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RESUMO

Skyrmions sao excitagbes topolodgicas cuja formulacao teédrica foi introduzida por Tony Skyrme
em 1960 no contexto da fisica de particulas. Em materiais magnéticos condensados, estruturas
analogas conhecidas como skyrmions magnéticos surgem a partir da competicao entre a interagao
de troca ferromagnética e a interacao de Dzyaloshinskii-Moriya, resultando em texturas de spins
estaveis e energeticamente favoraveis. Essas configuracoes apresentam dimensoes nanométricas
e podem se mover com baixo consumo energético, o que as torna relevantes para aplicacoes em
spintrénica. Neste projeto, investigamos o comportamento dindmico dos skyrmions em filmes finos
ferromagnéticos, sob a influéncia de redes periddicas de centros de aprisionamento & temperatura
zero. Utilizando técnicas de simulagao e o modelo de particulas para skyrmions, simulamos o
comportamento dinAmico de estas texturas magnéticas em um magneto quiral bidimensional, con-
siderando um arranjo quadrado de defeitos, onde alguns defeitos atuam como atratores enquanto
outros exercem repulsao. Observamos regimes de directional locking em 6g, = —45°, bem como
fluxos em angulos proximos ao dngulo intrinseco de Hall do skyrmion. A analise dos parametros
de pinning, indica que a redugao da intensidade da interagao atrativa diminui o limiar de forga
para desancorar do centro de aprisionamento, enquanto o aumento da intensidade repulsiva tende
a estabilizar e ampliar o platd associado ao travamento em —45°. A combinagao adequada das in-
tensidades atrativas e repulsivas permite modular tanto os 4ngulos de travamento quanto as faixas
de forga correspondentes. O didmetro efetivo dos defeitos mostrou-se um parametro adicional de
controle, possibilitando a selegao de respostas dindmicas distintas, com angulos caracteristicos de
—45°, —50°, —55° e aproximadamente —59°. Esses resultados demonstram que o uso desta rede de
defeitos constitui uma ferramenta eficiente para o controle da trajetoria e da resposta Hall efetiva
dos skyrmions, oferecendo diretrizes relevantes para a implementagao de dispositivos de memoria
e logica baseados em texturas magnéticas topologicas.

Palavras-chave: Magnetismo, Skyrmions, Pinning, Fases dindmicas, Travamento direcional



ABSTRACT

Skyrmions are topological excitations whose theoretical formulation was introduced by Tony Skyrme
in the 1960s in the context of particle physics. In condensed magnetic materials, analogous struc-
tures known as magnetic skyrmions arise from the competition between ferromagnetic exchange
interaction and the Dzyaloshinskii-Moriya interaction, resulting in stable and energetically favora-
ble spin textures. These configurations have nanometric dimensions and can move with low energy
consumption, making them relevant for spintronic applications. In this project, we investigate the
dynamical behavior of skyrmions in ferromagnetic thin films under the influence of periodic arrays
of pinning centers at zero temperature. Using simulation techniques and the particle-based model
for skyrmions, we simulate the dynamic behavior of these magnetic textures in a two-dimensional
chiral magnet, considering a square arrangement of defects in which some defects act as attractors
while others exert repulsion. We observe regimes of directional locking at 0, = —45°, as well as
flows at angles close to the intrinsic Hall angle of the skyrmion. The analysis of the pinning pa-
rameters indicates that reducing the strength of the attractive interaction decreases the depinning
threshold, while increasing the repulsive strength tends to stabilize and widen the plateau asso-
ciated with locking at —45°. The appropriate combination of attractive and repulsive intensities
allows the modulation of both the locking angles and the corresponding force ranges. The effective
diameter of the defects proved to be an additional control parameter, enabling the selection of dis-
tinct dynamic responses, with characteristic angles of —45°, —50°, —55°, and approximately —59°.
These results show that the use of this defect lattice constitutes an efficient tool for controlling
the trajectory and the effective Hall response of skyrmions, providing relevant guidelines for the
implementation of memory and logic devices based on topological magnetic textures.

