pairs has been
observed only in extended micrometer-thick YIG films
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[30] and in confined metallic structures in a vortex state
[31,32]. In the latter case, the nondegeneracy was shown
to open the possibility to cross-stimulate mode excitation
with the use of multiple parametric pumps, thus effectively
implementing an interconnected recurrent neural network
capable of classifying microwave signals [11].

So far, nondegenerate parametric excitation has relied
on the specific configuration with a strong dipolar dip
in the dispersion relation, which was achieved in either
micrometer-thick YIG films [30] or in ferromagnetic struc-
tures in the vortex ground state at zero magnetic field
[31] or low static magnetic field [32]. In these configura-
tions, the dispersion relation is such that the frequencies
of the low-order magnon modes are about twice the fre-
quencies of higher-order modes. The low-order modes can
be efficiently excited with the use of the direct inductive
mechanism and then magnon pairs are generated through
the parametric process [30,33]. Such favorable configura-
tions are not possible in nanometer-thick films of magnetic
insulators with low magnetization, such as YIG. However,
YIG is a key material in magnonics due to its extremely
low magnetic damping α [34–36], nearly 2 orders of mag-
nitude smaller than that in metallic ferromagnets. Since
low damping strongly lowers the threshold of nonlinear
processes [12,33], finding a method to excite nondegen-
erate magnon pairs in ultrathin-film YIG structures is an
important step in the development of magnonic computing
schemes based on nonlinear interactions.

In this study, we demonstrate experimentally that both
degenerate and nondegenerate parametric processes can be
realized in the same magnetically saturated microscopic
ultrathin YIG disk by simply varying the direction of the
parametric pumping field with respect to the static mag-
netization. When the field is applied parallel to the static
magnetization (parallel pumping), a photon of the pump-
ing field splits into a degenerate magnon pair at half the
frequency, as expected. However, when the field is applied
transverse to the static magnetization (transverse pump-
ing), it nonresonantly excites a magnon, which then splits
into a magnon pair that is typically nondegenerate. We
show that the efficiency of this process is comparable
to the efficiency of the parallel-pumping process, which
makes it attractive for technical application. Additionally,
the nondegenerate parametric excitation via the generation
of nonresonant magnons is not limited by the frequencies
of the resonant modes of the system. As a result, this tech-
nique is much more flexible than resonant three-magnon
scattering schemes and does the not require the strong
dipolar dip that strongly limited its practical use in key
materials such as thin YIG. These findings greatly facilitate
the implementation of nondegenerate parametric processes
for the excitation and control of magnetic modes. They
also bolster the realization of promising k-space comput-
ing schemes using attractive magnonic materials such as
thin YIG.

II. EXPERIMENT

Figure 1(a) shows the schematics of the experiment. A
52-nm-thick YIG film grown by liquid-phase epitaxy on a
Gadolinium Galium Garnet (GGG) substrate is patterned
by electron-beam lithography to define disks with a diam-
eter D ranging from 500 nm to 2 μm. A 150-nm-thick and
4-μm-wide Au antenna is fabricated on top of the YIG
structures to apply a uniform dynamic magnetic field hrf
induced by the rf current irf in the antenna. The static mag-
netic field H 0 is applied in the plane such that it is either
transverse (ϕ = 90°) or parallel (ϕ = 0) to the dynamic
field hrf. The excitation is applied in the form of 500-ns-
long pulses with a repetition period of 1 μs to monitor the
transient dynamics of the different parametric processes.
The magnetization dynamics is detected by microfocus
Brillouin-light-scattering (BLS) spectroscopy [37], which
yields a signal (BLS intensity) proportional to the inten-
sity of the magnetization dynamics at the position of the
probing laser spot [see Fig. 1(a)]. Note that the dynamic
magnetization profile of nonuniform modes can exhibit a

(a)

(b)

