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Reservoir Computing with Random Skyrmion Textures
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The reservoir computing paradigm posits that complex physical systems can be used to simplify pattern
recognition tasks and nonlinear signal prediction. We show that random topological magnetic textures
pinned by grain inhomogeneities demonstrate desirable dynamical responses for the implementation of
reservoir computing as applied to ac current pulses. By harnessing the complex resistance or magnetization
responses exhibited by random magnetic skyrmion textures to demonstrate simple pattern recognition, we
explain how spintronics systems offer an advantage in the search for an ideal reservoir computer. The
dynamical properties of compact skyrmion fabrics, coupled with their CMOS integrability operating on
similar length and timescales, open the door for skyrmion-based reservoir computing applications.
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I. INTRODUCTION

Reservoir computing [1] (RC) is a computational
framework suited for nonlinear, spatial-temporal, history-
dependent data processing. It is motivated by how biolog-
ical systems process and respond to sensory information
in the context of the recent past. The general RC clas-
sification includes two distinct recursive neural network
models, including echo state networks and liquid state
machines. Any RC system must include a reservoir for
mapping inputs into a high-dimensional space and a one-
dimensional readout that can be trained to extract features
of the inputs for categorization; see Fig. 1(a). Training
is carried out only in the one-dimensional readout layer
using linear regression. Thus, the major advantage of RC
is fast and simple supervised learning compared to other
recurrent neural networks. The reservoir itself undergoes
a complex dynamic response to the inputs that, in gen-
eral evolve on a timescale longer than the characteristic
timescale of the inputs. This imparts a fading memory
functionality to the system. The reservoir can be directly
realized using the internal dynamics of physical systems
[2], substrates, and devices, instead of recurrent neural net-
works; see Fig. 1(b). Here, the dynamic response of the
physical system is used to compute, exploiting the fact that
matter implicitly stores the correlated physical information
defining its dynamical state.

The purpose of this paper is to build on the analy-
ses contained in 20 years of RC literature, as well as
two recent works devoted to implementing RC systems
with skyrmion fabrics serving as the reservoir [3,4]; see
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Figs. 1(c) and 1(d). In this work we relax some of the
limitations assumed in the previous works, in particu-
lar taking grain inhomogeneities and thermal fluctuations
into account (see Sec. II), and extend the analysis to
include a more complete (but still limited) analysis of
the physical system. In Sec. III we systematically inves-
tigate the anisotropic magnetoresistance (AMR) response
of the skyrmion fabrics (pinned by grain inhomogeneities)
to sinusoidal and square voltage pulse trains as a function
of frequency. This enables us to estimate the magnitude
of the nonlinear response function of the fabric as distinct
from the linear portion. In Sec. IV we numerically demon-
strate the proof of concept of RC with skyrmion fabrics.
This means that we employ the nonlinear response of the
skyrmion fabrics to voltage pulse trains for signal charac-
terization, based on (a) temporal tracing of the reservoir’s
response and (b) local measurements, exploiting the reser-
voir’s spatial-temporal correlations. We conclude in Sec. V
with a discussion of future research requirements, on the
road to experimental verification.

II. SKYRMION FABRIC RESERVOIR MODEL

Magnetic skyrmions are compact and metastable mag-
netic structures predicted over two decades ago [5] and
very actively studied experimentally both in lattice [6] and
isolated forms [7]. The particlelike properties of skyrmions
have been extensively summarized in several reviews [8–
13]. Their mobility under ultralow current driving [14,
15] and room-temperature stability [16–21] have garnered
them a central position as potential information carriers in
many device-relevant materials and applications [22–27].
Device-oriented research has however mostly ignored
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FIG. 1. General setup of reservoir computing for (a) a recurrent neural network and (b) a material-based reservoir. (c) Example of a
skyrmion fabric reservoir with the locations of input (output) contacts identified by green (red) circles. The in-plane orientation of the
magnetization is color coded and (d) shown in detail with arrows for a sample Bloch skyrmion identified by the red frame in (c).

intermediate skyrmion phases (known as “skyrmion fab-
rics” [3,4]) that interpolate between single skyrmions,
skyrmion crystals, and magnetic domain walls [28].

