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Inspired by the human brain, there is a strong effort to find alternative models of information processing
capable of imitating the high energy efficiency of neuromorphic information processing. One possible
realization of cognitive computing involves reservoir computing networks. These networks are built out of
nonlinear resistive elements which are recursively connected. We propose that a Skyrmion network
embedded in magnetic films may provide a suitable physical implementation for reservoir computing
applications. The significant key ingredient of such a network is a two-terminal device with nonlinear
voltage characteristics originating from magnetoresistive effects, such as the anisotropic magnetoresistance
or the recently discovered noncollinearmagnetoresistance. Themost basic element for a reservoir computing
network built from “Skyrmion fabrics” is a single Skyrmion embedded in a ferromagnetic ribbon. In order to
pave the way towards reservoir computing systems based on Skyrmion fabrics, we simulate and analyze
(i) the current flow through a single magnetic Skyrmion due to the anisotropic magnetoresistive effect and
(ii) the combined physics of local pinning and the anisotropic magnetoresistive effect.
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I. INTRODUCTION

A. Reservoir computing

Present-day computers are primarily based on advanced
CMOS transistors executing Boolean logic functions and, as
such, are subject to fundamental trade-offs between energy
efficiency and speed. These shortcomings have led to
intense worldwide research on alternative modes of com-
puting. There is a strong effort to find energy-efficient
models of information processing which are inspired by
biological neural networks. These approaches try to imitate
neuromorphic information processing models [1]. While
CMOS devices appear to be optimal for Boolean logic,
implementing alternative models of computation implies
using alternative physical systems beyond CMOS. Several
approaches to neuromorphic computing are being explored.
One example is the concept of reservoir computing (RC)
[2–6]. It has long been recognized [7] that some aspects of
human cognition can be modeled by recursively connected
dynamical systems composed of randomly connected

nonlinear devices. However, such systems are difficult to
train and hence have been only of very limited practical use.
Currently, such systems are realized using fabrics of self-
assembled memristive devices [8–17]. The complexity of
these networks resembles that of biological brains, in which
the complex morphology and interactions between hetero-
geneous and nonlinear network elements are responsible for
powerful and energy-efficient information processing [18].
Unlike designed computation, where each device has a
specified role, computation in random resistive element
networks does not rely on specific devices in particular roles.
Instead, it is encoded in the collective nonlinear dynamic
mapping behavior of a network on an applied input signal.
There are two distinct flavors of reservoir computing

currently discussed in the literature, referred to as liquid
state machines (LSMs) and echo state machines (ESMs)
[4]. The two approaches differ in the functionality of the
nonlinear elements that lie at the heart of any reservoir
computing model. Mathematically, both implementations
operate by projecting the applied input signals into a higher
dimensional space where sparseness increases and recog-
nition becomes easier. As we show in this paper, magnetic
Skyrmion clusters embedded in magnetic substrates can
potentially implement either approach to reservoir comput-
ing. ESM implementations require a static reservoir of
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nonlinear elements that projects a spatiotemporal input
signal into a high-dimensional output space. The ESM
nonlinear elements are characterized by a nonlinear resis-
tance function where the resistance of the element is a
function of the time-dependent current profile. A linear
neural network can then be efficiently trained to interpret
the high-dimensional output representation. The reservoir
itself must remain static while that training takes place and
during the time that the reservoir is used as a recognition or
classification engine. If the internal configuration of an
ESM reservoir changes, then the output neural network has
to be retrained. Hence, the Skyrmions must remain effec-
tively pinned during this process, which is the motivation to
analyze the current interactions with a pinned Skyrmion.
Whereas ESMs represent passive neural networks, LSMs
use reactive media. The LSM implementation of RC
involves network elements that are nonlinear in time and
have a spiking behavior [19] and can be created by the
movement of Skyrmions within a confined geometry. The
LSM implementation of RC is the motivation for studying
the Skyrmion trajectory reported here.
Previous research has described reservoirs implemented

with memristors, quantum-dot lasers, and atomic switches
[20]. Here, we propose using magnetic textures, more
precisely Skyrmions, to build an alternative type of RC
system which offers potential advantages with respect to
size, efficiency, and complexity.

