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ABSTRACT: The ability to control and tune magnetic dissipation
is a key concept of emergent spintronic technologies. Magnon
scattering processes constitute a major dissipation channel in
nanomagnets, redefine their response to spin torque, and hold the
promise for manipulating magnetic states on the quantum level.
Controlling these processes in nanomagnets, while being
imperative for spintronic applications, has remained difficult to
achieve. Here, we propose an approach for controlling magnon
scattering by a switch that generates nonuniform magnetic field at
nanoscale. We provide an experimental demonstration in magnetic
tunnel junction nanodevices, consisting of a free layer and a
synthetic antiferromagnet. By triggering the spin-flop transition in
the synthetic antiferromagnet and utilizing its stray field, magnon interaction in the free layer is toggled. The results open up avenues
for tuning nonlinearities in magnetic neuromorphic applications and for engineering coherent magnon coupling in hybrid quantum
information technologies.

KEYWORDS: spin wave, magnon interaction, spin torque, magnetic tunnel junction, stray field, magnetic neuromorphic systems,
hybrid quantum systems

■ INTRODUCTION

Many spintronic technologies are based on the idea of
manipulating the magnetization of a nanoscale magnet by
spin torque. Spin torque drives magnetic reversal in nonvolatile
spin-torque memory1−5 and auto-oscillations in spin-torque
oscillators while competing with magnetic dissipation.6−9

Magnon scattering processes play a major role in this context.
They lead to redistribution10,11 of energy among magnon
modes and determine magnetization dynamics at large
excitation levels12−14 which are of particular importance for
spintronics applications.15−17 In nanomagnetsthe building
blocks of the latterthe discrete magnon spectrum leads to
unusual phenomena that are qualitatively different from those
in bulk and thin films.18−20 In particular, three-magnon
scattering has been recently shown21 to invert the response
of a nanomagnet to spin torque, thus impinging on the main
working principle of many spintronics technologies.
Magnon scattering is also responsible for parametric

pumping,22 soliton formation, phase locking, and other
instrumental phenomena of magnetization dynamics.15,16,23

Controlling magnon scattering processes24 would allow for
tuning the nonlinear response of nanomagnets employed in
neuromorphic magnetic systems.25−27 Moreover, it would
provide a path for engineering coherent magnon coupling28−30

in hybrid quantum information applications.31 Functionaliza-
tion of nanomagnets critically depends on our ability to control

magnon interaction at the nanoscale, which has remained
difficult to achieve.32,33

Here, we demonstrate that magnon scattering in a
nanomagnet can be efficiently controlled by an adjacent
synthetic antiferromagnet that acts as a nanoscale switch. By
triggering spin-flop transition in the synthetic antiferromagnet
and by utilizing its nonuniform stray field, we achieve to toggle
the degenerate three-magnon scattering in the nanomagnet.
In nanoscale ferromagnets, standing spin waves form due to

geometrical confinement; the magnon spectrum at gigahertz
frequencies is discrete. In this study, we consider a thin
ferromagnetic nanodisk with elliptical cross section as a model
nanomagnet. Its spin wave modes correspond to the normal
modes34 of a disk (Figure 1A). We number the modes in
ascending order of their frequency, starting with |n = 1⟩ for the
lowest frequency f1 mode which has excitation maxima at the
tips of the ellipse. With increasing mode number n, one and
more excitation nodes appear within the disk plane. The
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frequency of the modes depends on magnetic field. When the
frequency ratio of two modes is nearly f i:f j = 1:2, two magnons
of the lower frequency mode |i⟩ can confluence into one
magnon of the higher frequency mode |j⟩. This constitutes a
degenerate three-magnon (3M) process which, due to its
technological relevance,17,21,32 we shall focus on in what
follows.
Besides the energy conservation requirement given by the