FIG. 1. (a) Experimental setup. YIG disks with a thickness
52 nm and a diameter of 0.5, 1, and 2 μm are excited by a
dynamic field hrf created with the use of a 4-μm-wide antenna.
The static magnetic field H 0 is applied either parallel or trans-
verse to the dynamic field. Insets show electron-microscope
images of the disks taken before the antenna was fabricated. (b)
Characterization of the eigenmode spectrum of a 0.5-μm disk.
The graph shows the intensity of the dynamic magnetization as a
function of the excitation frequency under conditions of direct
linear excitation (ϕ = 90°) with P = 0.2 mW at H 0= 20 mT.
Arrows mark the frequencies of the detected resonant peaks. Ver-
tical lines mark the calculated frequencies of the eigenmodes.
The calculated spatial profiles of the modes are shown close to
the corresponding lines. These profiles present the absolute value
of the out-of-plane component of the dynamic magnetization.
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change of the sign over the area of the probing spot. This
leads to reduced sensitivity of the BLS apparatus to modes
with certain spatial symmetries due to the spatial averag-
ing over the opposite phases of the magnetization dynamic
profiles. Therefore, the measurements are performed with
the spot shifted from the center of the disk by half its radius
[see Fig. 1(a)], which allows simultaneous observation of
symmetric and antisymmetric modes of the disk. The prob-
ing light is focused onto the YIG disks through the sample
substrate by means of a corrected objective lens with a
magnification of 100 and a numerical aperture of 0.85.
The BLS measurements are performed with simultaneous
spectral and temporal resolution. The latter is realized by
synchronizing the detection of the scattered light with the
excitation pulses.

We first characterize the spectrum of resonant SW
modes by using a direct low-amplitude linear excitation.
We apply the static field transverse to the dynamic field
(ϕ = 90°), vary the frequency f of the dynamic field in a
broad range, and record the rf-induced BLS intensity for
each excitation frequency. The resonant spectrum obtained
for the 500-nm disk at H 0 = 20 mT and P = 0.2 mW is
plotted on a logarithmic scale in Fig. 1(b). Despite the
poor coupling of the uniform excitation field with nonuni-
form spin-wave modes, up to eight peaks can be detected
in the spectrum. To identify the observed modes, we
calculate the frequencies and spatial profiles of the eigen-
modes of the disk using an eigenmode solver [38]. In
these calculations, we use the independently determined
saturation magnetization of 176 mT and standard-for-YIG
exchange constant of 3.6 pJ/m. Because of the small diam-
eter of the disk, the modes are well separated in the
frequency space. Therefore, it is easy to associate the fre-
quencies obtained from the calculations [vertical lines in
Fig. 1(b)] with the frequencies of the peaks observed in
the experiment. All the computed mode frequencies match
well with the measured frequencies, except for the first-
two lowest-frequency modes. As seen from the computed
mode profiles in Fig. 1(b), these are the modes strongly
localized at the edges of the disk — edge modes. We
note that this is a generic feature of edge modes to be
very sensitive to the conditions at the edges [39]. As a
result, their quantitative characteristics typically cannot be
reproduced in calculations with ideal edges [40–42]. Nev-
ertheless, from comparison of the experimental spectrum
with the calculated spectrum, it is reasonable to associate
the two peaks at frequencies of 1.30 and 1.36 GHz with
the edge modes of the disk. In contrast, the identifica-
tion of the bulk modes is straightforward. These modes
can be labeled with the number of lobes (n‖, n⊥) of the
standing waves in the directions parallel and transverse
to the in-plane static magnetic field H 0. The first-three
calculated modes of the n⊥ = 1 branch have frequen-
cies f1,1 = 1.63 GHz, f2,1 = 1.67 GHz, and f3,1 = 1.91 GHz,
which agree well with the frequencies of the observed

peaks of 1.64, 1.70, and 1.94 GHz. The calculated fre-
quency of the mode (1,2) f1,2 = 2.19 GHz belonging to the
branch n⊥ = 2 coincides with the detected frequency of the
peak at 2.19 GHz, and the frequencies of the modes (1,3)
f1,3 = 2.59 GHz and (2,3) f2,3 = 2.55 GHz belonging to the
branch n⊥ = 3 fit the frequencies of the BLS peaks at 2.61
and 2.55 GHz.

III. RESULTS AND DISCUSSION

We now investigate the parametric excitation of the
modes using high-amplitude dynamic fields. First, we
address the well-studied case of the parallel pumping cor-
responding to the geometry where the static magnetic field
is oriented parallel to the dynamic excitation field hrf
(ϕ = 0). Under these conditions, no direct linear coupling
of the excitation field with the dynamic magnetization
is possible. Instead, the magnetization dynamics can be
driven by the parametric mechanism. Because of the pres-
ence of the dynamic magnetic field, hrf, parallel to the static
magnetic field H 0, the latter becomes periodically modu-
lated in time. As in the general case of a harmonic oscil-
lator with a periodically modulated parameter, dynamical
states can be excited when the amplitude of the modulation
is sufficiently large and the frequency of the modulation is
twice the resonant frequency of the system. In the case of
magnetic systems, this process can also be considered as
the splitting of a photon at the pumping frequency into two
magnons with frequencies twice as small [12].