Keywords: Magnetism, skyrmions, pinning, dynamic phases, directional locking
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1 Introducao

1.1 Descoberta e Fundamentos dos Skyrmions

Na década de 1960, o fisico inglés Tony Skyrme, buscando explicagoes para a estabilidade
de hadrons como defeitos topologicos quantizados [1-3], propds a existéncia de uma estrutura to-
pologica & qual foi dado o nome skyrmion. Embora inicialmente skyrmions tenham sido teorizados
no contexto da Fisica de Particulas e altas energias, estes objetos foram posteriormente observa-
dos em diferentes sistemas de matéria condensada, tais como em materiais ferromagnéticos quirais
[4-7] ou com efeito hall quantico [8,9], materiais antiferromagnéticos dopados [10], monocamadas
ferromagnéticas [11], cristais liquidos [12] e condensados de Bose-Einstein [13]. Devido ao baixo
custo energético [14], e sua protecao topologica [15], skyrmions sdo um dos principais candidatos
para aplicagOes em spintronica [1,15].

Um skyrmion é uma configuragao de spins cuja orientagao varre toda a esfera unitaria
uma unica vez, como mostrado na Fig. 1(a), conforme proposto originalmente por Skyrme [2].
Em sistemas magnéticos bidimensionais, essa textura aparece projetada no plano da amostra,
resultando na configura¢do mostrada na Fig. 1(b), tipica dos skyrmions magnéticos.

Dentre as interacgbes responsaveis pela formacao de skyrmions em sistemas magnéticos,
destacam-se a interacao de troca ferromagnética e a interagao de Dzyaloshinskii-Moriya, que em
conjunto estabilizam essas texturas topologicas [16,17]. Em materiais ferromagnéticos quirais, a
presenca de inversao de simetria quebrada torna a interagao de Dzyaloshinskii-Moriya finita, le-
vando & formagdo de um ordenamento de spins helicoidal, conforme ilustrado na Fig. 1(c). Ao
aplicar um campo magnético externo perpendicular & amostra, a fase helicoidal é destruida e os
skyrmions passam a ser estabilizados. Devido as interagoes repulsivas entre suas texturas magné-
ticas, eles se organizam em uma rede hexagonal, conhecida como cristal de skyrmions, ilustrada

na Fig. 1(d).

Figura 1: a) representagdo de Skyrmion conforme proposta de Tony Skyrme b) projecdo do skyr-
mion no plano, ¢) ilustragido do estado helicoidal presente em imas quirais como consequéncia da
competigao entre as interagoes de Dzyaloshinskii-Moriya e a troca ferromagnética, d) rede hexa-
gonal de Skyrmions. Fonte: S. Seki, M. Mochizuki, 2016 [1].



1.2 Diagrama de Fases e Transicoes dos Skyrmions em Materiais Mag-
néticos Quirais

Um diagrama de fases experimental relacionando o campo magnético B (nT) e a tempera-
tura T (K) é apresentado para o composto Fey 5Cog 5Si por microscopia de Lorentz [18], conforme
ilustrado na Figura 2. Nas Figuras 2(a), 2(b) e 2(c), mantendo-se a temperatura fixa em T' = 25 K,
observa-se como a densidade de skyrmions varia com o campo magnético. A Figura 2(a) mostra
a fase helicoidal (H) se desintegrando e dando lugar ao cristal de skyrmions (SkX). A Figura 2(b)
apresenta SkX estabilizada, enquanto a Figura 2(c) indica o inicio da fase ferromagnética (FM),
com a desintegragao do cristal de skyrmions e o alinhamento dos spins com o campo magnético
aplicado. A Figura 2(d) mostra um diagrama de fases que detalha as regides correspondentes as
diferentes fases magnéticas em fung¢ao do campo magnético aplicado e da temperatura.

A observacgao das transigoes de fase no diagrama experimental evidencia o papel fundamen-
tal da temperatura e do campo magnético no controle das propriedades dos skyrmions, indicando
que é possivel ajustar a estabilidade dessas estruturas magnéticas com precisao, o que reforga seu
potencial para aplicagoes tecnolégicas futuras.

Figura 2: Diagrama de fases experimental que relaciona o campo magnético B (mT) e a tempera-
tura T (K), baseado em observagoes de espagco real para o composto Feq 5Cog.5Si [18]. A Figura 2
mostra a variagao da densidade de skyrmions com o campo magnético aplicado e as diferentes fases
magnéticas: (a) helicoidal (H), (b) cristal de skyrmions (SkX) e (c) fase ferromagnética (FM).

