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Structure of the talk 

 Skyrmions for unconventional computing
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What is a skyrmion?
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Wikipedia (English): “Skyrmion=  
homotopically non-trivial classical  
solution of a nonlinear sigma model  
with a non-trivial target manifold  
topology.”... 
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Skyrmion = object that is defined precisely mathematical

Occurs in different regions of physics
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Skyrmion = object that is defined precisely mathematical

Occurs in different regions of physics
Originally (1959) introduced in particle physics  
by Tony Skyrme.

hedgehog
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Skyrmion = object that is defined precisely mathematical

Occurs in different regions of physics
Originally (1959) introduced in particle physics  
by Tony Skyrme.
Here: magnetic skyrmions

thanks to Jan Masell (Müller) 

http://www.thp.uni-koeln.de/~jmueller/download/movie_jan-mueller_projection.gif
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Skyrmion = object that is defined precisely mathematical
hedgehog

Bloch-like Néel-like



A zoo of magnetic textures
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Skyrmion = object that is defined precisely mathematical
hedgehog

Bloch-like Néel-like KES, et al., J. Appl. Phys. (2018)



Magnetic skyrmions
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• theoretical predictions 
• first experimental observation in 2009 in form of a skyrmion lattice in MnSi 
• broken inversion symmetry

Mühlbauer et al., 
Science (2009)

Bogdanov and Yablonskii, Sov. Phys. JETP 1989

KES et al.,  
Nature Electronics (2018)

Thanks to Marco 

• can be created, manipulated and  
destroyed by various means 

• occur in many different magnetic systems with competing (twisting) interactions 
• metals, semiconductors and insulators 
• bulk and thin films 
• low T up to above room temperature 
• size can be engineered  

• detectable by various experimental techniques Device relevant 
systems

KES et al.,  
J. of Appl. Phys. (2018)



Magnetic skyrmions - why interesting?
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1) small and above room temperature

2) topology → stability

Jonietz, KES, et. al., 
Science, (2010)

In skyrmion lattice:

3) react to ultra-low electric currents

4) Interesting dynamics because of Magnus force!

KES, M. Sitte, JAP (2014)

skyrmion Hall effect

5) potential for spintronics applications  
    
          Device relevant systems
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Probably most studied potential application: skyrmion racetrack memory

Fert, Nature Nano., 2013

Detrimental: skyrmion Hall effect

Advantages: skyrmions do not touch the edges 

KES, et al., JAP 124, (2018)

Parkin, IBM

Skyrmion based devices ???
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Some suggestions:

No net skyrmion Hall effect

additional symmetry breaking

Kim, et al., KES,  
PRB (2018)Huang, et al.,  

PRB (2017)

Hoffmann, et al., 
Nat. Comm. (2017) 

Göbel, et al., PRB (2019) 
Zarzuela, …, KES PRB (2020) 

Zhang, et al., PRB (2020) 

1+(-1)=0

How to get rid of the skyrmion Hall effect? 
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What is a device that optimally uses the properties of a skyrmion?

Fert, Nature Nano., 2013

So far often: skyrmion instead of other magnetic texture like DW

Parkin, IBM

KES, et al., JAP 124, (2018)

Detrimental: skyrmion Hall effect

Advantages: skyrmions do not touch the edges 

Skyrmion based devices ???
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What is a device that optimally uses the properties of a skyrmion?

Fert, Nature Nano., 2013

So far often: skyrmion instead of other magnetic texture like DW

DW      1d skyrmion       2d

Magnetic Skyrmions on a Two-Lane Racetrack

Jan Müller⇤

Institut für Theoretische Physik, Universität zu Köln, D-50937 Cologne, Germany
(Dated: June 24, 2016)

Magnetic skyrmions are particle-like textures in the magnetization, characterized by a topological
winding number. Nanometer-scale skyrmions have been observed at room temperature in magnetic
multilayer structures. The combination of small size, topological quantization, and their e�cient
electric manipulation makes them interesting candidates for information carriers in high-performance
memory devices. A skyrmion racetrack memory has been suggested where information is encoded
in the distance between skyrmions moving in a one-dimensional nanostrip. Here, we propose an
alternative design where skyrmions move in two (or more) parallel lanes and the information is
stored in the lane number of each skyrmion. Such a multilane track can be constructed by controlling
the height profile of the nanostrip. Repulsive skyrmion-skyrmion interactions in narrow nanostrips
guarantee that skyrmions on di↵erent lanes cannot pass each other. Current pulses can be used to
induce a lane change. Combining these elements provides a robust, e�cient design of skyrmion-based
storage devices.