B. Magnetic Skyrmions

Magnetic Skyrmions [21] are chiral spin structures that
can be characterized by a topological index, the winding
number [22–24]. Because of their topology, they contain
quantized amounts of magnetic flux and cannot be
unwound easily [24,25], making them robust to defects
and impurities [26,27]. They can be created [28–31], read,
moved [32–35], and excited [36] via magnetic and electric
fields [37–39], spin currents, and magnons [36,40–42].
Skyrmions can be stabilized by various mechanisms,

which can be brought down to the interplay of interactions
favoring different alignments of the magnetization. As
such, they occur in several systems (including metals,
semiconductors, and insulators) [43,44] and at different
sizes (as small as 1 nm) [28,45]. For example, they also
exist in technologically relevant material systems at room
temperature [46–49].
Skyrmions occur mostly as either Bloch or Néel type,

depending on the details of the antisymmetric exchange
interaction. The profile of a Bloch Skyrmion is spiral (spin
rotates in the tangential planes), and for aNéel Skyrmion it is
cycloidal (spin rotates in the radial planes). There are
currently intensive research studies to exploit the full
potential of magnetic Skyrmions in spintronics applications,
such as ultra-high-density information storage and informa-
tion processing [50–53]. Proposals to realize “classical
computing”—for example, by building Skyrmion-based

logic gates [54] and transistors [55]—havebeen put forward.
The use of Skyrmions for probabilistic computing [56], as
well as for neuromorphic spiking neural networks [19], has
also been proposed.

C. Magnetic Skyrmions for reservoir computing

Recent simulations have shown spontaneous, highly com-
plex, and self-organized patterns of Skyrmions [57] in thin-
film configurations which are very well suited for RC. The
basic element of such a network is an isolated Skyrmion in a
ferromagnetic ribbon. Crucial for RC are the nonlinear
current-voltage characteristics of the basic element. For
Skyrmions, the nonlinearity has its origin in magnetiza-
tion-dependent magnetoresistive effects. We stress that the
particular type of the magnetoresistance (MR) is not impor-
tant and that the results of our analysis regarding RC can be
transferred as long as the functional relationship between
current and voltage for the particular type ofMR is nonlinear.
Examples of magnetization-dependent magnetoresistive
effects are anisotropic magnetoresistance (AMR) and the
recently discovered noncollinear magnetoresistive effect
[58,59], which has a much larger MR change.
Here, we analyze the contribution of the (noncrystalline)

AMR originating from a single Skyrmion that is pinned and
embedded in a conducting ribbon. In ferromagnetic samples,
the resistance depends on the relative orientation of the
magnetization and the direction of the electric current [60].
The AMR effect is caused by anisotropic scattering of the
charge carriers in the presence of spin-orbit coupling. The
resultant resistivity is commonly larger when the current and
the magnetization are parallel, and smaller when they are
perpendicular. This difference leads to a distinct contribution
of confined spin structures to the resistance, as was pre-
viously demonstrated for domain walls [61]. With this work,
we pave the way towards Skyrmion-fabrics-based RC.

D. Structure of the paper

In Sec. II, we first describe our approach.We then show in
Sec. III our numerical results for the current distribution of
single Skyrmions (Bloch and Néel type) embedded in a
ferromagnetic background based on the AMR effect. In
Sec. III, we also analyze the current-voltage characteristics
of an unpinnedmovingSkyrmion in the conducting channel,
illustrating the resistance of the device as a function of the
position of the Skyrmion. This sensitivity may be relevant
for implementations of liquid state machines or other types
of spiking neural networks. In Sec. IV, we consider the
nonlinear current-voltage characteristics of a single
Skyrmion that is pinned by a local change in the anisotropy.
The nonlinear current-voltage relationship of a pinned
Skyrmion in a ferromagnetic substrate is required for
ESM implementations. In Sec. V, we outline the path to
RC with Skyrmion fabrics and substantiate that the results
obtained in this work constitute a key step in reaching
this goal.
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II. OUR MODEL

A. Geometry

We consider a metallic ferromagnetic thin film (see
Fig. 1) with two metallic contacts embedded on opposite
sides of the film, through which we apply a voltage U. In
the figure, the coordinate system is chosen such that the
magnetic film is placed in the x-y plane. The two contacts
are located symmetrically around the center of the ribbon.
We prepare an initial state in which a magnetic Skyrmion is
stabilized by the Dzyaloshinskii-Moriya interaction (DMI)
[62,63] in the center.