frequency ratio, the 3M scattering is determined by the
strength of interaction between the magnon modes involved in
the process.21,32,35 In nanomagnets possessing the symmetry of
an orthogonal coordinate system (e.g., rectangular, circular,
and elliptical)36 and with negligible magnetic anisotropy, the
number of 3M processes allowed by symmetry is greatly
reduced, as recently shown in refs 32, 35, and 37. However,
irregularities of demagnetization field at the nanomagnet’s
edges, as well as inevitable structural imperfections,1,38 can
diminish the symmetry restrictions and lead to a finite, albeit
small, magnon interaction. Application of a local nonuniform
magnetic field to the nanomagnet has a similar symmetry-
breaking effect, but it can result in a drastic increase of the
magnon interaction, be done in a controlled manner, and used
as a tool to engineer magnon scattering. The applied field must
exhibit nonuniformity at the length scales of the nanomagnet
and therefore itself originate from a nanoscale source.

■ RESULTS AND DISCUSSION

To validate the proposed concept, we employ a magnetic
tunnel junction nanopillar of elliptical layers with 150 nm ×
100 nm cross section and ∼1−2 nm thickness, sketched in
Figure 1B and detailed in the Methods section. The device
consists of a ferromagnetic free layer (FL), an MgO tunneling
layer, and a synthetic antiferromagnet (SAF). The latter is
composed of two ferromagnetic layers coupled by antiferro-
magnetic RKKY interaction39,40 through a Ru buffer layer. The
bottom layer is exchange-biased along the major axis of the
ellipse by an antiferromagnet. All ferromagnetic layers consist
of CoFeB compounds, endued with easy-plane magnetic

anisotropy.41 Because of the shape anisotropy, the major axis
of the ellipse is the magnetic easy-axis.
With magnetic field applied in the easy-axis, we measure the

resistance of the device, which is governed by the tunneling
magnetoresistance across the MgO layer.8,42,43 As shown in
Figure 2, the resistance presents with a nearly rectangular

hysteresis loop near zero field. At negative fields, the device is
in the high-resistance, antiparallel (AP)-state. By increasing the
field to 0.04 kOe, the free layer switches by 180° and the
device arrives in the low-resistance, parallel (P)-state (Figure
1D). With further increasing the field to 1.21 kOe, the SAF
undergoes spin-flop transition44 (Figure 1F) and the device
enters into the intermediate-resistance, spin-flop (SF)-state.
After reversing the direction of the field sweep, the device
lingers in the SF-state until 0.16 kOe. Then the SAF layers
align opposite to each other; this corresponds to the P-state of
the device (Figure 1D). By further sweeping the field

Figure 1. (A) Lateral profiles of the spin wave modes in the free layer (FL), obtained from micromagnetic simulations of the magnetic tunnel
junction (100 × 150 nm2 MTJ) nanodevice, sketched in (B). (C) Stray field from the SAF at the position of the FL in the parallel state. (D) Static
magnetization in the parallel state. (E) SAF’s stray field in the spin-flop state with the corresponding static magnetization in (F). Magnetic field H is
applied along the major axis of the elliptical device (x-axis).

Figure 2. MTJ nanodevice resistance, as a function of field applied in
the easy-axis, shows switching events between antiparallel (AP),
parallel (P), and spin-flop (SF) state.
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backward, the free layer undergoes reversal of the zero-field
loop, and the device arrives in the AP-state.
In the P-state (Figure 1D), the stray field from the SAF at

the position of the free layer (Figure 1C) is smallthe fields
from the top and bottom layer of the SAF in MTJs are
engineered to largely cancel each other.1,3,45 Upon the spin-
flop transition, however, the SAF’s stray field increases and
presents with a pronounced nonuniformity at nanoscale
(compare Figures 1C and 1E). We utilize the hysteretic
behavior of the SAF to controllably switch this field. While we
use external magnetic field to drive the spin-flop transition in
this work, various nanoscale switches driven by other external
stimuli such as spin current, electric field, strain, and
temperature are generally possible.
To investigate the magnon spectra, we use field-modulated

spin-torque ferromagnetic resonance (ST-FMR).43 The
measurements are first performed by sweeping the field from

