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Arrays of interconnected magnetic nanorings show emergent dynamics arising from stochastic
interactions at junctions between rings. These global emergent properties have already shown
potential as a platform for reservoir computing. However, their experimental computational
performance has been limited by the use of a single-dimensional global measurement, their
magnetoresistance, as an output, masking much of the underlying state information. Here, we
show in both simulation and experiment the potential of using the spin wave spectra of such
arrays of nanorings to produce a ngerprint of the number and orientation of the internal mag-
netic states, providing a route towards a multi-dimensional output with which to perform com-
putation. We show that the spectra ful'll the two criteria for reservoir computing: a nonlinear
response to an input stimulus, and a fading memory.

Keywords: Spin wave; nanoring; micromagnetics; ferromagnetic resonance; reservoir computing.

1. Introduction trained.?® Further energy savings can be found by
replacing the dynamic system in software with a
material platform, where the inherent complex
. . physics provides a suitable transform to encoded
energy COSt_S In s_hu®|mg d_ata between memory data. This approach requires methods of interfacing
and processing units, a barrier known as the von it materials for data output, which not only
Neumann pottleneek.l With the rise in machine  rqyide substantial information regarding the state
learning, this problem has been ampli ed, with large  f the system, but are also energy excient.
amounts of energy required to train weights between  pjaterial systems must ful Tl two broad criteria to
nodes in commonly used recurrent neural networks. pe considered as RC platforms; a measurable non-
Reservoir Computing (RC) o®ers a potential |inear response to an input stimuli, and a depen-
solution, in which a recurrent network, where all dence of the current system state upon previous
internal connections are trained, is replaced by a states that asymptotically reduces over time, often
dynamic system, where only the output layer is termed ‘“fading memory'. In recent years, several

Neuromorphic computing on conventional silicon
hardware is incredibly inexcient, with substantial
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material platforms have been proposed which
meet these criteria, not limited to memristors®*°
photonic,” and magnetic systems:® Magnetic
materials in particular are ideal candidates for in-
materio RC devices due to their underlying inherent
nonlinearity and hysteretic properties. Competitive
computational performance has already been shown
in a host of magnetic and spintronic systems
including spin-oscillators; %! skyrmions,'>*3 spin
ices**® and domain walls in nanowires.® Recently,
we have demonstrated that the domain wall popu-
lation of an array of interconnected magnetic rings
driven by a rotating magnetic eld has been
proposed to be an emergent property and proposed
to be a possible substrate for performing RC/ We
have shown the capability of such an ensemble at
performing a range of benchmark tasks and reservoir
con gurations.*®'° However, a common problem
with magnetic RC platforms are methods of mea-
suring the states of complex systems in suzcient
detail for a meaningful output, which do not mask
the richness of the system's internal state$’ In
these proto-devices of nanorings, the system state
was probed using magnetoresistance, providing only
a single-dimensional representation of the complex
magnetic state of the arrays to be used as an outputto
train on, thus limiting their potential as in-materio
computing devices.

Spinwaves have long been proposed as an excient
alternative information carrier in next generation

the spectra between inputs. This fulls the two
broad criteria for RC, a key rst step to utilizing the
spin-wave spectra as a viable readout method.

2. Simulation and Experimental Details

Micromagnetic simulations of nanorings were per-
formed using the MuMax3 package.” For these
simulations, a2 2 array of rings was used, with the
ring diameter 4 m, the track width 400 nm, and the
thickness 10 nm. Overlap between the rings was 50%
and periodic boundary conditions were in place on
all sides. The cell size inX and Y was set to 5nm
and 10nm in Z. Typical NiFe material parameters
were used:® saturation magnetization of 860 kA/m,
exchange sti®ness df3 10 '2J/m, and damping
of 0.007.

To simulate the frequency response of the array, a
broadband 50 GHzsinc pulse with amplitude 1 Oe
was applied in the x-direction, delayed by 20ns.
Simulations were run for 60 ns, recording the mag-
netization components at 12ps intervals. The
resulting simulated frequency-space spectra were
then determined through the Fourier transform of
the M, component of the transient magnetization
response.

Nanoring ensembles for ferromagnetic resonance
measurements were patterned using electron beam
lithography with a Raith Voyager system, with
Permalloy (NiFe) Tms deposited using thermal

devices, and have recently been demonstrated as ca- €vaporation. Samples were fabricated in a regular

pable platforms for in materio computing in systems
including magnonic crystals>??and arti cial spinice
arrays.'*?® In demonstrations of computation with
spinices, the spin-wave spectra provided information
on the rich variety of internal system states with
frequency binning of the spectra providing a multi-
dimensional output upon which to train on.'°
Though the spin wave spectra of individuat* and
coupled®?® nanorings have been reported, it remains
an open question whether the spectra can provide
enough state information in arrays of nanorings,
where the emergent properties of domain wall inter-
actions at junctions perform useful computation.