B. Physical picture

The significant key ingredient of a RC system are the
nonlinear elements building a random, recursive neural
network. The nonlinearity in a Skyrmion network is
obtained by exploiting spin-torque effects together with
magnetoresistive effects. To be more concrete, we consider
here a single Skyrmion at the center of the ferromagnetic
ribbon. Then we apply a voltage between the two contacts,
which leads to a characteristic current flow that we compute
based on the AMR effect, as shown in Ref. [64]. The
resistance of the “device” is a function of the type, shape,
relative size, and position of the Skyrmion in the ribbon.
Hence, it is a function of the applied voltage strength.
A pinned Skyrmion is depinned from the impurity above

a certain critical current density due to spin-transfer-torque
effects [26,27,30,32,34,65]. Below the corresponding volt-
age, the spin torques causes the Skyrmion to deform. The
deformation in the pinned regime, in turn, changes the
resistance of the device due to the AMR effect, resulting in
its nonlinear current-voltage characteristics. Above a criti-
cal voltage, the Skyrmion depins and follows similar
trajectories, as is discussed in Sec. III.

C. Numerical model for spin dynamics and current flow

Our numerical simulations are based on the Landau-
Lifshitz-Gilbert (LLG) equation for the unit vector field
m ¼ M=Ms, with the magnetization M and the saturation

magnetization Ms. The equation is generalized to include
spin-transfer-torque effects [66,67] induced by the electric
current, which is calculated self-consistently based on an
AMRmodule [64] due to an applied voltage U between the
two contacts. The corresponding LLG equation takes the
following form:

ð∂t þ ξj½U;m� · ∇Þm

¼ −γm × Beff þ αm ×

�
∂t þ

β

α
ξj½U;m� · ∇

�
m; ð1Þ

where γ is the gyromagnetic ratio, and α and β are the
dimensionless Gilbert damping and nonadiabatic spin-
transfer-torque parameters, respectively. The prefactor
ξ ¼ PμB=ðeMsÞ is proportional to the current polariza-
tion P, with μB denoting the Bohr magneton and e the
electron charge. The effective magnetic field is given by
Beff ¼ −M−1

s ðδF½m�=δmÞ, whereF describes the free energy
of the system,

F¼
Z �

Aexð∇mÞ2þKuð1−m2
zÞ−

μ0
2
MSm ·Hd½m�

�
dV

þFBorN
DMI ½m�; with

FB
DMI¼

Z
DBm ·ð∇×mÞdV;

FN
DMI¼

Z
DNm · ½ðz×∇Þ×m�dV;

where Aex is the exchange constant, Ku is the easy-axis
anisotropy strength, and the third term describes the dipolar
interactions. FB

DMI denotes the Bloch domain wall favoring
DMI, while FN

DMI refers to DMI favoring Néel walls
[62,63,68]. Such interactions, favoring a twisting of the
magnetic texture, occur in systems lacking inversion sym-
metry and originate from spin-orbit coupling. The relaxation
of the current happens on a short time scale compared to the
dynamics of themagnetization. Therefore, the current j½U;m�
can be calculated self-consistently based on the AMR effect
[64], where the current density depends on the magnetization
through the conductivity tensor σ½m� with

j½U;m� ¼ −σ½m� · E½U�: ð2Þ

The electric fieldE is generated by the applied voltageU, and
the corresponding potential is given by E ¼ −∇Φ, where Φ
satisfies the Poisson equation with the boundary conditions
Φjc1 ¼ −Φjc2 ¼ U at the two contacts. The conductivity
tensor is deduced from the inverse of the resistivity tensorρ½m�.
Assuming that the resistivity consists of a material-dependent
isotropic part and an anisotropic part that is given by AMR,
the resistivity is a function of the angle θ between current
and magnetization direction. The local total resistivity is then
given by

FIG. 1. Schematic plot of the setup. A voltage U is applied
between the two contacts of the ferromagnetic thin film. A
potential pinning center is located in the center of the film.
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ρtot ¼ ρ⊥ þ ðρ∥ − ρ⊥Þcos2θ; ð3Þ

where ρ∥ and ρ⊥ denote the resistivities for currents flowing
parallel and perpendicular to the magnetization direction.
Since the scalar projectionof themagnetization in the direction
of the current is given by cos θ, the corresponding tensor takes
the form ρ½m� ¼ ρ⊥1þ ðρ∥ − ρ⊥ÞP̂½m�, where the projection
operator is given by P̂½m� ¼ m ⊗ m. Thus, for the conduc-
tivity tensor, it follows that