In this work, we consider a random magnetic skyrmion
phase in a spatially extended rectangular geometry with
grain inhomogeneities. The skyrmion fabric is excited
via time-varying voltage patterns applied between two
voltage contacts; see Fig. 2 for an example. Our static
model contains the exchange interaction, anisotropy, an
applied Zeeman field, magnetostatic interactions as well as
the Dzyaloshinskii-Moriya interaction (DMI) with varying
strength among the different grains. The magnetic tex-
ture we consider is modeled after recently studied Pt/Co/Ir
multilayer stacks [29]. The details of the model are sum-
marized in Appendix A. The grain boundaries ensure

the pinning of the skyrmion fabrics [29,30], as a signifi-
cant displacement of the magnetic texture topology would
destroy the echo state property required for classification
applications. We test the stability of the chosen skyrmion
fabrics with respect to thermal noise; see Appendix A.
Furthermore, we perform a stability analysis to deter-
mine the maximum excitation voltage that can be applied
to the contacts short of inducing skyrmion creep motion
across grain boundaries. In this regime, the time-dependent
deformations of the magnetic texture due to a variety of
magnetoresistive effects [31–33] are maximal.

Since the natural electron relaxation timescale is orders
of magnitude smaller than the ferromagnetic resonance
(FMR) timescale (approximately 10−14 s versus approxi-
mately 10−9 s), these effects will guarantee that a given

(a) (b) (c)

FIG. 2. (a) Randomly generated DMI grain inhomogeneities employed to pin skyrmions. (b) Sample skyrmion texture used for
simulations. The locations of the electrical nanocontacts are identified by the yellow circles (size has been enhanced for visibility).
(c) Current distribution through the magnetic texture shown in (b) with applied voltage (110 mV) across the nanocontacts.
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state of the magnetic texture (stable over the time period
of interest) will result in a corresponding unique cur-
rent distribution throughout the geometry. To simplify
the modeling of such electron-transport mediated effects
and isolate their qualitative nature, we focus solely on
the AMR effect; see Appendix A for details. Additional
magnetoelectric interactions between the electrons and
magnetic texture will almost certainly exist in physical
systems.

III. NONLINEAR ANISOTROPIC
MAGNETORESISTIVE RESPONSE

In this section we analyze the magnitude of the AMR
response of the skyrmion fabric to voltage pulses applied
to the nanocontacts as a function of the driving frequency
and reservoir size, and estimate its temperature depen-
dence. We show that the current flow through the magnetic
texture extracts and projects essential spatial-temporal fea-
tures of the applied voltage waveforms in a consistent
manner across multiple waveforms and the timescales of
interest. This is the basis for spatial-temporal pattern char-
acterization, for which we demonstrate proof of concepts
in Sec. IV.

To be more precise, we analyze the texture’s AMR
response to individual sinusoidal and square pulses of
varying frequencies ranging from 0.7 to 5 GHz with
1 ns ‘resting’ intervals between them; see Fig. 3 and
Appendix B. The AMR resistance response to individual
pulses is found to be quite modest, never exceeding 0.5%
at any of the frequencies considered. However, the mag-
netic texture is seen to remain in a dynamical state past
the end of the applied voltage pulses. It requires approxi-
mately an extra 0.6 ns for the texture to settle back down
to its equilibrium state; see Figs. 3(a) and 3(d).

We next excite the texture with random sequences of
square and sinusoidal pulses and observe their resulting
AMR responses; see Figs. 3(b) and 3(e) and Appendix B.
In order to quantify what fraction of the resistance trace
measurement can be considered as the nonlinear response,
we construct a hypothetical linear resistance response by
linearly superposing the individual pulse responses dis-
cussed above.

We observe that at high driving frequencies, see
Fig. 3(e), the observed AMR response does not differ
significantly from the linearly constructed response. The
system is not able to react to the driving signals if the fre-
quencies are too large. This leads to the conclusion that
at high frequencies, the system response is essentially lin-
ear, i.e., that there is no significant memory functionality
at these high frequencies.