Além dos helimagnetos quirais, como mostrado no diagrama experimental para o com-
posto Feg 5Cog 551 [18] da Figura 2, skyrmions também podem emergir em estruturas magnéticas
multicamadas. Embora ambos os sistemas possam estabilizar skyrmions, o mecanismo responsavel
por sua formagao e a natureza da textura magnética resultante diferem significativamente entre
essas plataformas.

Em materiais quirais bulk, a auséncia de um centro de inversao na estrutura cristalina da
origem a interagdo de Dzyaloshinskii-Moriya (DM) de volume, conforme ilustrado na Figura 3 (a)
[19], que induz uma rotagao helicoidal dos spins. Essa torg¢ao, por sua vez, favorece a formagao de
skyrmions do tipo Bloch, caracterizados por uma rotagao tangencial dos spins, conforme ilustrado
na Figura 3(c) [20].



Por outro lado, em multicamadas ultrafinas do tipo [FM/HM] (onde FM corresponde a
um ferromagneto e HM a um metal pesado com forte acoplamento spin—orbita), a assimetria entre
os ambientes acima e abaixo da camada ferromagnética rompe a simetria de inversao e gera a
interagdo de Dzyaloshinskii-Moriya interfacial (DM), Conforme ilustrado na Figura 3 (b) [21].
Essa forma interfacial da DM, em conjunto com as demais interagbes magnéticas presentes no
sistema, favorece uma rotacao radial dos spins, resultando na estabilizacao de skyrmions do tipo
Néel, mostrados na Figura 3(d) [20].

Em sintese, enquanto a interacao de DM de volume presente nos helimagnetos quirais
decorre da propria estrutura cristalina, a DM em multicamadas surge exclusivamente da quebra
de simetria interfacial, na regiao de contato entre o ferromagneto e o metal pesado. Essa distingao
fundamental explica a diferenga entre as texturas Bloch [11,18] e Néel [19,21] observadas nas duas
classes de materiais.

ni
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Figura 3: (a) Esquema da interacdo de Dzyaloshinskii-Moriya (DM) de volume, gerada pela troca
indireta envolvendo dois spins e um atomo com forte acoplamento spin-orbita (SOC). (b) Ilustracao
da DM interfacial em uma heteroestrutura FM/HM. (c¢) Skyrmion do tipo Bloch, com rotacao
tangencial dos spins, tipico de materiais quirais com DM de volume. (d) Skyrmion do tipo Néel,
caracterizado pela orientagao radial dos spins, comum em filmes ultrafinos e multicamadas com
DM interfacial. Adaptado de [19,20,21].

1.3 Interagoes Magnéticas, Efeitos Hall e Influéncia de Defeitos

A estabilizacao de skyrmions em filmes finos depende da competigao entre duas interagoes
magnéticas: uma simétrica, a interagao de troca, e uma antissimétrica, a interagao de Dzyaloshins-
kii-Moriya (DM).

A interacdo de troca é descrita pelo seguinte Hamiltoniano

Hex:—JZmi-mj, (1)
(5,3)

onde J corresponde & constante de troca, enquanto m; e m; sao os vetores de spin localizados

nos sitios @ e j. A constante J controla a tendéncia de acoplamento entre spins vizinhos, conforme

sera discutido. Considerando que esses spins sao normalizados, |m;| = |m;| = 1, o produto escalar

entre eles pode ser escrito como

m; - m; = cosf,



onde 6 é o angulo entre os dois vetores de spin, isto é, uma medida de quao paralelos ou antiparalelos
eles estao.

O Hamiltoniano de troca assume a forma

Ho = —J cosé.

Como o sistema tende ao estado de menor energia disponivel, o sinal de J determina a
orientagao preferida dos spins. Para J > 0,

E(9) = —J cos¥,

a energia minima ocorre em cos = 1 (§ = 0°), favorecendo spins paralelos. Esse caso corresponde
a interacao de troca ferromagnética.

Para J < 0, o Hamiltoniano pode ser reescrito como
Hex = —Jcosf = |J|cost,

e a energia minima ocorre quando cosf = —1 (§ = 180°), favorecendo spins antiparalelos. Esse
regime caracteriza a interacao de troca antiferromagnética.