σ½m�¼ 1

ρ⊥
1þ

�
1

ρ∥
−

1

ρ⊥

�
P̂½m�

¼σ0

2
641− 6a

6þa

0
B@
m2

x− 1
3
mxmy mxmz

mymx m2
y− 1

3
mymz

mzmx mzmy m2
z− 1

3

1
CA
3
75; ð4Þ

with σ0 ¼ ð1=ρ∥ þ 2=ρ⊥Þ=3 and the AMR ratio a ¼
½ð2ðρ∥ − ρ⊥ÞÞ=ðρ∥ þ ρ⊥Þ�, as shown in Ref. [64].

D. Micromagnetic simulations

The method we use is based on micromagnetic simu-
lations which are performed using MicroMagnum [69],
including an additional self-written software extension.
As previously mentioned, we simulate a quasi-two-
dimensional ribbon. For the results shown in Figs. 2–7,
the ribbon considered in the simulations is composed of
256 × 128 cells in the x-y plane and a thickness of one cell
in the z direction. The cells correspond to unit cubes of
1 nm edge length. In the center of the ribbon, a cylinder
along the z direction is placed with an in-plane radius of
15 nm. Two contacts are modeled as Au cylinders close to
the edges of the strip, with a radius of 3 nm; their centers are
located at 10% and 90% of the ribbon along the x direction
and centered in the y direction. To mimic a pinning center,
we position a cylinder of 1.5 nm radius with an enlarged
anisotropy strength in the middle of the strip.
The initial magnetic profile corresponds to a ferromag-

netic alignment in the z direction, with a saturation
magnetization of Ms ¼ 4.9 × 105 Am−1 but with opposite
magnetization of the ribbon and the cylinder. The conduc-
tivity of the material is σ0 ¼ 5 × 106 Sm−1, and its current
polarization is P ¼ 0.56. Before the dc current is applied,
the system needs to be relaxed to the ground state. The
single skrymion simulations are performed at a Gilbert
damping parameter of α ¼ 0.25 and a nonadiabatic spin-
transfer-torque parameter of β ¼ 0.
In contrast to the simulations with a single Skyrmion, the

ribbon in the x-y plane used for the data in Fig. 8 is composed
of 500 × 250 cells of1 × 1 nm lateral size.Here, to obtain the
relaxed magnetization configuration, we start from a com-
pletely random state with a saturation magnetization of
Ms ¼ 4.9 × 105 Am−1. The twisted state is a result of the
interplay between the exchange interaction and the DMI. The

relaxation process is performed at a large Gilbert damping,
α ¼ 0.5. The modeling of the contacts is similar to the one
used for a single Skyrmion, but with a smaller contact radius
of 1 nm. The material has the same conductivity. The spin
polarization is P ¼ 0.5 and the ratio of the nonadiabatic and
adiabatic spin-transfer torque is ðβ=αÞ ¼ 0.02.
The AMR rate which enters the equation for the

conductivity tensor and thus affects the magnitude of
current density and resistance is set to a ¼ 1. The scaling
function, fa, is a function of the magnetization and has
been derived from Eq. (4). For in-plane magnetization in
the x or y direction, for instance, the scaling function is
given by fa ¼ −7½ð6þ 9aÞ=ð6þ aÞ�. Depending on the
position, the factor for a ribbon with a Skyrmion may differ
from the one without a Skyrmion.

III. CURRENT DISTRIBUTION FOR A SINGLE
SKYRMION BASED ON THE AMR EFFECT

In this section, we study the current distribution based on
the AMR effect for Bloch and Néel Skyrmions due to the
applied voltage.