Figure 2(a) shows a representative BLS spectrum
of magnetic oscillations recorded by applying the rf
current with power P = 2 mW at pumping frequency
fp = 3.28 GHz, which is twice the frequency of the fun-
damental (1,1) mode of the disk, 1.64 GHz [see Fig. 1(b)].
As seen from Fig. 2(a), in agreement with the expectations,
pumping efficiently excites the mode at fp/2. Figure 2(b)
combines in a color map the BLS spectra measured for
pumping frequencies ranging from 2.4 to 4.8 GHz. These
data clearly show that parallel pumping results in the exci-
tation of degenerate magnon pairs at exactly fp/2 (dashed
white line), when this frequency coincides with the fre-
quency of one of the resonant modes of the disk. Since
the parametric process is not limited by the spatial profile
of the excitation field, many more modes can be excited in
comparison with the case of linear excitation [Fig. 1(b)].
Additionally, since the parametric process is a threshold
phenomenon, the number of excited modes depends on the
pumping power. This is demonstrated in Fig. 2(c), which
shows the power dependence of the intensity of the modes
labeled as “A,” “B,” and “C” in Fig. 2(b). In particular,
mode C can be excited only at P > 1 mW, while mode
A exhibits nonzero intensity already at P = 0.05 mW. The
threshold power is proportional to the ratio of the relax-
ation frequency to the ellipticity [12,27]. As the relaxation
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FIG. 2. (a) Representative BLS spectrum of parametrically
excited magnetic oscillations recorded at pumping frequency
fp = 3.28 GHz and pumping power P = 2 mW. (b) BLS spectra
measured for pumping frequency fp ranging from 2.4 to 4.8 GHz
combined in a linear-scale color map. Color interpolation is used
to improve readability. (c) Power dependences of the intensity
of the modes labeled “A,” “B,” and “C” in (b). (d) Temporal
dependences of the modes labeled “B” and “D” in (b) measured
at P = 10 mW. The data were obtained at H 0= 20 mT and ϕ = 0°
(parallel-pumping geometry) on the D = 0.5 μm disk.

frequency increases and the ellipticity of the modes tends
to decrease with increased n|| and n⊥, the threshold tends
to increase with frequency.

We emphasize that although the number of excited
modes increases with the pumping power, the process
remains degenerate at all powers. In other words, by the
use of pumping with a fixed frequency, only one mode
can be excited at a time. A careful examination of the
data in Fig. 2(b) shows that, in addition to the signal at
fp/2, one also observes a weak signal at fp (e.g., mode
labeled “D”). This weak, additional excitation appears
only if the amplitude of the mode at fp/2 is large and,
therefore, is not associated with the direct excitation of
magnetization dynamics by the pumping. Moreover, time-
resolved BLS measurements show that the signal at fp/2
precedes the signal at fp in time [Fig. 2(d)], which is a clear
indication that the signal at fp is caused by the paramet-
rically excited dynamics at fp/2, and not vice versa. We
associate this signal with a nonresonant second-harmonic
generation [43].

Let us now return to the configuration of transverse
pumping (ϕ = 90°), which we used earlier for linear excita-
tion [Fig. 1(b)], and apply an excitation field at frequencies
twice the frequencies of the detected modes. Under these
conditions, the excitation field can linearly excite magneti-
zation dynamics. However, the resonant modes available at
these frequencies possess very large effective wave vectors
and do not couple efficiently to the uniform dynamic field.
Therefore, the nonresonant excitation dominates in this
regime. The dynamic magnetic field hrf directly excites a
quasiuniform magnetization precession at the frequency fp,
which can be considered as the excitation of a nonresonant
magnon. Similarly to resonant magnons, at sufficiently
large powers, the nonresonant magnon at fp can split into
two magnons with frequencies f1 and f2: f1+ f2= fp. More-
over, as in the case of resonant magnons [30–32], this
process is expected to be nondegenerate, i.e., f1 �= f2.