For driving frequencies close to the system’s natural
excitation frequencies, however, the situation is different,
and a strong nonlinear resistance response occurs. For the
skyrmion fabrics model, the system’s natural excitation

frequencies are characterized by the magnetic texture’s
FMR frequencies, which for our chosen system are of the
order of 1 GHz. In this case, the magnetization’s out-of-
equilibrium dynamics have time to fully interact with the
variations in the driving voltage. As the FMR timescale
effectively denotes the time taken by the magnetization
to respond to its effective field, the magnetization dynam-
ics are maximally responsive to excitation by the applied
voltage when the timescales are closely coupled. This is
demonstrated in the simulations by the sudden increase in
the AMR response amplitude (to values as high as 4%) as
the sampled frequencies are lowered to the 0.7–1.8 GHz
range; see Appendix B for more frequency data.

When the driving frequency drops below the system’s
natural timescale, the magnetization relaxes adiabatically
to the driving voltage, and thus loses all memory of past
pulse information; see Appendix B.

To systematically study how the peak AMR amplitude
scales with system size, we generated random textures
on 250 × L nm2 geometries where the lateral dimension
L is allowed to vary between 50 and 500 nm. The volt-
age applied at the contacts is scaled by the geometry’s
lateral dimension to compare the current densities across
the different simulated samples. Since all other physical
parameters are kept identical, altering the sample size only
changes the net number of skyrmions participating in the
reservoir’s response, without altering their density and
individual sizes. As expected, the AMR response mostly
scales linearly with the lateral size, as shown in Fig. 4(a),
or more generally it scales with the area of the skyrmion
fabrics reservoir. Thus, the AMR effect’s intensity can be
increased by increasing the dimensions of the skyrmion
fabric.

Aside from the stability tests discussed in Appendix
A, all results shown have been obtained via zero tem-
perature micromagnetic simulations. Effects due to ther-
mal noise can, however, significantly affect the magnetic
texture’s dynamics and, consequently, the measured resis-
tance responses. Currently, full simulations of current
transport and thermal effects are impractical due to time
constraints given our available computational tools. There-
fore, to justify a lower bound on the signal-to-noise ratio,
we only show the sample’s equilibrium AMR as a function
of thermal noise; see Fig. 4(b). We find that the equilib-
rium AMR (in units of the zero temperature magnitude
R0 ≡ R|T=0 K) scales linearly with temperature up to a
room temperature value of approximately 8%. Since the
peak AMR measurements of our sample when excited by
1 GHz continuous voltage patterns is registered at approx-
imately 4%, we estimate that AMR signals will still be
distinguishable at temperatures up to about 100 K for sam-
ples with similar geometries. A more quantitative under-
standing of these dependencies can only be gleaned from
full electron transport simulations through the magnetic
texture.
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(c1) (c2) (c3) (c4)

(d) (e)

FIG. 3. AMR response (red) of the magnetic texture to individual sine and square voltage pulses (dashed blue) used to drive the
magnetization dynamics with frequencies of (a) 1 GHz and (d) 5 GHz. AMR response to identically structured pulse trains used to
drive the magnetic texture with varying combinations of sine and square voltage pulses with frequencies of (b) 1 GHz and (e) 5 GHz.
Resistances are given in units of R0, which denotes the geometry’s AMR resistance in the vanishing applied voltage limit. In (a) and
(d), the ring down of the magnetic texture is exemplified by the delay between the voltage pulse ending and the AMR relaxation to
equilibrium. In (b) and (e), the AMR response observed for individual pulses is superimposed consistently with the driving voltage
(yellow) for comparison with the simulated AMR response to emphasize its nonlinear behavior. At frequencies much larger than the
system’s FMR frequency (e) the magnetic texture’s nonlinear evolution does not have sufficient time to respond to the driving voltage
patterns, leading to a close match between both the AMR response of (d) the individual pulses as well as (e) the response of the pulse
train with its linear reconstruction (see the inset for details). At frequencies comparable with the FMR frequency the magnetization
dynamics are highly sensitive to both the instantaneous voltage intensity and memory of past voltage values, presenting a large spike
in the peak AMR resistance. This is apparent in both the AMR response to (a) individual sine and square pulses as well as (b) a strong
difference between the pulse train’s response and the linear reconstruction. We characterize the AMR response observed in (b) by four
reproducible and distinct resistance pulse shapes depending on whether a (c1) sine-square, (c2) square-sine, (c3) square-square, or a
(c4) sine-sine pulse combination drives the dynamics; for a thorough analysis; see Sec. IV.