negative to positive values; the data are shown in Figure 3A.
Several excitations with nearly linear frequency−field relation
are observed. Because the FL and SAF layers possess very
different effective magnetic anisotropy energies (due to RKKY
interaction and exchange bias; see the Methods section), their
magnon modes are well separated in energy. As detailed in refs
43 and 44 the modes shown in Figure 3 correspond to
standing spin wave modes which are localized in the free layer
and have normal-mode34 excitation profiles (Figure 1A). At
the positive field of 1.21 kOe, the device switches into the spin-
flop state. The stray field from the SAF slightly affects the
frequencies and the separation of the magnon modes. This
effect suggests a small yet noticeable modification of the FL
micromagnetic state and/or its magnon modes.
We repeat the ST-FMR measurementsnow sweeping the

field from positive to negative values. The magnon spectrum
shown in Figure 3B is similar to the forward sweep in Figure

Figure 3. Spin-torque ferromagnetic resonance measurements carried out by sweeping the field from negative to positive values (A) and from
positive to negative values (B). The magnon modes present with the same frequency−field slope (faint lines with doubled slope correspond to
parasitic second-harmonic signals). The field regions of the parallel (P), antiparallel (AP), and spin-flop (SF) states are indicated; magnon modes
are numbered. All measurements are performed at room temperature.

Figure 4. (A) In the spin-flop state, the line width of mode |1⟩ exhibits two peaks due to the three-magnon processes. The labels [i → j] indicate
positions for which the frequency ratio of the participating modes f i:f j = 1:2 is found. (B) In the parallel state, the three-magnon scattering rates are
negligibly small; no peaks in the line width are observed. (C) However, with increasing dc bias current and the associated antidamping spin torque,
the three-magnon scattering rates in the parallel state are enhanced. (D) In the spin-flop state, at zero dc bias, the line width peaks fade away with
decreasing microwave power.
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3A. However, the switching from spin-flop state to parallel
state takes place at ∼0.2 kOe. The SF-state occupies a larger
field range. In what follows, we investigate magnon processes
within the hysteretic field region of 0.2−1.2 kOe, where the
device can be controllably brought in two distinct regimes of
the P-state and SF-state.
The line width of a magnon mode represents its dissipation

rate. We evaluate the line width of the main mode |1⟩, shown
in Figure 4. In the spin-flop state, the line width presents with a
peak at the characteristic field 0.35 kOe (2.65 GHz), for which
we find the frequency ratio f1:f4 = 1:2 for the modes |1⟩ and |4⟩.
Here, two magnons of the mode |1⟩ confluence into one
magnon of the mode |4⟩, constituting a degenerate three-
magnon process that we label as [1 → 4]. At another
characteristic field of 0.5 kOe (3 GHz), a peak that
corresponds to the [1 → 5] process is observed. These
peaks represent an increased dissipation rate due to the 3M
process that is resonant in the frequency detuning 2f i − f j of
the participating modes, as derived in ref 21. The frequency
detuning becomes zero and the dissipation peaks at the
characteristic 3M fields.
Now, we evaluate the line width in the parallel state, as

shown in Figure 4B. The frequency ratios f1:f4 = 1:2 and f1:f5 =
1:2 are maintained at slightly shifted fields 0.6 kOe (3 GHz)
and 0.8 kOe (3.6 GHz) and allow for the same [1→ 4] and [1
→ 5] processes. However, the line width does not exhibit
peaks at the characteristic fields. Because the 3M process is a
nonlinear phenomenon that becomes more prominent at larger
excitations, we increase the microwave power. However, even
at high excitation levels leading to device destruction, the 3M
peaks of the line width cannot be realized.
To make sure that the [1 → 4] and [1 → 5] processes are