PACS numbers: 12.39.Dc,75.78.-n,75.75.-c,75.70.Kw

Magnetic storage devices today predominantly use the
orientation of magnetic domains to encode huge amounts
of information1. The information density is limited by
the size of the domains, which not only have to be ther-
mally stable, but should also support features as easy and
non-mechanically controlled writing and reading of infor-
mation. Magnetic skyrmions are particle-like textures
in the magnetization2–4 of nanometer size, which can
be controlled by ultra-low electronic5–7 or magnonic8,9

current densities. Due to these properties, they are
often treated as promising candidates for information
carriers in high-density, non-volatile, solid state storage
devices10,11.

Since the experimental discovery of the skyrmion lat-
tice in the chiral magnet MnSi at low temperatures2,
skyrmion lattices and also single skyrmions have been ob-
served in many di↵erent systems. The energetic stability
of skyrmions can be explained by Dzyaloshinskii-Moriya
interaction (DMI), a spin-orbit coupling e↵ect which
arises either from broken inversion symmetry within the
unit cell12–14 (bulk DMI) or inversion broken by an
interface15 (interfacial DMI). In the altter case the ther-
mal stability of skyrmions could be enhanced by a chiral
stacking of thin films16, so that skyrmions have recently
been stabilized at room temperature in these multilayer
systems17.

Experimentally, a wide range of techniques is now used
to image single skyrmions, e.g. Lorentz transmission
electron microscopy3, magnetic force microscopy18, spin-
polarized scanning tunnelling microscopy4 or also X-ray
based techniques, e.g. magnetic transmission soft X-
ray microscopy19. For applications in memory devices
it is important that single skyrmions can also be de-
tected purely electronically exploiting their non-coplanar
magnetoresistance20 or the topological Hall e↵ect21.

On the road towards applications, controlled writing
and deleting of single skyrmions has been shown to work
in experiments using current injection22. The creation

FIG. 1. Skyrmion racetrack models. The color code
denotes the z-component of the magnetization. Only a sub-
set of the simulated spins is shown. (a) One-lane skyrmion
racetrack as proposed by Fert et al11: The information is
encoded in the skyrmion distance. (b) Two-lane skyrmion
racetrack (top view of bottom layer): Here the information
is encoded in the lane index of each skyrmion. (c) Magne-
tization in the bottom layer and profile (gray area) of the
two-lane racetrack. The two lanes are separated by a region
of increased height. (d) Magnetization in the gray shaded
area of (c).

of chains of skyrmions at the edge of a sample has also
been demonstrated experimentally23. Other processes for
the creation of single skyrmions near the edge have been
proposed theoretically24,25. Also the driving of a chain
of skyrmions by electric current in a nanowire was shown
in experiments19.
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Müller, New. J. Phys, 2017

Skyrmion based devices ???
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What is a device that optimally uses the properties of a skyrmion?

DW      1d

Skyrmions for  
Unconventional Computing?

Reservoir  
Computing

Stochastic  
Computing

Pinna, et al., Phys. Rev. Appl. (2018)
Andreas Donges

Skyrmion reshuffler

Zázvorka, …, KES, et al., Kläui, Nature Nanotechnology 2019

Jakub 
Zázvorka

Skyrmion based devices ???
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What is a device that optimally uses the properties of a skyrmion?
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Reservoir computing
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originally: artificial neural network with

feed forward 
only

recursive  
neural network

Goal: map a complex problem 
to a linearly solvable one



Reservoir computing
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originally: artificial neural network with Goal: map a complex problem 
to a linearly solvable one

Functionality: 
Reservoir projects different  
spatial-temporal events into  
a sparsely populated high 
dimensional space  
where they become easier  
to recognise and categorise

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)
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Reservoir computing
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originally: artificial neural network with Goal: map a complex problem 
to a linearly solvable one

Advantages: 
• Multiple output arrays possible to search 

for different features simultaneously  
• No detailed knowledge about reservoir required

Recognition and classification of  
spatial-temporal events like 
• speech recognition 
• sensor fusion type applications

Useful for: 

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)



Reservoir computing
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originally: artificial neural network with Goal: map a complex problem 
to a linearly solvable one

Requirements for reservoir: 

• Dimensionality of reservoir’s state >> input array 
• Response of reservoir nonlinear to input and 

previous state 
• Short term memory (Echo state time > temporal 

input correlations)

Non-linear, complex system  
with short term memory

Mass, et al., Neural Comput. (2002)

Pattern 
recognition 

with 
matter!