A. Current profile

The detailed current profiles for Bloch and Néel
Skyrmions embedded in a ferromagnetic nanoribbon based
on the AMR effect differ. Representative results for the
magnetic textures and the corresponding current paths are
shown in Figs. 2(a), 2(b), 2(d), and 2(e). To illustrate the
bare effect of the Skyrmions, we also substract the current
path obtained for the trivial out-of-plane ferromagnetic
state; see Figs. 2(c) and 2(f).
The main result is that for the Néel Skyrmion (the upper

row of Fig. 2), the current is expelled from the center of the
Skyrmion. By contrast, the current density is enhanced in
the center for the Bloch Skyrmion. For details of the
numerics, see Sec. II D.
The resistance of the device depends not only on the type,

shape, and relative size of the Skyrmion with respect to the
device but also on its position due to a nonuniform current
density. To explore the Skyrmion’s position dependence of the
resistance, we study the trajectory of the unpinned Skyrmions
due to an applied voltage and its resulting current flow.

B. Trajectories of Skyrmions

After applying a voltage (exceeding a threshold value),
the Skyrmions move due to spin-transfer-torque effects.
Representative Skyrmion trajectories are shown in Fig. 3.
Here, the applied voltage is small enough to not noticeably
modify the shape of the Skyrmion. Since the total resistance
of the device does depend on the position of the Skyrmion,
this setup allows for a time-dependent resistance variation
at a fixed applied voltage. The relative resistance as a
function of time (see Fig. 4) shows how the resistance
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(a) (b) (c)

(d) (e) (f)

FIG. 2. Magnetization and current profiles for Néel and Bloch Skyrmions shortly after applying a voltage between the contacts
(the yellowdots). (a),(d) Themagnetization configuration of aNéel and aBloch Skyrmion, respectively. The color code denotes the out-of-
plane component, and the black arrows indicate the in-plane components. (b),(e) The corresponding current flow due to an applied voltage.
Here, the color code indicates the current strength and the white arrows refer to the direction of the current. (c),(f) The effect of the
Skyrmions after subtracting the current density of the trivial out-of-plane ferromagnetic state. The circle in the current plots indicates
the position of the Skyrmion defined by the region where the out-of-plane magnetization vanishes. As can be seen in the plots, the current
profiles for the two Skyrmion types differ. For the Néel Skyrmion, the current is expelled from the center and prefers to flow in the x
direction tangential to the circle, whereas for the Bloch Skyrmion, the current predominantly flows through the center of the Skyrmion.
The parameters used for these simulations are α ¼ 0.25, Ms ¼ 4.9 × 105 Am−1, σ0 ¼ 5 × 106 Sm−1, U ¼ 3.5 × 10−2 V,
Aex ¼ 6 × 10−12 Jm−1,Ku ¼ 3 × 105 Jm−3, andDB orN ¼ 1 × 10−3 Jm−2. These parameters are similar to the ones used in simulations
modeling realmaterials exhibiting Skyrmion physics [46,70]. Thevalue for the bare resistance for this ribbon is given byR0 ¼ 348.4 Ω for
the Néel-type and R0 ¼ 350.6 Ω for the Bloch-type Skyrmion. The current densities are scaled with respect to the AMR ratio, a. The
scaling function, fa, increases with a and changes with the local magnetization components. It is constrained by f0 ¼ 0 and f1 ¼ 1. Here,
ms and m0 refer to the magnetization profiles with and without a Skyrmion, respectively. For further details, see Sec. II D.

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 3. Evolution in time of Néel (the top row) and Bloch-type (the bottom row) Skyrmions for a fixed voltage. The magnetization
profile is encoded in analogy to Figs. 2(a) and 2(d). The parameters used for the simulations are the same as in Fig. 2, meaning that (a)
and (e) correspond to Figs. 2(c) and 2(f), respectively. During this motion, a significant deformation of the Skyrmion is observed in the
vicinity of the contact only.
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changes with time when the Skyrmion is approaching one
of the contacts, until it eventually disappears.
The details of the time evolution of the magnetic texture

and the corresponding resistances depend on the micro-
scopic parameters of the device. In general, the resistance
increases when the Skyrmion approaches the contact since
the current density is largest there. The contribution to AMR
becomes larger because the resistance is determined by the
interplay between the local current density and the mag-
netization profile; see Eqs. (2)–(4). Depending on the
applied voltage strength, a Skyrmion either merges with
the contact or passes it. For the parameter set used in Figs. 2,
3 and 4, the Skyrmion disappears at the contact. There, in the
vicinity of the contact, the two Skyrmion types display
different behavior. The resistance of theNéel-type Skyrmion
shows two peaks which can be most intuitively understood
when looking at the cross section of the Skyrmion. Its
cycloidal domain-wall profile contains two points where the
out-of-planemagnetization component is zero, denoted as r1
and r2 in the following. The first local maximum in the
resistance appears when the first point, r1, with a large
parallel contribution to AMR, touches and eventually
merges with the contact. Subsequently, the second point
r2 is moving towards the contact. As it also causes a larger
resistance, this merging explains the second maximum. The
Bloch-type Skyrmion shows only one peak, namely, when
the Skyrmion touches the contact. Since the main contri-
bution to AMR does not come from the connecting line of