present in the P-state but just small in magnitude (scattering
rate), we subject the device to dc bias current that results in a
nominal antidamping spin torque. The antidamping spin
torque leads to line width reduction (115 MHz/mA) at field
values far away from the characteristic three-magnon fields,
where the 3M process is virtually inactive. In the 3M regime
near the characteristic fields, on the other hand, the effect of
the antidamping spin torques is inverted. With increasing
antidamping spin torque, the effective susceptibility of both
modes, |i⟩ and |j⟩, increases. As detailed in ref 21, the modes
begin to participate in the 3M process at a higher rate. While
the intrinsic dissipation continues to be reduced by the
antidamping spin torque, the nonlinear effect of the 3M
process dominates and increases the total dissipation. As
shown in Figure 4C, at the characteristic 3M fields, we in fact
find that the effective dissipation increases in response to the
antidamping spin torque and presents with two peaks. This
inversion of the spin-torque effect is inherent to the resonant
3M process21 and confirms that they are indeed present in
both the parallel and spin-flop state. In the P-state, however,
the 3M scattering rate is negligibly small (unless enhanced by
spin torque).
This result validates the proposed concept of controlling

magnon interaction via symmetry-breaking local magnetic
field. To assess magnon interaction, the normalized vector field
of the static magnetization μ⃗(r)⃗ and dynamic magnetization of
individual magnon modes s(⃗r)⃗ must be considered. The
magnetic Hamiltonian term, which describes the confluence of
two |i⟩ magnons into one |j⟩ magnon (as well as the inverse

process), is ψ ψ= * + * * *a a a a a aij i i j ij i i j
(3) , with a being the

mode amplitude.21 Using the vector Hamiltonian ap-
proach,35,46 we can write the magnon interaction coefficient
ψij as

∫ψ μ μ∼ ⃗· *⃗ ⃗ · ̂ · ⃗ + ⃗· ⃗ ⃗ · ̂ · *⃗s s N s s s N s r2( ) ( ) dij i j i i i j
3

(1)

The interaction is largely related to dipolar coupling between
the magnons, and the operator N̂ can be written in the integral
form

∫̂ = ̂ ⃗ ′⃗ ′N G r r r( , ) d3
(2)

with the magnetostatic Green’s function kernel having
components ̂ ⃗ ′⃗ = − ∂ ∂ | ⃗ − ′⃗|αβ π α β′ ′

−G r r r r( , ) 1
4

1. The diagonal

components of the integral kernel are symmetric in space,
while off-diagonal ones are antisymmetric. With the FL
magnetized along the x-axis, only Nxy contributes to the 3M
scattering. As a consequence of the spatial antisymmetry of this
component, 3M confluence from mode |1⟩ into laterally totally
antisymmetric modes should have a sizable scattering rate,
while confluence into symmetric modes is prohibited.32,35,37

Because the modes |4⟩ and |5⟩ are almost but not perfectly
symmetric, their small scattering rate in the parallel state is
consistent with the theoretical picture.
In general, application of the SAF’s stray field in the SF-state

has a manifold effect on the 3M scattering. First, the static
magnetization can tilt away from the easy-axis (high-
symmetry) direction, which allows the diagonal components
(Nxx and Nyy) to contribute to the magnon interaction and to
lift the symmetry restrictions for the magnon modes. This
effect can be further amplified by the reduced symmetry of the
static magnetization vector field. In particular, while maintain-
ing the central symmetry μ⃗(r)⃗ = μ⃗(−r)⃗, it can lose axial
symmetry, e.g., μ⃗(x,y) = μ⃗(−x,y). Second, the SAF’s stray field
with nonuniformity at nanoscale can directly break magnon
modes’ symmetry and blend their symmetric or antisymmetric
character.47,48

Our micromagnetic simulations49 show a very small change
to the FL static magnetization vector field upon application of
the SAF’s stray field. The tilt of the magnetization is negligible,
and the variation of the vector field at the edges of the FL disk
is small (⟨1 − μx⟩P = 13 × 10−4 and ⟨1 − μx⟩SF = 18 × 10−4 in
Figure 1F). Modification of the mode separation in Figure 3,
however, indicates that this small change of the micromagnetic
state and the presence of the nonuniform stray field from the
SAF are sufficient to affect the mode structure. The
micromagnetic simulations on the rather complex multilayer
structure of the MTJ device do not allow for a reliable
quantitative consideration of the mode structure for the
calculation of mode interaction ψ. Yet, we can assess the
resulting effect experimentally.
Generally, the 3M scattering rate depends21 on the product

