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Exploring topological effects and frustration in different 
Artificial Spin Ice geometries 

A. Parente1, R. Guerrero2 , M. Abuin3, R. Guedas3, G. Caballero4, A. Rivelles3, F. Gálvez2, R. Delgado-García2, I. Figueruelo4, 
M. Menghini4, J.M. Colino2, E.M. González1,4 and A. Muñoz-Noval1,4

Artificial spin ices (ASIs) are examples of magnetic interacting nanostructures which have opened a way to study topological phenomena such as frustration, emergent magnetic monopoles and 
phase transitions. Geometric properties of the ASI are key to determine the dynamics of the magnetic charges and the possible energetic configurations, which can also have an influence on the 
magnetic textures present in these systems. The main goal of this work is to characterize the magnetic properties, spin textures and frustration in ASIs with different geometries and its influence 
in the formation and ordering of magnetic features. Different geometries of ASI systems had been fabricated by combining nanolithography techniques (optical and electronic lithography) and DC 
magnetron sputtering. Nanostructures were characterized using different microscopy techniques, magnetic force microscopy (MFM), magnetotransport and micromagnetic simulations. 
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Different orientations of magnetic charges in “as grown” state

Frustration in a physical system 
emerges from the impossibility of 

simultaneously minimizing all 
interactions.

Ice Rules
▪ Charge neutrality
▪ Different phases

Magnetically 
interacting 

nanostructures
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SIMULATIONS:
Same parameters are 

used with different
geometries of ASIs

Co parameters: 
𝑴𝒔 = 𝟏. 𝟒 𝒙𝟏𝟎𝟔 𝑨𝒎−𝟏

𝑨 = 𝟑𝒙𝟏𝟎−𝟏𝟏𝑱𝒎−𝟏

𝑲 = 𝟎 𝑱𝒎−𝟑

(122-0)x + (62-2)y 
122x +60y

𝛂 = 𝟐𝟔° 2

12262

0

𝛂

1 Facultad CC. Físicas, Plaza Ciencias 1, Universidad Complutense, 28040 Madrid; 2Dpto Física Aplicada and INAMOL, Universidad de Castilla-La Mancha (UCLM), Avda. Carlos III s/n, 45071, Toledo; 
3 Instituto de Sistemas Optoelectrónicos y Microelectrónica (ISOM); Universidad Politécnica de Madrid, Avda. Complutense 30, 28040 Madrid;

4IMDEA Nanociencia, Calle Faraday 9, Campus de Cantoblanco, 28049 Madrid.

𝟏 µ𝐦𝟏. 𝟓 µ𝐦

20 x 100 nm of Co

Co thickness lower than 15 nm has no 
topological effects

Magnetic charges at the array vertices

❑Topologically protected magnetic charges in 
the vertex

❑Same topology as the honeycomb ASI.
❑Charges are maintained on topologically 

equivalent networks.

Possible direction of the resulting magnetization:

As grown state

Different orientations of magnetic 
charges in “as grown” state Topologically protected 

magnetic charges 

Y-Devices follow the 
pseudo spin ice rules!!

❑ Is it possible to make artificial spin ices by 
applying a conformal transformation? 

❑ Will it maintain the topology of the system?

4 macrospins instead of 3 Now it is  a Spin Ice
 (no pseudo spin ice  like the 3 previous geometries)

The distance between 
magnetics charges is variable 

but we still see topology

Frustration[1] ASI[2,3] Mumax3

Square ASI: MFM at Tamb

Y-Devices based on ASI Conformal ASI
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MFM

❑ Experimental variation in total resistance arising from 
the formation of Neel walls and topological charges

❑ Transport measurements can be used to determine the 
direction of magnetization with respect to the applied 
electric current as function of the magnetic field.
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Possible rotation diagram:
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Next Steps

MFM

MFMSEM

❑Same topological effects as honeycomb ASI
❑Strong out of plane field. Magnetic charges are visible 

up to 200 nm high!!
❑Open door for combination of Type II superconductor 

materials and ASI → Manipulation of SC vortices using 
new types of devices based on hybrid systems 

❑ Studying magnetotransport at different temperatures and in different geometries.
❑ Exploring the Planar Hall effect in ASIs.
❑ Enhancing our understanding of the irreversible magnetization process in the  system and 

improving simulations
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