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)



Reservoir computing
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originally: artificial neural network with Goal: map a complex problem 
to a linearly solvable one

Non-linear, complex system  
with short term memory

Mass, et al., Neural Comput. (2002)

Pattern 
recognition 

with 
matter!

Duport, et al., Sci. Rep. (2016)

Fernando, et al., Adv. Artificial Life (2005)

Torrejon, 
et al., Nature (2017)

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)



Reservoir computing with matter
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Finocchio, Di Ventra, Camsari, KES, Amiri, Zeng et al. JMMM (2021)
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George Bourianoff

“skyrmion fabrics” as reservoir

Using skyrmions for reservoir computing
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George Bourianoff

Using skyrmions for reservoir computing
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George Bourianoff

Using skyrmions for reservoir computing
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Prychynenko, et al., KES, Phys. Rev. Appl. (2018)

Diana Prychynenko Mathias KläuiBenjamin KrügerKai LitziusMatthias Sitte Jairo Sinova

A magnetic skyrmion as a non-linear resistive element 
a potential building block for reservoir computing

FIG. 1: Schematic plot of the setup: A voltage U is applied in between the two contacts of the ferromagnetic thin

film. A potential pinning center is located in the center of the film.

D. Structure of the paper

In Sec. II, we first describe our approach and then we 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 this section we also analyze the current-voltage charac-

teristics of an unpinned moving skyrmion in the conducting channel. In Sec. IV, we consider in

a second step the non-linear current-voltage characteristics of a single skyrmion that is pinned by

a local change in the anisotropy. In Sec. V, we outline the path to RC with skyrmion fabrics and

substantiate that our results obtained in this work provide a key step in reaching this goal.

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 Dzyaloshinsii-Moriya interaction59,60 (DMI) in the center.

4

Magnetisation dependent magneto-resistive effects

• Anisotropic Magnetoresistance (AMR) 
• Non-collinear Magnetoresistance (NCMR) 
• …

George Bourianoff

First steps towards: skyrmions for reservoir computing
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Du, et al., Nat. Commun. 2015

“scales with volume of twisted spins”

Skyrmions and Magnetoresistance
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FIG. 2: Magnetization and current profiles for Néel and Bloch skyrmion shortly after applying a voltage in-between

the contacts (yellow dots). In a) and d) we show the magnetization configuration of a Néel and a Bloch skyrmion,

respectively. The color code denotes the out-of-plane component and the black arrows indicate the in-plane

components. b) and e) show 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) and f) reveal 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 from the plots, the current profiles differ for both skyrmion types. For the Néel skyrmion

the current is expelled from the center and prefers to flow in 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: ↵ = 0.25, Ms = 4.9⇥ 105 Am�1, �0 = 5⇥ 106 Sm�1, U = 3.5⇥ 10�2 V,

Aex = 6⇥ 10�12 Jm�1, Ku = 3⇥ 105 Jm�3, and DB/N = 1⇥ 10�3 Jm�2. These parameters are similar to the

ones used in simulations modeling real materials exhibiting skyrmion physics.45,65 The value for the bare resistance

for this ribbon is given by R0 = 348.4⌦ for the Néel-type and R0 = 350.6⌦ 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 constraint by f0 = 0 and f1 = 1. Here, ms and m0 refers to the

magnetization profiles with and without a skyrmion, respectively. For more details see Sec. VII.
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A magnetic skyrmion as a non-linear resistive element 
a potential building block for reservoir computing

current flow based on AMR
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ones used in simulations modeling real materials exhibiting skyrmion physics.45,65 The value for the bare resistance

for this ribbon is given by R0 = 348.4⌦ for the Néel-type and R0 = 350.6⌦ 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 constraint by f0 = 0 and f1 = 1. Here, ms and m0 refers to the

magnetization profiles with and without a skyrmion, respectively. For more details see Sec. VII.
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Prychynenko, et al., KES, Phys. Rev. Appl. (2018)