g·ψ of magnon excitation level g and interaction ψ between the
magnon modes that participate in the 3M process. We carry
out microwave power dependent measurements at zero dc bias
current. With decreasing power p in the spin-flop state (Figure
4D), the line width peak fades away. It takes over 30 dB of
power reduction for the line width peak to subside and for the
3M scattering rate to reach the value of the parallel state. We
estimate an enhancement of the g·ψ product between parallel
and spin-flop state of (gSF·ψSF):(gP·ψP) > 35.
The spin waves in the MTJ nanodevice are excited by

microwave Oersted fields and high-frequency spin torques.50,51
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The excitation level g is thus not just a function of the
microwave power, g ∝ √p, but also increases with the effective
angle ϕ between magnetic moments of the free layer and the
SAF top layer.52 To account for that, we assess the amplitude
of the ST-FMR signal in the parallel and spin-flop state. The
measurements are performed as a function of the microwave
power at field values outside of the three-magnon regime and
result in the ratio of ST-FMR amplitudes in the spin flop and
parallel state of ASF:AP ≈ 35.
The amplitude of the ST-FMR signal is generally a function

of the magnon excitation level g and the sensitivity of the
voltage signal to magnetization oscillations. The latter is
composed of photovoltage and photoresistance. In the
calibration measurements, no dc current is used; thus, there
is no contribution from the photoresistance. The photovoltage
is a function of the angle ϕ between the free layer and the top
SAF layer. The ST-FMR amplitude can be therefore written as
A ∝ g sin ϕ.
For the spin-flop state, the angle can be extracted from the

magnetoresistance measurements (Figure 2) as ϕSF = 64°. In
the parallel state, the angle ϕP can strictly speaking not be
treated as zero. The angle assumes a small but finite effective
value due to nonuniformity of the magnetization and small
misalignment of the magnetic field with respect to the easy-
axis. On the basis of micromagnetic simulations and the
precision of the sample alignment, we find this angle to be
below 1°. However, on the basis of our estimations across
multiple samples, for the following calculation, we use the most
generous upper limit of ϕP < 4°. By means of this calibration,
we find the excitation level in the spin-flop state to be only
slightly larger than in the parallel state:

ϕ
ϕ

= <
g

g
A
A

sin

sin
2.7SF

P

SF

P

P

SF (3)

This conservative estimation reveals the ratio of the mode
interaction in the spin-flop and parallel state to be at least
ψSF:ψP > 13. Such a large difference in magnon coupling leads
to the qualitatively different behavior observed in Figure 4A,B.
Even at moderately large excitation levels, the modified
magnon coupling results in a 200% increase of the effective
damping, marking distinct dissipation states of the SF an P
states (Figure 4A,B,D).

■ CONCLUSIONS
In conclusion, we achieve a controlled toggling of the magnon
interaction by at least 1 order of magnitude. By means of a
magnetic field that is nonuniform at the nanoscale, the
symmetry restrictions for magnon scattering processes are
diminished and the scattering rate is modified. While further
theoretical and experimental studies are called upon to
elucidate the quantitative connection between the magnon
scattering, the micromagnetic state of the nanomagnet, and the
symmetry of the stray field, this work demonstrates engineer-
ing of magnon interaction in a magnet of nanoscale size. We
generate the local field by exploiting hysteretic spin-flop
transition of a synthetic antiferromagnet. Other nanodevices
based on spin-torque, thermal, and voltage-driven switching
are envisioned. The distinct dissipative states that result from
modified magnon interaction add functionality to spin-torque
applications such as spin-torque memory,1−5 spin-torque
oscillators,6−9 microwave detectors,17 and spin-wave-based
logic.53 In the emerging paradigm of magnetic neuromorphic

networks,25−27 the nonlinear response of magnetic neurons
plays a central role. Magnon scattering processes32 offer a route
to achieving such nonlinearity, which can be tuned by
controlled magnon interaction as developed in this work.
Furthermore, magnon processes have the potential to provide
nonlinear capabilities to spin-based hybrid quantum systems,
for which efficient control of magnon interaction is a
prerequisite and allows for engineering coherent magnon
coupling.