the contact and the center of the Skyrmion, we do not
observe an increase in the resistance when the Skyrmion
starts to shrink. When the Skyrmion device is connected in
series to a constant current power supply, the nonlinear,
time-dependent resistance profile shown in Fig. 4 is repre-
sented by a nonlinear time-dependent voltage profile with
the same shape. Hence, the depinned Skyrmion device just
described can be used to generate voltage spikes required
for LSMs.

IV. NONLINEAR I-V CHARACTERISTICS
FROM LOCAL ANISOTROPY

In this section, we consider the situation where the
Skyrmion is pinned at the center of the magnetic ribbon.
We model the pinning center by a small cylindrically
shaped area in the center of the ribbon with an enhanced
out-of-plane anisotropy strength.
The interplay of pinning and spin-transfer torques causes

the Skyrmion to deform or stretch, as long as the applied
voltage does not exceed a critical depinning threshold. As
expected, the deformation is stronger the larger the applied
voltage is, as shown in Fig. 5 [30,65]. Since the resistance is
a function of the local angle between the current and the
local magnetization, it varies with the texture of the
Skyrmion and therefore becomes a function of the applied
voltage U. Thus, the device has nonlinear current-voltage
characteristics with the current-voltage relation

dI
dU

¼ G½U;m� ¼ R−1½U;m�: ð5Þ

Here, G (R) denotes the differential conductivity (resis-
tance) function depending on the applied voltage U and the
magnetic texture m. The corresponding behavior of the
relative resistance of the device as a function of the applied
voltage is plotted in Fig. 6, demonstrating its nonlinear
current-voltage characteristics.
Here, all simulations are carried out at zero temperature.

Room-temperature operation might affect the results.
However, thermal effects are isotropic, and the nonlinear
effect shown here arises explicitly from the nonisotropic
interplay of the electron current with the magnetic
texture. Hence, we expect thermal fluctuations to average
out in the system. In Ref. [71], Du et al. showed that
changes in resistance caused by varying the number of
Skyrmions present are still observable at finite temper-
atures. Furthermore, several works have shown that
Skyrmions exist at room temperature [46,49,72,73] and
are stable in technologically relevant material systems. In
addition, materials can be found for which the Skyrmion
phase can be investigated in regions where fluctuations
are negligible, i.e., far from the Curie temperature.
Moreover, random fluctuations may even have a positive
effect on the signals [74,75]—and thus the performance—
of RC systems.

FIG. 4. Relative resistance dependence ðR − R0Þ=R0 on
time for Néel-type and Bloch-type Skyrmions at a fixed
voltage. Here, R0 denotes the resistance of the out-of-plane
ferromagnetic configuration in the absence of a Skyrmion. The
resistance increases mainly when the Skyrmion approaches
the contact until it is absorbed. Details of the curves depend
on the magnetization texture; see the discussion in the text.
The annotations refer to the magnetization profiles of the
Skyrmions at the corresponding times. The parameters used
for the simulations are the same as in Figs. 2 and 3. The value
for the bare resistance in this geometry is given by R0 ¼
348.4 Ω for the Néel-type and R0 ¼ 350.6 Ω for the Bloch-type
Skyrmion.
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In Fig. 7, we vary the DMI and the anisotropy strength
and analyze a range in the parameter set for which we
obtain Skyrmion configurations that remain pinned when a
voltage of U ¼ 3.0 × 10−2 V is applied. The color in this
plot encodes the magnitude of the change in resistance.
White areas in the phase diagram denote the region where
the Skyrmion cannot be stabilized. In general, we conclude
that a larger Skyrmion leads to a larger effect. For our finite-
size device, the Skyrmion size shrinks when the anisotropy