Por outro lado, a interagio Dzyaloshinskii Moryia (DM), presente em sistemas com quebra
de simetria de inversao e forte acoplamento spin orbita, é descrita por

Hpa ==Y Di; - (S; x 8;), (2)
(i,3)
onde os vetores de spin S; e S; ocupam sitios vizinhos, e D;; estabelece o sentido da torgao induzida
pela auséncia de simetria de inversao [21].

A competigdo entre a interagao de troca e a DM pode estabilizar texturas nao colineares,
como os skyrmions, nas quais o spin central aponta em uma diregao enquanto os spins periféricos
apontam em dire¢do oposta, resultando em uma textura topologicamente protegida [16,17].

Experimentos realizados por Schultz et al. [22] mostraram que o movimento de skyrmions
pode ser identificado por variages no efeito Hall topologico. Também se observa a existéncia de
uma corrente critica de depinning, cujo valor pode variar de 10% a 10! A /m? conforme o material
[23]. Um aspecto relevante é que estas correntes sdo significativamente menores do que aquelas
necessarias para mover paredes de dominio [24], Por exemplo, em MnSi, a corrente critica é da
ordem de j. ~ 106A/ m2, isto é, cinco ordens de magnitude menor em comparacao as utilizadas
em paredes de dominio magnético [24,25]. Ou seja, skyrmions podem ser manipulados com um
custo energético muito menor. reforcando o potencial dos skyrmions para aplicagoes tecnolédgicas.

O movimento dos skyrmions é fortemente influenciado pela Forga de Magnus, decorrente
da sua natureza topolégica. Em amostras limpas submetidas a correntes elétricas, o skyrmion se
desloca com um angulo 6, em relacao a direcdo da corrente aplicada, caracterizando o chamado
efeito Hall de skyrmions. FEsse efeito representa um desafio para aplicagoes, pois pode levar o
skyrmion até as bordas da amostra, ocasionando sua aniquilacao e consequentemente perda de
informacao em dispositivos spintronicos, como mostrado na figura 4.

Figura 4: (a-f) Evolucao do deslocamento do skyrmion ao longo do tempo, evidenciando o desvio
transversal progressivo que pode direcioné-lo até as bordas da amostra, levando a sua aniquilacao
e a perda de informagao em dispositivos spintronicos.(Figura adaptada de Everschor-Sitte [26])



Uma abordagem promissora para controlar esse movimento envolve a introdugao de centros
de pinning, ou defeitos artificiais, que interagem com skyrmions de forma atrativa ou repulsiva. A
organizagao espacial desses defeitos permite guiar e controlar trajetorias, como demonstrado em
diversos trabalhos recentes. Estudos mostram que skyrmions podem contornar defeitos atrativos
devido ao termo de Magnus [27], como ilustrado na Figura 5. Entretanto, para defeitos muito
pequenos, como vacancias atomicas, simulagoes de Iwasaki et al. [14] indicam que o skyrmion pode
deformar sua estrutura, reduzindo o efeito do pinning. Assim, tanto o tamanho quanto o arranjo
dos defeitos desempenham papel fundamental no controle preciso da din&dmica.

—— Magnus
—— Dissipation

®
@ Skyrmion

[
Pinning Site Potential Minimum

Figura 5: Ilustracao esquematica de um skyrmion interagindo com um sitio de aprisionamento
pontual atrativo. A componente de velocidade induzida pela dissipacao é indicada por setas pre-
tas, enquanto a forca de Magnus, representada por setas vermelhas, age perpendicularmente &
forga atrativa do centro de aprisionamento. Essa interacao resulta em uma deflexao do skyrmion.
(Adaptado de C. Reichhardt et. al. [28], 2022, pagina 14).

1.4 Relevancia dos Estudos sobre Skyrmions

A relevancia do estudo dos skyrmions estd na area da tecnologia, pois tém potencial para
serem utilizados como bits (presenca: bit 1, ou auséncia: bit 0, de skyrmions) para armazenamento
de informagao em dispositivos [29], nos quais sdo aplicadas correntes de spins polarizados [19]
ou ondas de spin [30] para manipular as posi¢oes dessas estruturas. A vantagem na aplicagdo
de skyrmions estd no fato de que eles possuem tamanho na escala nanométrica, facilitando a
miniaturizacao de dispositivos, sao topologicamente estaveis e podem ser movidos com um custo
energético consideravelmente menor do que as paredes de dominio magnético [24].