IV. PATTERN RECOGNITION
To demonstrate simple temporal pattern recognition,

we focus on the 1 GHz AMR response data shown in
Fig. 3(b), where the nonlinear signals are largest. In this
section, we first present results for temporal and spatial
pattern matching utilizing randomly mixed pulse trains of
the three pulse sequences, yielding 23 = 8 possible cat-
egories. However, before performing a rigorous analysis
with three pulse sequences, we note that in the resistance

trace one can visually distinguish at least four reproducible
resistance pulse shapes, which are highlighted in Fig. 3(c).
We observe that the resistance response to the two pulse
sequence is dependent on both of the pulses, not just the
most recent pulse. In other words, the skyrmion fabric
has a memory. As the voltage pulse train consists of only
sine and square waves, we have four possible two-pulse
combinations: (c1) sine-square, (c2) square-sine, (c3)
square-square, and (c4) sine-sine combinations. This
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(a) (b)

FIG. 4. (a) Example peak AMR response to a 1 GHz pulse train driving as a function of lateral size of the magnetic geometry (vertical
size is kept constant). (b) Average equilibrium AMR resistance of a 250 × 500 nm2 geometry as a function of temperature in the limit of
vanishing applied voltage. As in previous results, resistances are given in units of R0, which denotes the zero temperature equilibrium
of the 250 × 500 nm2 geometry. Combining (a) and (b), we expect that AMR signals will still be qualitatively distinguishable for
temperatures below 100 K.

reveals the short-term memory of the skyrmion fabrics for
temporally correlated features.

To more precisely quantify these concepts, we train a
single feed-forward output layer (standard linear classi-
fier) to attempt recognizing three-pulse sequences of sine
and square wave pulses. For this, we simulate the driven
dynamics of our skyrmion texture subject to a 400 ns long
random pulse train. To exemplify the reservoir computing
properties, the training set consists of only one example of
each three-pulse sequence and sampling of our reservoir
state is performed in two different ways to compare mem-
ory performance—time tracing the reservoir’s resistance
response and spatially sampling the magnetic texture. For
both techniques, we refer to the present pulse as the present
pulse driving the system, the latent pulse as that which
preceded the present pulse, and the past pulse as that pre-
ceding the latent pulse; see Fig. 5. In the following, we
present the results of both techniques and then discuss
them. For more details on the reservoir training, we refer
the reader to Appendix C.

A. Reservoir computing based on tracing the
reservoir’s response in time

For the first technique, we sample the time-resolved
AMR response at regular intervals across the time window
corresponding to the present pulse driving; see Fig. 5(a).
This results in a vector of resistance values of dimension
fixed by the number of samples chosen. As schematically
shown in Fig. 5(b), and explained further in Appendix C,
these resistance values are summed in weight to generate a
recognition of present, latent, and past pulses. In Fig. 5(c)
we display the recognition rates of the present, latent, and
past pulses as a function of the number of resistance sam-
ples, demonstrating the success of this method. These high

recognition rates (greater than 98% for the current and
latent pulses and greater than 85% for the past pulse) are
valid down to approximately ten resistance samples, show-
ing how this technique could potentially be viable as long
as the resistance can be time resolved down to about the
0.1 ns timescale. Note that 50% would be associated with
pure random probability.

B. Reservoir computing based on resolving the
reservoir’s response in space

To avoid time resolution constraints, a second technique
is also possible where the spatial information of the sample
is used. We suggest sampling the magnetic state spatially
directly on the magnetic texture. This is in principle possi-
ble if the local magnetic field components in the magnetic
texture can be locally measured and extracted through,
for example, an array of nanocontacts. While this is a
daunting task that is beyond the reach of current technol-
ogy, we emphasize that any other nonlinear spatial readout
would also work, such as measuring local resistances. In
our model, we implement the local magnetization readout
functionality, by creating a regular 5 × 6 grid of 20 nm2

regions separated 20 nm from their neighbors, as schemat-
ically shown in Fig. 6(a). In each region we calculate
the average out-of-plane component of the magnetization
at a specific instant during the present pulse. As for the
time-multiplexing case, this array of average magnetiza-
tion values is trained via a linear classifier on our minimal
eight-pulse training set and used to recognize the present,
latent, and past pulses of our 400 ns dataset.