In this work we show in both simulation and
experiments that the spin wave spectra can be used
as a proxy for information about the orientation and
numbers of states within a nanoring ensemble. We
observe that system has both a nonlinear response of
the spectra to an input stimulus in the form of a
rotating magnetic eld, and a transient change in

square grid, covering a2 12mm area where each
ring had a 4 m diameter, track widths of 400 nm,
50% overlap between neighboring rings and a
thickness of 30 nm.

To set the state of the array, a rotating magnetic
“eld was applied achieved using a pair of electro-
magnetic coils. Following the application of the
“eld, microwave measurements were then under-
taken with the sample placed face down on a co-
planar waveguide, and the RF excitation frequency
swept, with the resulting RF power measured using
a diode. To improve signal to noise, the pair of coils
orthogonal to the RF eld was used to apply a
small (sub 10 0e) 1kHz AC "eld, allowing for lock-
in detection.

3. Magnetic Ring States

Interconnected ring arrays can form a multitude
of complex magnetization states, with examples
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illustrated in Fig. 1. These can be broken down into
a number of elemental metastable states of the in-
dividual rings, which can be categorized depending
on the number of domain walls in the ring?%3°¢
Onion states within the rings have a net magneti-
zation where regions are separated by domain walls,
as shown in Figs.1(a) and 1(d). Vortex states
contain no domain walls, have circumferential
magnetization and provide no net magnetic moment.
Vortex states in adjacent rings typically have
opposite circulation (clockwise/anticlockwise) to
avoid magnetic frustration (Fig. 1(b)).

Domain walls will rotate around the ring with a
suzxciently strong rotating magnetic eld. The
presence of the junction between rings presents an
energy barrier to the movement of domain walls’*
As a rotating magnetic eld is applied, stochastic
domain wall annihilation and creation processes can
occur, depending upon the strength of the “eld° At
low magnetic elds, domain walls will propagate
around the ring, becoming pinned at the junction,
while at suzciently high elds, domain walls will
follow the applied clocking eld without pinning at
the junctions. In between these regimes, the domain
walls will probabilistically pin and de-pin, annihilate
one another and respawn, producing vortex states,
and onion states in varying orientations, and states
with one displaced domain walls, termed 3/4 states,
an example of which is shown in Fig1(c).

?}ﬁ oS =N 1.00
()Y C ) 0.75
> >TL< PR X oso

X r0.25

(a) 10.00 =

)/h\.; :¢ - —0.25
% \’/\A F—0.50
b ¢ ' -0.75
L—A& ~1.00

(c)

Fig. 1. Simulated states of a2 2 array of rings, showing (a)
onion states with domain walls at junctions aligned in the
y-direction, (b) pairs of clockwise and anti-clockwise vortex states
with no domain walls, (c) 3/4 states in two of the rings, with ad-
ditional domain walls and (d) onion states aligned in thex-direction.
Arrows provide a guide to the direction of magnetization.

4. Static State Spin Wave Spectra

Though the magneto resistance response has
successfully been shown to be used as an output to
competitive performance in benchmark machine
learning tasks;® this approach is limited in that a
single global response of the system is measured,
which masks the underlying complexity from the
rich state space detailed in the previous section to a
single resistance value.

An alternative output method is to measure the
spin-wave spectra of the system, providing a multi-
dimensional output in the form of bins in frequency
space. This has already been shown to provide a
large degree of system information within spin ice
systems!® The shape anisotropy of nanoscale ring
arrays should allow for eld-free resonances, the
frequency of which will depend upon the structural
parameters, (such as the ring diameter), while the
measured RF absorption should depend on both the
number of vortex states and the number and relative
orientation of onion and 3/4 states, with respect to
orientation of the eld from RF excitation.

Prior to the use of the spin-wave spectra for com-
putation, the steady-state frequency response arising
from ring states must be shown to provide suzciently
distinct outputs with changes to the internal system
state. Simulated frequency spectra for each of the
states described in Fig.l are shown in Fig.2.