strength is increased, whereas it increases with a larger
DMI strength. The latter causes the canting of the local
spins to be extended more into the ferromagnetic strip,
whereas the domain wall itself is kept narrow.
In the phase diagram, the AMR effect has been studied as

a function of the anisotropy and the DMI strength, both of
which affect the size of the Skyrmion. However, the
resistance also changes with the system width, which
emphasizes that the relative size of the Skyrmion with
respect to the ribbon plays a crucial role for AMR. The
change of the system width is associated with the interplay
of two effects which leads first to an increase and later to a
reduction of the resistance with a decreasing ribbon width.
The resistance increases with a smaller system size since
the effect of anisotropy and exchange interaction relative to
the DMI is reduced. This scaling result in a larger AMR
effect. However, below a critical width, the resistance for a
Bloch-type Skyrmion starts to decrease again. With
decreasing system width, more current gets pushed from
the boundaries towards the center where, for a Bloch-type
Skyrmion, the resistance is lowest.
In this section, we analyze the AMR-based behavior of a

single Skyrmion confined to a two-dimensional ferromag-
netic device. We demonstrate its nonlinear current-voltage
characteristics, which make it a promising candidate as a
basic element for a reservoir computing network. Changes
of the AMR signal within the range we observe in Fig. 6
have been successfully measured [71]. In Ref. [71], Du

(a) (b) (c)

(d) (e) (f)

FIG. 5. Deformation of pinned Néel-type, (a)–(c), and Bloch-type, (d)–(f) Skyrmions due to an applied voltage (U0 ¼ 0 V,
U1 ¼ 2.5 × 10−2 V, and U2 ¼ 3.0 × 10−2 V) which gives rise to a nonuniform current density. With increasing voltage, the
deformation increases. The radius rp and the local anisotropy strength Kp of the pinning center are rp ¼ 1.5 nm and Kp ¼
3 × 106 Jm−3, respectively. The remaining parameters have been chosen as follows: Aex ¼ 6 × 10−12 Jm−1, Ku ¼ 3 × 105 Jm−3,
and DB orN ¼ 1 × 10−3 Jm−2.

FIG. 6. Relative resistance contribution of a pinned Skyrmion
as a function of an applied voltage visualizing the nonlinear
behavior of the device. The parameters used are given in Fig. 5.
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et al. observed quantized jumps in the magnetoresistance
when a single Skyrmion was created or annihilated in MnSi
nanowires. These jumps can be observed for resistance
changes even below 0.1%. Such a resolution is sufficient
for the observation of the nonlinear behavior of the relative
resistance presented in Fig. 6. Furthermore, Ref. [71]
demonstrates the additive nature of the effect for a cluster
of Skyrmions, which is important for the configuration we
suggest in the next paragraph.

V. THE PATH TO RESERVOIR COMPUTING
WITH SKYRMION FABRICS

Thus far, we have discussed the device characteristics of
a single Skyrmion in a conducting ferromagnetic wire. To
be useful for information processing applications, these
single Skyrmions must be connected and arranged into a
random, self-assembled, recursively connected configura-
tion. Self-organization can be achieved in a ferromagnetic
substrate where, for example, the DMI competes against
the exchange interaction, leading to the twisted order

configuration shown in Fig. 8(a), exemplified by the
Bloch DMI. A current flowing through the magnetic
substrate follows the path of least resistance. As imposed
by the AMR effect, the current flows between the domain
walls, as shown in Fig. 8(b).
Thin films of self-organized Skyrmions connected by

current-carrying domain walls bear at least a superficial
resemblance to cortical networks of neurons, axons, syn-
apses, and dendrites. Specifically, the above illustration
suggests an approach for the implementation of RC
systems with Skyrmion-based magnetic substrates. There
is a correspondence between the configuration of the
magnetic layer shown in Fig. 8(a) and the atomic-switch
networks studied in Refs. [11–13]. Here, individual
Skyrmions correspond to the silver sulfide (AgS) atomic
switches, and the low-resistance parts of the domain walls
connecting the Skyrmions correspond to silver (Ag) nano-
wires. In this analogy, the nonlinear current-voltage rela-
tionship of (pinned) Skyrmion devices are used instead of
the sinh nonlinear current-voltage relation which character-
izes AgS atomic switches. Based on the configurational

(a) (b) FIG. 7. Relative resistance as a
function of the DMI and the
anisotropy for (a) a Néel- and
(b) a Bloch-type Skyrmion at a
fixed voltage, U ¼ 3.0 × 10−2 V.
The magnitude of the resistance
rises, with increasing Skyrmion
size determined by the interplay
between the DMI and the
anisotropy strength. For the value
of exchange coupling and the
pinning center, we use the same
parameters as in Figs. 5 and 6.