In Figs. 6(b)–6(d) we show the pattern recognition
results as a function of the number of readout elements
used, color coded according to the time offset of their snap-
shot as measured from the beginning of the present pulse.
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FIG. 5. (a) Schematic of the
time tracing used to train and
operate the output layer (tem-
poral axis is common for both
voltage and resistance plots). The
resistance response is sampled
at regular intervals across the
temporal window of the instan-
taneous—present—pulse driving
the magnetic texture. (b) These
resistance values are summed in
weight for three different sets of
weights. One set is trained to rec-
ognize the present pulse currently
driving the system, the second set
is trained to recognize the latent
pulse preceding the present pulse,
and the third set is trained to rec-
ognize the past pulse preceding
the latent pulse. (c) Recognition
rates of the pulses as a function
of the number of resistance trace
samples chosen.

From Fig. 6(b) we see that taking a snapshot at the begin-
ning of the present pulse results in a 50% recognition rate
of the present pulse itself, as expected. This is due to the
fact that at this time the reservoir has no information about

the present pulse. Once some information about the present
pulse is revealed, the recognition rate quickly raises. In
Fig. 6(c), we see that the recognition rates for the latent
pulse are higher for smaller offsets. This is consistent with
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FIG. 6. (a) Schematic of the
readout element grid used to
measure averages of the out-of-
plane component of the magnetic
texture. Recognition rates of the
voltage pulses (b) present, (c)
latent, and (d) past to the read-
out measurement as a function
of the number of grid elements
used. Color coding corresponds
to offset time from the beginning
of the present pulse. At a 0 ns
offset, the recognition rate of the
present pulse is 50% as no infor-
mation about the voltage pulse is
actually present in the magnetic
texture.
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the idea that information is lost over time due to dissipa-
tive effects. Finally, in Fig. 6(d) we see how the recognition
rate for the past pulse drops dramatically as a function of
increasing offset. The probabilities still remain appreciably
above 50%, denoting some correlation between the tran-
sient magnetic state as opposed to the no-offset recognition
rates of the present pulse at a 0 ns offset.

C. Comparison and discussion of pattern recognition
results

The two approaches presented—temporal tracing and
spatially sampling—are not mutually exclusive, and can
in fact be used in tandem to increase the dimensionality of
the output sampling space and optimize the pattern recog-
nition performance. While many of the examples presented
in the literature [34–38] do not allow for such an arbi-
trary tunability of the dimensionality of input and output
layers, the skyrmion fabrics naturally provide this func-
tionality. This allows for a true RC implementation where
unstructured data may be injected without any prepro-
cessing and the reservoir state sampled via instantaneous,
real-time, snapshots. Furthermore, the spatially extended
nature of such a magnetic system allows for an addi-
tional tunability in the number of electrical contacts, which
then also contributes to the dimensionality of the reservoir
snapshot.

In both RC approaches presented, we emphasize that
the training is performed on a very limited set of data
consisting of only one example per three-pulse sequence,
due to our computationally limited resources. The min-
imum training set size can be expected to grow as a
function of the complexity of pattern recognition required
and potential noise in the system. For example, the
minimal contribution of the past pulse to the current
magnetic state, which allows the time multiplexing to
capture and be used for recognition, is likely to be
washed out by any randomizing effects, such as thermal
effects.

V. DISCUSSION AND CONCLUSION

In this work we have demonstrated that magnetic
skyrmion fabrics can, in principle, be employed for
RC applications. The recursive dynamic response of
the underlying magnetization dynamics excited by the
applied signal provides intrinsic memory functionality
useful for identifying and characterizing feature corre-
lations of input driving voltages. The gigahertz speeds
exhibited by such textures offer potentially faster clas-
sification operations compared to the inference times of
cutting edge digital neural network techniques (greater
than or equal to 10 ms). By contrast, a magnetic reser-
voir such as the one described, in principle, could
reduce inference times by several orders of magnitude.
This is especially so if the RC device is designed

to not require complex preprocessing of inputs as regularly
done in many RC schemes. A natural extension for even
faster processing could eventually be offered by antifer-
romagnetic materials where the magnetization dynamics
evolve up to terahertz speeds.

Major concerns would center around generally low sig-
nal levels associated with magnetoresistive effects and the
role of thermal scattering that would tend to mask the mag-
netoresistive effects. Experimental realization of the phys-
ical system described here will require improvements in
injecting and extracting currents into the skyrmion fabric
through nanometer scale contact pads.