The magnitude of the peaks of the spectra
obtained from the vortex states, and for the onion
states aligned with RF excitation are minimal

—— Onion L Sinc
Three Quarter

—— Vortex

—e— Onion | Sinc

FFT(M,)

L

L~

3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequency (GHz)

Fig. 2. Fourier transform of the M, component for each of the
ring states shown in Fig. 1 following the application of a sinc
pulse in the x-direction. Black crosses mark position of main
modes identi ed.
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compared to those from the onion states aligned
orthogonal to the sinc pulse. This can be explained
by considering the net e®ective moment of the total
system, with respect to the direction of RF excita-
tion. The torque on the magnetization depends on
the direction of magnetization and the direction of
the RF excitation. For the onion states orthogonal
to the RF "eld, there is a large net moment which
the excitation can exert a torque upon. In the case of
the vortex states there is no net moment and no net
torque from the RF. For the onions states aligned
parallel to the excitation, there is a much smaller
component orthogonal to the RF eld, and hence
minimal torque. For the system with two 3/4 states,
there are still observable spectra but they are shifted
to a lower frequency due to the lower e®ective
magnetic moment, as would be expected from a

Kittel-like relation. 32

4.5 GHz 3.9 GHz

4.7 GHz

Fig. 3. Snapshots of theM, component of an onion state as a sine wave microwave eld is applied. The four frequencies shown
correspond to the modes obtained in Fig2. Positions A and C correspond to the maxima and minima of the sine wave respectively,
with B and D the crossing points. The "nal panel is the di®erence between the maxima and minima of the excitation, highlighting the

5.4 GHZ

Where the onions states are aligned orthogonal to
the RF excitation "eld, four peaks are observed, at
3.9GHz, 4.5GHz, 4.7 GHz and 5.4 GHz. To investi-
gate which modes they correspond to, theinc pulse
was replaced by a constant frequency sine wave and
the simulation re-ran, recording the state at 10 ps
intervals. The evolution of the magnetization once a
steady state had been reached is shown in Fig. The
di®erence in theM , component between the maxima
and minima of the sine-wave excitation in the nal
panel highlights the di®erence between the four
modes. The rstfrequency primarily correspondsto a
mode con ned to the junctions of the ring. The second
and third modes correspond to modes within the arms
of the ring, with the 4.5 GHz mode also coupled to the
state of the junction. The nal mode is mainly in the
upper and lower junctions of each ring where the
domain wall is present.
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5. Nonlinear Responses to Magnetic transient response. The obtained spectra for varying
Field Amplitude rotating eld strengths are shown in Fig. 4(a), with
several, horizontal linescans shown in Fig4(b).
Three distinct regimes are observed in the colorplot,
corresponding to the those found previously in
similar magnetoresistance measurements. At low
rotating elds, below 45 Oe in this case, the onion

micromagnetic simulations have shown a di®erence States remain pinned and aligned orthogonal to the
in frequency response between di®erent states, in RF excitation, resultlng in a clear measurable S|gn<'_:1I.
order to be useful as a computational output for RC, Above a threshold eld, around 56 Oe, the domain
the system must demonstrate a nonlinear variationof Walls propagate around the ring with the applied
the output as a function of input stimulus. In the ~ €ld, with suxcient energy to overcome the barrier
nanoring array, this should correspond to the di®er- at the junction. The nal onion states are aligned
ence in frequency response from the transition from orthogonal to the RF excitation, and hence the
onion states to vortices, 3/4 states and onion statesno measured signal is identical to that at low elds. For

For nanoring ensembles, we have previously
demonstrated that the region in which best compu-
tational performance is achieved is on the cusp of
the emergent regime, where stochastic processes
produce a variety of orientations of states.”~° While

longer orthogonal to the RF excitation. a saturated state, four distinct modes are observed,
To experimentally probe the response of the ring ~ aligning with those simulated in Fig. 3. _
array as a function of rotating “eld strength, the In between these two regimes, stochastic pro-

signal from the lock-in amplier was recorded as a cesses as domain walls enter junctions between rings
function of RF frequency, following the application leads to the formation of vortex states, 3/4 states,
of 200 cycles of a rotating magnetic "eld for the and onion states no longer orthogonal to the RF
sample described in Sec2. The lock-in detection excitation. These additional states decrease the
using eld perturbation produces a derivative of the measured signal, as was expected from the simulated
signal. The system was initialized such that the rings  states in Fig. 2.
are set into onions orthogonal to the RF excitation. The nonlinear variation of the spin-wave spectra
The magnetic “eld then was rotated such that the of the array as a function of input stimulus can be
‘nal applied eld direction was orthogonal to the visualized by tracking the intensity of the signal
direction of RF excitation. from the lock-in ampli er for a xed RF excitation
The steady-state response of the ring array was frequency as a function of rotating eld strength,
obtained after many rotations to wash out any as shown in Fig. 4(c). Nonlinear transforms are

—0—48 Oe ——54 Oe

(o))
o

—_ | II 3 [ 50 Oe —+—56 Oe | 3
[}
O 55 | 1
< 2
250 _
o >
& 45 :r; 11 —4.45 GHz
% _5 5.25 GHz
[ 40 (2]
(@)}
£35 Y
2 -1
& 30
2 4 6 8 40 45 50 55 6.0 30 40 50 60
Frequency (GHz) Frequency (GHz) Rotating Field Strength (Oe)