Figure 3(a) shows a representative BLS spectrum
recorded at fp = 3.48 GHz and P = 5 mW. In contrast to the
spectrum for the case of parallel pumping [Fig. 2(a)], the
spectrum in Fig. 3(a) exhibits a well-pronounced peak at fp
(labeled “B”) reflecting the nonresonant excitation of mag-
netization dynamics at this frequency. As clearly seen from
Fig. 3(a), nonresonantly excited magnons B do not split
into magnons at fp/2. Instead, a nondegenerate magnon pair
(A1, A2) at fp/2 ± δf is excited, where δf= 0.44 GHz. The
frequencies of the excited modes A1 (1.3 GHz) and A2
(2.18 GHz) correspond to the previously identified first
edge mode and the (1,2) mode. Figure 3(b) combines in
a color map the BLS spectra measured for pumping fre-
quency ranging from 2.8 to 4.8 GHz. As can be seen
from these data, in the geometry of transverse pumping,
parametric excitation has a nondegenerate character for
all the observed splitting processes: there is no signature
of dynamics excited at frequency f= fp/2. Additionally,
in accordance with expectations, we observe excitation
at f= fp over the entire range studied, which is in strong
contrast to the case of parallel pumping [Fig. 2(b)].
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To get better insight into the nondegenerate split-
ting processes, we mark in Fig. 3(b) the experimentally
resolved frequencies of the modes [Fig. 1(b)]. From this
analysis one can observe that many observed mode pairs
include at least one edge mode. This is associated with
their strong spatial localization resulting in a wide distri-
bution in the reciprocal space, which helps to fulfill the
linear-momentum conservation law in magnon splitting
processes [44]. We emphasize, however, that the eigen-
modes of an in-plane saturated magnetic disk are far from
being a simple combination of standing plane waves [see
the mode profiles in Fig. 1(b)]. Therefore, even bulk modes
are characterized by a wide distribution in the momentum
space, which facilitates the fulfilment of the momentum
conservation [33,44]. As shown below, in larger disks,
where the mode spectrum is much denser in the frequency
space, pairs of bulk modes can also be easily excited.

To compare the efficiency of the nondegenerate
transverse-pumping process with efficiency in the parallel-
pumping case, we find the threshold power necessary to
excite the most-intense pair, labeled in Fig. 3(b) as “A1”
and “A2.” The power dependence of the intensities of these
modes is plotted in Fig. 3(c). We emphasize that the appar-
ent difference in the intensities of the modes forming a pair
[see Fig. 3(a)] originates from the different sensitivity of
the optical setup to different modes. Therefore, we renor-
malize the dependence for mode A2 to match the intensity
of mode A1 [in Fig. 3(c) we choose a normalization factor
that is 15% off its nominal value to improve readability].
The perfect match between the two curves indicates that
both modes are excited simultaneously and possess the
same excitation threshold, as expected for a nondegenerate
three-magnon process. This threshold, 0.4 mW, is larger
than that for mode A in Fig. 2(c), which corresponds to
mode A1 of the pair. However, it is more than twice as
small as the threshold for mode C in Fig. 2(c), which cor-
responds to mode A2. In other words, despite the need
for nonresonant excitation, the efficiency of the transverse-
pumping parametric process is comparable to that of the
parallel-pumping process. A possible approach to further
increase the efficiency is based on the use of magnetic
systems that combine two materials with different satura-
tion magnetization, where transverse pumping resonantly
excites magnons in one material, which then parametri-
cally excite magnon pairs in the other material [45].

Let us now turn to the temporal characteristics of the
nondegenerate process. Figure 3(d) shows the temporal
dependence of the intensities of modes A1 and A2 together
with the dependence of the intensity of oscillations at the
pumping frequency fp [labeled “B” in Fig. 3(b)]. First, one
can see that rise time of the intensities of modes A1 and A2
until the steady state is reached is noticeably longer than
in the case of the parallel-pumping excitation [Fig. 2(d)].
Second, in strong contrast to the parallel-pumping case,
the signal at fp/2 ± δf is delayed with respect to the
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FIG. 3. (a) Representative BLS spectrum of parametrically
excited magnetic oscillations recorded at pumping frequency
fp = 3.48 GHz and pumping power P = 5 mW. (b) BLS spectra
measured for pumping frequency fp ranging from 2.8 to 4.8 GHz
combined in a linear-scale color map. Color interpolation is used
to improve readability. Vertical lines mark the experimentally
detected frequencies of the eigenmodes. Labeling of the modes is
based on a comparison of measured and calculated frequencies,
as discussed in the text. (c) Power dependences of the inten-
sity of the modes labeled “A1” and “A2” in (b). (d) Temporal
dependences of the modes labeled “A1,” “A2,” and “B” in (b)
measured at P = 10 mW. The data were obtained at H 0= 20 mT
and ϕ = 90° (transverse-pumping geometry) on the D = 0.5 μm
disk.
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FIG. 4. (a),(b) BLS spectra measured for pumping frequency
fp ranging from 2.8 to 4.8 GHz combined in a linear-scale
color map. Color interpolation is used to improve readability.
(a) D = 1 μm and (b) D = 2 μm. “A”, “B” and “C” indicate the
3 pairs of modes excited for a pumping frequency fp of 3.46,
3.92 and 4.46 GHz respectively. Vertical dashed lines in (a) mark
the frequencies of the modes common for pairs A, B, and C. (c)
BLS spectrum recorded for the 2-μm disk at fp = 3.48 GHz, as
marked by an arrow in (b). The data were obtained at P = 5 mW,
H 0= 20 mT, and ϕ = 90° (transverse-pumping geometry).