In this work we have only considered the AMR con-
tribution to the physics as a magnetoresistive effect but,
realistically, many more effects may play a role [31–
33]. Among these, the noncollinear magnetoresistance has
even been suggested as a reliable all-electrical detection
scheme for magnetic skyrmions [32]. Moreover, a better
analysis of thermal effects needs to be developed. Ther-
mal effects are not necessarily detrimental to RC-based
approaches and will serve to help achieve the fading mem-
ory requirement necessary to achieving the echo state
property.

To put our work into a broader context, the most intrigu-
ing and unique aspect of using skyrmion fabric-based RC
from the standpoint of reproducing biological information
processing capabilities lies in the inherent capability to
seamlessly enable sensor fusion. Biological systems simul-
taneously process information streaming in from all five
senses simultaneously. Another intriguing aspect of mag-
netic systems for neuromorphic computing are the multiple
timescales for the magnetic response, some of which are
directly compatible with modern electrons (few gigahertz)
in addition to longer timescales associated with plasticity
and adaptivity.

A primary barrier to industrial application of utilizing
magnetic systems for RC computing is the generally low
signal levels (which are generally less than 1%). While
such low signal levels are measurable in the laboratory,
they are not practical for commercial applications. For-
tunately, there are numerous pathways to improving the
magnitude of the response but some of which may require
full electromagnetic simulation codes in realistic material
systems to analyze. On the plus side, the spatial complexity
of skyrmion fabrics create high-dimensional phase spaces
for information projection and subsequent characterization
similar to what is thought to happen in biological sys-
tems. Also on the plus side, industry has greatly improved
its capability to process, measure, and manufacture mag-
netic materials and devices due to the advent of magnetic
memories.

To summarize, our results represent a basic proof of
concept for the foundational role that nanometer-sized
spintronics devices [39,40] can play in the development
of such technologies.
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APPENDIX A: METHODS

1. Micromagnetic model

The magnetization dynamics are obtained numerically
by solving the Landau-Lifshitz-Gilbert (LLG) equation
for the unit rescaled magnetization m = M/Ms with spin-
transfer-torque effects [41,42]:

(∂t + ξ j[U, m] · ∇)m = −γ m × (Beff + Bth)

+ αm ×
(
∂t + β

α
ξ j[U, m]·∇

)
m.

(A1)

Here ξ = PμB/(eMS), and MS, P, μB, e are the saturation
magnetization, current polarization, Bohr magneton, and
electron charge, respectively. Ambient temperature effects
can be included through the thermal field term Bth:

〈Bth〉 = 0, (A2)

〈Bth,i(t)Bth,j (t′)〉 = 2αD
kBT
γ MS

δi,j δ(t − t′). (A3)

Here kBT is the thermal energy and 〈·〉 represents averaging
over noise realizations. The effective field Beff in Eq. (A1)
is given by Beff = −M−1

S (δF[m]/δm), where the micro-
magnetic free energy comprising exchange, anisotropy,
and dipolar interactions is

F =
∫ (

Aex(∇m)2 + Ku(1 − m2
z ) − μ0

2
MSm · Hd(m)

)
dV

+
∫

DBm · (∇ × m) dV, (A4)

where the last term describes the Bloch DMI [43–45].
The current densities j[U, m] are calculated self-

consistently through j[U, m] = −σ [m] · E[U] at each time
step of the magnetization’s LLG dynamics [46], as in
Refs. [3,4]. The electric field through the texture, induced
by the applied voltage, is calculated by solving the Pois-
son equation E = −∇	 with boundary conditions 	|c1 =
−	|c2 = U at the two contacts, and the conductivity tensor
σ [m] = (1/ρ⊥)1 + (1/ρ‖ − 1/ρ⊥)m ⊗ m is computed at
each point throughout the geometry. We denote by ρ⊥
(ρ‖) the current resistivities for flows perpendicular (par-
allel) to the magnetization direction. For definiteness, we
consider the typical case where ρ⊥ > ρ‖.