Single skyrmion
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“small” voltages deform a pinned skyrmion
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FIG. 5: Deformation of a pinned Néel (top) and Bloch type (bottom) skyrmion due to an applied voltage (U0 = 0V,

U1 = 2.5⇥ 10�2 V and U2 = 3.0⇥ 10�2 V) which gives rise to a non-uniform current density. With increasing

voltage the deformation increases. The radius rp and the local anisotropy strength Kp of the pinning center are

rp = 1.5 nm and Kp = 3⇥ 106 Jm�3, respectively. The remaining parameters have been chosen as follows:

Aex = 6⇥ 10�12 Jm�1, Ku = 3⇥ 105 Jm�3, and DB/N = 1⇥ 10�3 Jm�2.

the device as a function of the applied voltage is plotted in Fig. 6 demonstrating its non-linear

current-voltage characteristics.

In Fig. 7 we varying the DMI and the anisotropy strength and analyze a range in the pa-

rameter set for which we obtain skyrmion configurations that remain pinned when a voltage of

U = 3.0⇥ 10�2 V is applied. The color in this plot encodes the magnitude of the change in re-

sistance. 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 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 which both 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

11

“consider as a device”
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FIG. 6: Relative resistance contribution of a pinned skyrmion as function of an applied voltage visualizing the

non-linear behavior of the device. The parameters used are given in Fig. 5.

the ribbon plays a crucial role for AMR. The change of the system width is associated with the

interplay of two effects which first leads to an increase and later to a reduction of the resistance

with 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 results 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.

Within this section we have analyzed the AMR based behavior of a single skyrmion confined

to a two dimensional ferromagnetic device. We have demonstrated its non-linear current-voltage

characteristics making it a promising candidate as a basic element for a reservoir computing net-

work.

V. THE PATH TO RESERVOIR COMPUTING WITH SKYRMION FABRICS

So far we have discussed the device characteristics of a single skyrmion in a conducting ferro-

magnetic wire. To be useful for information processing applications, these single skyrmions must

12

Non-linear IV characteristic

Prychynenko, et al., KES, Phys. Rev. Appl. (2018)

Skyrmions behave as 
non-linear resistive elements

Pinned single skyrmion
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Bourianoff, Pinna, Sitte, KES, AIP Advances, (2018)current flow based on AMR

First steps towards: skyrmions for reservoir computing
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Skyrmions must not displace significantly 
for the reservoir to work properly

Simulations: model pinning through grains

Texture topology has been shown  
to not change significantly due to  
thermal and current-driven excitations

Skyrmion Reservoir

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)

Non-linear, complex system  
with short term memory
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1GHz

Sin wave Square signal

Skyrmion Reservoir

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)

Non-linear, complex system  
with short term memory



Non-linear, complex system  
with short term memory
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1GHz

Skyrmion Reservoir

Sin wave Square signal

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)

Non-linear, complex system  
with short term memory
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1GHz

-> simple pattern recognition

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)

Skyrmion Reservoir



Patter recognition - time tracing
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Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)



Patter recognition - in space
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Exploiting the complex magnetic structure, no time tracing needed!

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)
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Non-linear, complex system  
with short term memory

Prychynenko, et al., KES, Phys. Rev. Appl. (2018) 
Bourianoff, et al., KES, AIP Advances, (2018)

Potential advantages of Skyrmion Reservoir:
• small (~nm) 
• low energy consumption (~      ) 
• complexity / many degrees of freedom

consumption of atomic switch networks and skyrmion fabrics shows that skyrmion systems require

about two orders of magnitude lower power. Standard voltages used for atomic switch networks

are of the order of 1V and resistances are about 10 k⌦9,12,13 leading to a power of P ⇡ 100 µW.

Whereas for our skyrmion system we obtain powers of 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 for

memristors and atomic switch networks. As shown in Fig. 8, a 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 interaction strengths, therefore it also should

be very sensitive to small bias fields. However, this 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, complexity 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 µm⇥ 10 µm.

3. Complexity: Skyrmion interactions with currents and magnons yield more internal degrees

of freedom than a simple scalar resistivity associated with memristors and atomic switch

networks.