(@) (b) (c)

Fig. 4. Experimental data of a 400 nm width ring array, with (a) Frequency-swept ferromagnetic resonance scans as a function of
rotating "eld after 200 cycles of constant “eld. (b) Linescans around the emergent regime, showing the loss of signal from the
reduction of numbers of onion states orthogonal to the RF torque. (¢) The recorded signal at two frequencies as a function of rotating
“eld strength.
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observed due to the changing relative numbers of states
within the system. The spin-wave spectra obtained
strongly depend on the direction of the net magneti-
zation, for a xed RF excitatio n direction, these spectra
will allow for a "ngerprinting of states, producing a
multi-dimensional output through frequency binning;
ideally suited for conputational tasks.

6. Transient Dynamics

The nal criteria for an in-materio RC platform is
often termed “fading memory'; where future states
are dependent upon previous states, such that in-
formation provided to the system asymptotically
fades as new information is provided. It has addi-
tionally been shown for arrays of nanorings that
competitive computational performance is obtained
by utilizing regimes of response in which the array
state is in transience!®'° For the spin wave spectra
to be a viable output method for in-materio com-
putation, they must be able to capture the material
response prior to reaching a steady-state level.
The transient states of the array were experi-
mentally measured by recording the frequency

interactions of the domain walls at the junctions
between overlapping rings, and the resulting
emergent behavior across the array.

With successive eld rotations within the emer-
gent regime, the relative numbers of onion states
orthogonal to the RF excitation are reduced in
number, while the number of vortex, 3/4, and onion
states aligned to the RF excitation increase. After 10
rotations, the highest frequency mode, correspond-
ing to the junctions with domain walls present, is
almost fully suppressed due to the change in state.
Though the other modes are also reduced in
magnitude, a signal is still measured due to the
stochastic nature of domain wall interactions
ensuring that the array is not in a state entirely lled
with vortex pairs.

The rate of decay towards an equilibrium is also
dependent upon the magnetic eld amplitude and
mode excited by the RF excitation. This is shown in
Fig. 5(b), where the signal from the lock-in ampli er
at a xed frequency and eld is measured as a
function as the number of "eld rotations. For a given
computational task, the decay rate of the array, and
hence how long information is held in the array,

response of the system upon successive rotations of acould therefore be tailored to be faster or slower

“xed magnetic eld. Frequency scans of the cycle by

towards an equilibrium condition by varying the

cycle response for select numbers of rotations, at number of rotations per input. These complex

“eld of a 52 0e, is shown in Fig.5. Here, the mea-
sured spectra require multiple rotations of eld to
reach an equilibrium due to the stochastic nature of

€Y
Fig. 5.

transforms as a function of input cycles hold promise
for the spin wave spectra of ful lling the criteria of
RC, i.e., fading memory.

e 520e,4.45GHz A
52 Oe, 5.25 GHz *

54 Oe, 4.45 GHz
54 Oe, 5.25 GHz

31 a
A, A Lak
° AL T ALaaanr
AT A a
2 .. A
°
°
— ® o0
Zl 0o 0
— [ PSP
go ®eo 4,0
()
(V]
-1
-2 * * *x * ¥ x
**********‘ e
0 5 10 15 20

Number of Field Rotations

(b)

(a) The measured frequency response of the ring array following N cycles of a 52 Oe rotating magnetic “eld. (b) The recorded

signal at two frequencies and "elds as a function of the number of “eld rotations.
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7. Conclusions

The spin wave spectra of an array of nanorings
provide useful information regarding the internal
state of the system, highlighting the potential of the
method as an output for computation. MuMax
simulations of a2 2 grid of nanorings showed a
changing response in the amplitude of the spin wave
spectra as a function of ring state, for a xed exci-
tation, demonstrating the capability of the micro-
wave response at providing information regarding
the transitional regime between onion states or-
thogonal to the RF excitation to vortex, 3/4 states
and onion states parallel to the RF.

Experimental measurements of the microwave
response of a NiFe ring array showed three distinct
regimes which align with those observed in magne-
toresistnce measurements; at low rotating elds the
domain walls are pinned, at suzciently high elds
they coherently follow the eld, and in between
these two regimes, the stochastic interactions at the
junctions between rings lead to a plethora of di®er-
ent state alignments which alter the high frequency
response. This nonlinear behavior in the measured
output ful'ls one of the criteria for RC. Further-
more, the response to an input stimulus is not in-
stantaneous, multiple cycles of "eld are required to
achieve a steady-state response, ful lling the second
criteria for RC, a “fading memory'. We believe these
results highlight the capability of the spin wave
spectra to provide a multi-dimensional output for
nanoring arrays, which may greatly increase their
computational capability.
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