2. Simulation details

The micromagnetic simulations are performed using
the MuMax3 GPU-accelerated micromagnetic simulation
program [47] for fast magnetization relaxation and the
Micromagnum simulation program [48] with custom AMR
module [46]. In all simulations, the thickness of the mag-
netic geometry is 1 nm. The magnetic parameters used
in the simulations are as follows: saturation magnetiza-
tion MS = 956 kA/m, exchange stiffness Aex = 10 pJ/m,
Bloch DMI constant D = 3 mJ/m2, perpendicular mag-
netic anisotropy constant Ku = 0.717 MJ/m3, and applied
magnetic field Bext = 400 mT. The Gilbert damping coef-
ficient α is set to 0.2 and the current polarization to 0.5.
To pin the skyrmions and preclude them from displacing,
we introduce magnetic inhomogeneities by tessellating the
entire geometry with Gaussian-distributed grains with an
average size of 10 nm and allow for fluctuations in the
DMI constant with a 40% variance. Note that, for ultra-
thin layers of a couple atoms, local thickness variations of
as little as one atom can dramatically change thickness-
dependent anisotropies, DMI, etc., by up to 75% [49].
All models are discretized into cubic cells with a con-
stant cell size of 1 × 1 × 1 nm3 in the simulations. The
linear size of the cells is smaller than both the fundamental
length scale Aex/D 
 3.3 nm and the domain wall width√

Aex/Ku 
 3.7 nm. With these parameters, we observe
the stabilization of skyrmions with an average diameter
of approximately 30 nm across temperatures ranging from
zero to room temperature.

We generally consider a rectangular geometry of pla-
nar dimensions 250 × L nm2, where L is allowed to
vary from 100 to 500 nm (main results in the paper
are shown for the case L = 500 nm). Electrical nanocon-
tacts are modeled as gold cylinders with a diameter of
1 nm symmetrically located along the x axis of the geo-
metry at positions 0.1 L and 0.9 L. To self-consistently
compute the AMR-mediated current density distribution
through the magnetic texture, we choose to model a system
where we define the conductivity σ0 = (1/ρ‖ + 2/ρ⊥)/3
and the ratio of nonadiabatic to adiabatic spin-transfer
torque β/α = 0.02, and consider an AMR ratio [3,46]
of a = 2(ρ‖ − ρ⊥)/(ρ‖ + ρ⊥) = 1.0. The voltage patterns
injected through the contacts to excite the texture are
varied in frequency from 0.7 to 5 GHz, while the volt-
age amplitude is set to V = 110(L/L0) mV (where L0 =
500 nm), such that simulation results of geometries with
different lateral dimensions could be compared.

3. Initialization of the magnetic texture and
stability test

We generate the random magnetic textures used for our
simulations via the following protocol, which is depicted
in Fig. 7. First, we impose an initial skyrmion lattice struc-
ture [Fig. 7(a)] and then allow it to freely relax [Fig. 7(b)].
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(a) (b)

(c)

(e)

(d)

FIG. 7. Initialization of the
magnetic texture and thermal
stability test. (a) An artificial
skyrmion lattice is generated.
(b) The lattice is relaxed under
the effect of an applied external
magnetic field and DMI grain
inhomogeneities. (c) Thermal
noise is added and allowed to act
for 20 ns before being switched
off. (d) The magnetic texture
is relaxed again in the absence
of thermal noise. (e) A 20 ns
constant voltage pulse is applied
to verify that skyrmions are not
displaced by current-mediated
transport effects.

Starting from this state we perform stability tests. On the
one hand, we apply thermal noise [Fig. 7(c)] and subse-
quently relax the magnetic structure again in the absence
of thermal noise. The relaxed magnetic configurations in
(b) and (d) are compared to verify that the majority of
skyrmions appearing in the bulk of the geometry are not
significantly affected by thermal effects. On the other hand,
we apply voltages [Fig. 7(e)] and then relax the struc-
tures again, to verify that acting spin torques are small
enough that the skyrmions are not displaced significantly.
The voltage magnitude is chosen such that the resulting
magnetization dynamics lie just below the skyrmion creep
threshold where their deformations are maximal.

We consider initialization complete when the magnetic
texture has relaxed to a stable state and does not change
significantly when subject to thermal noise and a constant
applied voltage across the electrical contacts.