■ METHODS
MTJ Devices and Micromagnetic Simulations. The devices

were fabricated on thermally oxidized Si wafers. By use of magnetron
sputtering, the following layer stack was deposited: (15)PtMn
antiferromagnetic layer, (2.3)Co70Fe30 SAF bottom layer, (0.85)Ru
RKKY-layer, (2.4)Co40Fe40B20 SAF top layer, (1)MgO tunneling
layer, and (1.8)Co20Fe60B20 free layer. The numbers in parentheses
indicate the thickness of the layers in nanometers. The layer stack was
seeded and capped by (5)Ta layers and electric leads. The devices
were defined by using electron-beam lithography and etched by using
ion milling to an elliptical pillars (with lateral dimensions of 150 nm ×
100 nm for the device shown here). The devices were subject to
thermal annealing at 300 °C for 2 h in a magnetic field applied along
the major axis of the ellipse. The annealing procedure defined the
exchange bias field of the SAF bottom layer to point along the −x
direction.

Micromagnetic simulations were performed by using MuMax
code.49 The magnetization of the layers was set to values obtained
from magnetometry performed on film-level control samples: FL =
1630 emu/cm3, SAF top = 1400 emu/cm3, and SAF bottom = 1900
emu/cm3. The volume exchange interaction was set to 13 pJ/m, the
RKKY exchange interaction between the SAF top and SAF bottom
layers was set to −5 fJ/m. The SAF bottom layer is exchange-biased
by the PtMn antiferromagnet, which was modeled via a unidirectional
anisotropy field of −0.045T along the x-axis, and by a uniaxial
anisotropy of 60 × 103 J/m3.

Because of the different magnetization values, as well as additional
contributions of RKKY interaction and exchange bias to the effective
magnetic anisotropy, the magnetic anisotropy energies of the FL and
the SAF layers are very different. The magnon modes of the free layer
and the SAF layers are thus well separated in energy. The observed
effects were confirmed not to originate from magnon−magnon
interaction of the free layer and the SAF layers. The three-magnon
model was validated experimentally on multiple MTJ devices with
positive and negative perpendicular anisotropies and various magnetic
configurations of the SAF.21,43

Because of the incommensurability of the nominal thicknesses and
the simulation cell size of 1 nm × 1 nm × 1 nm, the magnetization in
the simulation was scaled by the ratio of the nominal and simulated
thickness. This discrepancy leads to implicit inaccuracy of the effective
shape anisotropy and the interplay of the Zeeman effect and the
RKKY interaction. The simulated switching fields, shown in Figure 5,
can therefore not exactly match the experimental values. The RKKY
interaction value and the unidirectional anisotropy field (exchange
bias) at the SAF bottom layer were manually adjusted until the
simulated switching behavior qualitatively resembled the experimental
data in Figure 2. Considering the inaccuracies due to meshing and a
simplified magnetic anisotropy model, the behavior is reproduced
remarkably well. The static magnetization direction was then
implemented into ANSYS finite-element simulation to calculate the
stray field of the SAF at the position of the FL, shown in Figure 1.
Again, while we cannot reliably calculate the absolute value of the
stray field, its relative magnitude in the P- and SF-state and the
nonuniformity can be assessed.

After simulating the switching behavior, a sinc-timed pulse of
magnetic field was applied to the device. To excite spin wave modes
of various spatial symmetries, the pulse was polarized in the out-of-
plane direction, had a lateral Gauss shape with ∼20 nm width, and
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was centered asymmetrically in one of the ellipse quadrants. The
decay of magnetization was Fourier-transformed to cell-specific
frequency-domain amplitudes which are shown in Figure 1. By
evaluating the phase of the Fourier transform, we find that the mode
|1⟩ has phase-symmetric excitation maxima. All higher-order modes
present with a 180° phase jump across each excitation node.
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