4. Adaptivity: High tuneability and adjustability of the network topology based on competing

micromagnetic forces.

5. Homeostatic operation: The system dynamics will be sensitive to thermal effects or bias

fields applied uniformly to the reservoir. These can, in principle, be used to maintain home-

ostatic operating points.

VI. SUMMARY AND CONCLUSIONS

In this work we have proposed skyrmion systems for reservoir computing. To start with, we

have shown a non-linear current-voltage characteristics for an isolated skyrmion pinned in a ferro-

magnetic strip based on the AMR effect. However, the particular type of magnetoresitive effect is
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Resistances across multiple input and output contacts  
capture more information about the fabric’s response

Outlook:

“Finding optimal settings for magnetic texture” 

Simple pattern recognition by  
a single measurement

Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020)

J. Love 
Mumax3 Team: in particular 
Jeroen Mulkers, Jonathan Leliaert Jake Love 

Summary: RC with Skyrmion Fabrics
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Structure of the talk 

 Skyrmions for unconventional computing

 Data analysis, new tools for “microscopy”?

• Skyrmion reshuffler for stochastic computing
Zázvorka, …, KES, et al., Kläui, Nature Nanotechnology 2019

J. Zázvorka, F. Jakobs, D. Heinze, N. Keil, S. Kromina,  
S. Jaiswal, K. Litzius, G. Jakob, P. Virnau, D. Pinna,  
A. Donges, U. Nowak, M. Kläui

Thanks to 

Thanks to
• Skyrmions for reservoir computing

Prychynenko, et al., KES, Phys. Rev. Appl. (2018), Bourianoff, et al., KES, AIP Advances, (2018), 
Pinna, Bourianoff, KES, Phys. Rev. Appl. (2020) 
Grollier, Querlioz, Camsari, KES, Fukami, Stiles, Nat. Electron. (2020)  
Finocchio, Di Ventra, Camsari, KES, Amiri, Zeng JMMM (2021)  
Vedmedenko, …, KES, et. al., J. Phys. D: Appl. Phys. (2020) 

G. Bourianoff

M. Sitte, K. Litzius,  
D. Prychynenko, D. Pinna,  
B. Krüger, J. Sinova, M. Kläui
J. Love 
Mumax3 Team: in particular 
Jeroen Mulkers, Jonathan Leliaert

Horenko, et al., KES, arXiv1907.04601 
Rodrigues, KES,  et al., iScience 24, 3 (2021)  

I. Horenko D. Rodrigues T. O’Kane S. Gerber

 Introduction to magnetic skyrmions



frequent assumptions:
• i.i.d. (identically, independent distributed) 
• Gaussianity

Outlook & personal view
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• This talk: Skyrmions for unconventional computing. 
• More general: computing with matter,  

                      improving hardware for computing -> spintronics-based (?) 

• Some novel concepts require going back from digital to analog type of information storing. 

• Economically: Moore’s law has already come to an end -> new approaches are needed!

Still tremendous progress in computer science: -> machine learning

Basic ideas more than 50 years old, progress enormously relying on graphic cards.

potential problems:
• large data are needed 
• curse of dimension 
• overfitting 
• not all information accessible (latent effects) 



https://www.almaobservatory.org/en/press-release/astronomers-capture-first-image-of-a-black-hole/

Outlook & personal view
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“Astronomers Capture First Image of a Black Hole”

progress in  
telescopes 

and 
data analysis 

(Gaussian Mixture Models)

using a methodology based on a Gaussian Mixture Model analysis of the overlapping pixel patches from 
Fourier-transformed radiointerferometric data. Here, it was assumed that every image patch time series can be 
described by a discrete latent independent and identically distributed (i.i.d.) process with Gaussian outputs. 

belong to the most popular latent inference methods 

GMMs exhibit polynomial scaling  
of their computational cost  
in every iteration with the data dimension 

Horenko, et al., KES, arXiv1907.04601 

https://www.almaobservatory.org/en/press-release/astronomers-capture-first-image-of-a-black-hole/


GMMs exhibit polynomial scaling  
of their computational cost  
in every iteration with the data dimension 

https://www.almaobservatory.org/en/press-release/astronomers-capture-first-image-of-a-black-hole/