APPENDIX B: MEMORY AND AMR RESPONSE
BEHAVIOR AT VARYING FREQUENCIES

Here, we provide further AMR response results with the
aim to show how they behave as the driving signal fre-
quency is varied around the system’s natural dynamical
timescale. In Fig. 8 we plot single and pulse train results,
analogous to those discussed in Fig. 3, for frequencies
below the system’s natural frequency, i.e., panels (a) and
(b), and for those above 1 GHz, i.e., panels (c) to (f). At

a driving frequency of 0.7 GHz, the driving signal does
not change quickly enough to keep the magnetic texture
in a transient dynamical state. As such, the texture relaxes
adiabatically, not retaining much memory of the driving
signal’s pulse sequence. Brief AMR spikes are seen in
accordance with the square pulses. We believe that these
might be exaggerated due to the instantaneous rise time
used in the simulations.

Driving frequencies of 1.6 and 1.8 GHz enter a regime
that tests the magnetic texture’s ability to properly track
the driving voltage signal. The pulse train AMR simula-
tions show behavior consistent with the 1 GHz simulations
discussed in the text. The peak AMR resistance does not
change significantly with these slightly larger frequencies,
further suggesting that the total AMR percentage is set by
the sample geometry’s dimensions. Note that, due to the
higher frequency, the reservoir’s response can, in principle,
allow us to characterize more pulses in the past. At even
larger frequencies, as discussed in the main text, the texture
decouples from the long-temporal details of the driving
signal as it begins to respond linearly to the instantaneous
pulse driving.

APPENDIX C: RESERVOIR TRAINING

We use two different techniques to perform reservoir
computing. One is based on time tracing the reservoir’s
resistance response and the other on spatially sampling
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(a) (b)

(c)

(e) (f)

(d)

FIG. 8. Single and pulse train AMR response simulations for varying frequencies as discussed in Sec. IV: (a),(b) 0.7 GHz; (c),(d)
1.6 GHz; (e),(f) 1.8 GHz.

the magnetic texture. To describe both of them simulta-
neously, we first present the general formalism and then
put the general notation into context for each of the two
techniques.

Denote by m(t) the state of the reservoir at time t. Train-
ing the output layer of a reservoir requires finding the
optimal D × N weight matrix Ŵ mapping some sampling
x ∈ R

D of m into a set of N output nodes y, such that the
computed output y = Ŵ · x minimizes the error E(y, yT)

with respect to some target output yT(t), i.e.,

E(y(t), yT(t)) =
√

〈||y(t) − yT(t)||2〉, (C1)

where ||·|| stands for the Euclidean norm and 〈·〉 is an aver-
age over all training data. Each element yi = Ŵi,j xj of the
output vector corresponds to the value of a given output
node. The categorization of the output state is typically
defined by the sign of each of the outputs yi. Thus, N output
nodes allow us to codify 2N distinct categories. Once the
weights in Ŵ have been set, the equation Ŵi,j xj = 0 effec-
tively describes a D-dimensional hyperplane in the state
space of the reservoir. Since N of them need to be spec-
ified, training means tessellating the reservoir state space
with N D-dimensional hyperplanes, whereas inference is
the task of identifying in which tessellation the reservoir
state m is in.
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To parallel between this notation and the skyrmion
reservoir system presented in this work, we note the
following.

(a) The state m(t) is the evolution of the infinite-
dimensional magnetic texture over time.

(b) The input vector is x. For time multiplexing, it con-
sists of the resistance time traces sampled at precise tem-
poral intervals τ : R[m](t + nτ). For space multiplexing, it
corresponds to the coarse-grained snapshots of m.

(c) Here y(t) is the set of nodes necessary to identify all
the categories needed for input data classification is. For n-
pulse sequences of sine and square wave pulses, there are
2n possible distinct output categories. Therefore, y needs
to be an n-dimensional vector.

For both the time- and space-multiplexed pattern recog-
nitions, the sampled state data are run through a support
vector machine classifier with linear kernel for training
and testing. The time-multiplexed data consists of regu-
larly spaced samples of the time-resolved resistance data.
For the space-multiplexed data, a 5 × 6 grid of 20 nm2

regions with 20 nm interneighbor spacing is used as a mask
to calculate the average out-of-plane magnetization com-
ponents. As only eight possible three-pulse combinations
exist, our training set consists of eight different three-pulse
sequences. When varying the number N of readout ele-
ments in the space-multiplex technique, the N specific
elements used are chosen such as to give a homogeneous
sampling of the readout grid.
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