(a) (b)

FIG. 8. Magnetization and current profile for magnetic texture including Bloch Skyrmions after applying a voltage between the
contacts. (a) The contour plot of the out-of-plane magnetic configuration. The blue and red droplets correspond to Skyrmions. The white
lines are domain walls separating the Skyrmions. The arrows indicate the in-plane magnetization. (b) The current path. The parameters
used for these simulations are α ¼ 0.5, Ms ¼ 4.9 × 105 Am−1, σ0 ¼ 5 × 107 Sm−1, U ¼ 1.0 × 10−3 V, Aex ¼ 6 × 10−12 Jm−1, and
DB ¼ 2 × 10−3 Jm−2. For further details, see Sec. II D.
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resemblance between Skyrmion networks and atomic-
switch networks and the similar nonlinear current-voltage
characteristics, we envisage magnetic Skyrmion substrates
as a suitable implementation for RC models. Additional
analysis will be needed to establish a firm link between this
combination of a computational methodology and a physi-
cal implementation.
Relative to atomic-switch networks, Skyrmion networks

offer several potential advantages for RC implementation.
As stated above, Skyrmions have been observed as small as
1 nm, and 10–50 nm diameters are quite common, whereas
the elements of atomic-switch networks are a factor of
10–100 larger. Owing to the efficient coupling between
conduction electrons and Skyrmions, even low current
densities influence the magnetic texture. A rough estimate
comparing the power consumption of atomic-switch net-
works and Skyrmion fabrics shows that Skyrmion systems
require about 2 orders of magnitude lower power. Standard
voltages used for atomic-switch networks are on the order
of 1 V and resistances are about 10 kΩ [10,13,14], leading
to a power of P ≈ 100 μW. For our Skyrmion system, on
the other hand, we obtain powers on the order of P ≈ 1 μW.
In general, Skyrmion systems interacting with currents and
magnons have many internal degrees of freedom. This
complexity results in reservoirs with high tunability and
functionality much larger than that for memristors and
atomic-switch networks. As shown in Fig. 8, Skyrmions
tend to cluster into ensembles of various sizes where each
cluster is surrounded by a domain wall. The details of the
clustering depend on the competing micromagnetic inter-
action strengths; therefore, the clustering also should be
very sensitive to small bias fields. However, that analysis
goes beyond the scope of this work. The present approach
is similar to the resistive-switch network but promises to
have advantages regarding size, energy efficiency, com-
plexity, and adaptivity, as summarized in the following:
(1) Energy efficiency. The power requirements are

potentially low due to an efficient coupling between
Skyrmions and currents.

(2) Size. The size of reservoir elements is relatively
small. Assuming an average Skyrmion diameter of
about 10 nm, a million-element reservoir measures
about 10 × 10 μm.

(3) Complexity. Skyrmion interactions with currents
and magnons yield more internal degrees of freedom
than does a simple scalar resistivity associated with
memristors and atomic-switch networks.

(4) Adaptivity. High tunability and adjustability of the
network topology based on competing micromag-
netic forces and applied bias fields.

(5) Homeostatic operation. The system dynamics are
sensitive to thermal effects or bias fields applied
uniformly to the reservoir. These effects can, in
principle, be used to maintain homeostatic operating
points.

VI. SUMMARY AND CONCLUSIONS

In this work, we propose Skyrmion systems for reservoir
computing and conduct initial analyses. To start with, we
show the nonlinear current-voltage characteristics for an
isolated Skyrmion pinned in a ferromagnetic strip based on
the AMR effect. The particular type of magnetoresitive
effect is not crucial to the consequences regarding the
application of Skyrmion networks for RC, as other
magnetoresistive effects also give rise to the nonlinear
properties of such a device. The essential feature is the
dependency of the resistance as a function of current
density and Skyrmion structure. Our results imply that
Skyrmion networks indeed might provide a suitable physi-
cal implementation for RC applications.
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