signal at fp. This reflects the two-stage nature of the
transverse-pumping process, which requires the excitation
of an intense nonresonant dynamic magnetic state as an
intermediate step. We note, however, that the settling times

are of the same order of magnitude. Additionally, they can
be reduced by further increase of the pumping power.

We now discuss the effect of the disk size on the exci-
tation of nondegenerate pairs. Figures 4(a) and 4(b) show
the excitation maps for the disks with diameter D of 1 and
2 μm, respectively. As seen from these data, more pairs can
be excited in larger disks, and most observed pairs belong
to the frequency range of bulk modes. This is associated
with the decrease in the mode separation in the frequency
space with increasing diameter D, which also results
in a decrease of the characteristic frequency separation
in individual pairs, 2δf. In particular, for D = 1 μm,
2δf ≈ 0.2 GHz, and for D = 2 μm, 2δf ≈ 0.1 GHz, i.e.,
the frequency separation is inversely proportional do the
disk size. Because of the denser mode spectrum, in larger
disks, one can easily find pairs that share the same mode,
e.g., pairs A + B and B + C in Fig. 4(a). If such pairs are
driven simultaneously by a multifrequency pumping field,
one can expect cross-stimulation of splitting processes, as
was previously observed for resonant three-magnon split-
ting in the vortex state [11]. This opens, for example, the
possibility to significantly expand the range of materials
and geometries for implementation of the nontraditional
computing scheme proposed in Ref. [11]. Additionally,
many of the modes belonging to the observed pairs can
be easily excited with the use of a linear-excitation mech-
anism, which provides additional means to control the
system of interacting modes. Moreover, because of the
dense spectrum of modes in sufficiently large disks, it is
possible to simultaneously fulfill the energy-conservation
conditions for several pairs. As a result, one can excite
multiple pairs using a single-frequency transverse pump-
ing. This is demonstrated in Fig. 4(c), which shows the
BLS spectrum recorded for a 2-μm large disk driven by
pumping at fp = 3.82 GHz [also marked with an arrow in
Fig. 4(b)]. As seen from these data, up to three mode pairs
(six different modes) can be simultaneously excited in this
system. Note that the peak at 2.1 GHz is not well resolved,
likely due to the low sensitivity of BLS spectroscopy to
the corresponding mode. However, knowing that the peaks
always appear in pairs centered at fp/2, one can assume
with a high degree of confidence that the increased inten-
sity at 2.1 GHz indicates the presence of excitation at this
frequency.

IV. CONCLUSIONS

In conclusion, we have shown that a microscopic system
based on a promising low-damping magnetic insulator, in
the uniform ferromagnetic state, can demonstrate degen-
erate and nondegenerate parametric phenomena that can
be controlled by varying the relative orientation of the
pumping field and the static magnetization. In particular,
nonresonant transverse parametric pumping allows one to
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efficiently excite nondegenerate pairs of magnons with-
out the requirement of engineering the presence of low-
order resonant modes at twice the center frequency of the
pair. Getting rid of this limiting prerequisite represents a
new paradigm for nondegenerate parametric processes that
have been underutilized in thin ferromagnetic films such
as YIG. These nondegenerate processes demonstrate two
key properties: (1) one mode can be addressed by mul-
tiple independent pumping frequencies and (2) pairs of
modes can be excited with a single frequency that effec-
tively couples the modes of the pair. These properties are
of decisive importance to implement novel hardware plat-
forms for nonconventional computing and data processing
relying on modes interacting in the reciprocal space. In
this paradigm, magnetic modes would assume the role of
neurons, and energy (and momentum) transfer from mode
to mode can be accomplished through synaptic weights
that can be mapped to nonlinear processes such as those
exemplified in the present work. Our findings show that
practical implementation of such systems is not limited to
specific static magnetic configurations and materials but
can greatly benefit from the versatile nonlinear processes
present in low-damping thin magnetic materials, which is
expected to facilitate further development in the field of
magnonic neuromorphic computing.
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