Outlook & personal view
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progress in  
telescopes 

and 
data analysis 

(Gaussian Mixture Models)

using a methodology based on a Gaussian Mixture Model analysis of the overlapping pixel patches from 
Fourier-transformed radiointerferometric data. Here, it was assumed that every image patch time series can be 
described by a discrete latent independent and identically distributed (i.i.d.) process with Gaussian outputs. 

belong to the most popular latent inference methods 
Horenko, et al., KES, arXiv1907.04601 

“Astronomers Capture First Image of a Black Hole”

(02/2021)

(02/2021)

https://www.almaobservatory.org/en/press-release/astronomers-capture-first-image-of-a-black-hole/


Data analysis: New tools for “microscopy”?
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Illia Horenko 
(Head of the 

Computational Time Series 
Group, USI Lugano)

Davi 
Rodrigues 
(TWIST group)

Terence O’Kane 
(Head of Climate 
Forecast, CSIRO 

Australia)

two low cost tools for extraction of latent patterns

low cost = computational iteration costs and memory requirements are independent of  
                 the data statistics size & the observed data dimension  

latent entropy: 
encodes stochasticity (predictability) of the system
latent dimension:  
encodes memory of the system

(no i.i.d. assumption or Gaussianity)

the higher the latent dimension 
the higher the memory

the higher the latent entropy 
the higher the stochasticity

Horenko, et al., KES, arXiv1907.04601 



Data analysis: New tools for “microscopy”?
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Horenko, et al., KES, arXiv1907.04601 

flow of transparent fluid  
through the capillaries  
of the glymphatic system

recently discovered anatomic organ,  
responsible for waste clearance

Ising model Micromagnetic model Magnetic imaging data

Rodrigues, KES, Gerber, Horenko, iScience (2021)



Average latent entropy S and dimension K
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Horenko, et al., KES, arXiv1907.04601 



Average latent entropy S and dimension K
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Horenko, et al., KES, arXiv1907.04601 



Average latent entropy S and dimension K
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Horenko, et al., KES, arXiv1907.04601 

*



Average latent entropy S and dimension K
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Horenko, et al., KES, arXiv1907.04601 DBMR = Direct Bayesian Model Reduction



Ising model
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Horenko, et al., KES, arXiv1907.04601 



Micromagnetic model
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Horenko, et al., KES, arXiv1907.04601 



Micromagnetic model
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Raw data from Zázvorka, …, KES, et al., Kläui,  

Nature Nanotechnology 2019

Data analysis: New tools for “microscopy”?
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(MOKE)

Horenko, et al., KES, arXiv1907.04601 



Raw data from Zázvorka, …, KES, et al., Kläui,  

Nature Nanotechnology 2019

Data analysis: New tools for “microscopy”?
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signature of 
video 

compression

Horenko, et al., KES, arXiv1907.04601 



Raw data from Zázvorka, …, KES, et al., Kläui,  

Nature Nanotechnology 2019

Data analysis: New tools for “microscopy”?
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Raw data from  

Jiang, et al., Science 2015

signature of 
video 

compression

Horenko, et al., KES, arXiv1907.04601 

Two low cost tools for extraction of latent patterns

latent entropy: (predictability of the system)
latent dimension: (memory of the system)
(no i.i.d. assumption or Gaussianity)



Raw data from Zázvorka, …, KES, et al., Kläui,  

Nature Nanotechnology 2019

Data analysis: New tools for “microscopy”?
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Raw data from  

Jiang, et al., Science 2015

signature of 
video 

compression

Horenko, et al., KES, arXiv1907.04601 

Two low cost tools for extraction of latent patterns

latent entropy: (predictability of the system)
latent dimension: (memory of the system)
(no i.i.d. assumption or Gaussianity)

Outlook: 
Strategic Categorization 
of magnetization data S. Jenkins
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• Skyrmions for reservoir computing

• Data analysis: New 
tools for “microscopy”?

Illia Horenko 
(Head of the  

Computational Time 
Series Group, 
USI Lugano)

Horenko, et al., KES, 
arXiv 1907.04601 

George Bourianoff

Rodrigues, KES, Gerber, 
Horenko, iScience (2021)

• Skyrmion reshuffler for stochastic computing Zázvorka, …, KES, et al., Kläui, Nat. Nano. (2019)