A partir de um modelo de particulas que utiliza a aproximagao de Thiele [31], que trata
a textura magnética do skyrmion como um objeto rigido e permite descrever sua dindmica por
forgas efetivas em vez de resolver a equagao completa de Landau-Lifshitz—Gilbert [15,26], é possivel
estudar o comportamento dindmico dos skyrmions [32] e como estes interagem com os defeitos de
um determinado material. Em simulagoes realizadas, foram observadas, entre outros pontos, a
dindmica de skyrmions em desordem aleatéria [33], periddica, entre outras. Porém, ha ainda
muitas questoes que precisam ser compreendidas. A literatura mostra um crescente interesse sobre
o assunto, principalmente no que se refere ao controle dos skyrmions.

1.5 Fundamentos da Dindmica de Skyrmions no Modelo de Lin

A din&mica de skyrmions em filmes finos quirais pode ser descrita de forma eficiente por
modelos de particula rigida, nos quais cada skyrmion é tratado como um objeto pontual dotado
de estabilidade topologica. Neste trabalho, adotamos a formulagdo proposta por Lin et al.[32],
que utiliza a aproximagao de Thiele [31], derivada da equacao de Landau-Lifshitz—Gilbert [15,26],
permitindo descrever o movimento do centro do skyrmion em termos de forgas efetivas que atuam
sobre a textura magnética.



O modelo assume duas hipdteses principais: (i) a densidade de skyrmions é suficientemente
baixa para evitar superposigao entre texturas, valido para baixas velocidades, garantindo que cada
skyrmion se comporte como uma entidade individual; (ii) a estrutura interna do skyrmion nao
se deforma significativamente devido ao movimento, de modo que sua dindmica pode ser descrita
apenas pelo deslocamento do centro de massa.

Nesse formalismo, a equagao de movimento resulta da integracao da equagao de Landau—
Lifshitz—Gilbert [15,26], levando em consideragao o termo dissipativo, o termo giroscopico (Magnus)
e as forcas externas. A equagdo geral pode ser escrita como [32]:

gV + a2 X Vv = Z VUsp(rir) + FP (3)
k

Onde ay4 representa o coeficiente dissipativo, que indica a resisténcia do skyrmion ao mo-
vimento, pois os spins locais giram para acompanhar a textura e essa rotagdo consome energia, e
., caracteriza a Forga de Magnus, que surge devido & transferéncia de momento entre os elétrons
(que conduzem o movimento do skyrmion) e a textura magnética, gerando também o Efeito Hall
de Skyrmion. U, corresponde ao potencial associado aos centros de pinning, e FP representa a
forga devido & corrente de spins polarizados aplicada ao sistema.

A dindmica resultante é governada pela competicao entre o amortecimento, a forca trans-
versal de Magnus e as forcas externas impostas pelos defeitos atrativos e repulsivos. Esse modelo
permite descrever regimes como pinning, depinning, directional locking e fluxos determinados pela
razio ayy, /ag, oferecendo uma formulagao computacionalmente eficiente para a mobilidade de skyr-
mions em filmes magnéticos quirais.

1.5.1 Interacao Skyrmion—Defeito

Para a interagao entre um skyrmion e um defeito, o potencial de interagao pode ser mo-
delado por uma gaussiana [30]:

r;

Usp(rip) = —Cp e_( Tlpp)?v (4)

onde C), controla a intensidade da interacdo (sendo C, > 0 atrativo e C, < 0 repulsivo) e a
distancia entre o skyrmion i e o defeito p é dada por:

Tip = \/(961 — )% 4+ (¥i — yp)?. (5)

A forca skyrmion—defeito é obtida via o gradiente do potencial. Para a direcdo x temos:

Fy = - _ o0 {e(rff)z] (6)

e ﬁxl P 8331

Realizando a derivada, obtemos:

. rip \?
Fyp = 2(1po”) e (55), (7)
r
D
Analogamente, para a direcao y:
(Wi —yp) —(Zz)?
Fyp =20, Tgp € (r") (8)
P



1.5.2 Termo de Magnus e o Produto Vetorial

O termo de Magnus que aparece na dindmica do skyrmion estd associado ao produto
vetorial 2 x v;. Esse produto pode ser calculado explicitamente por meio do determinante:

i 7 k
Exvi=10 0 1. 9)
vr vy 0
Resolvendo o determinante, obtemos:
éxviszf—vyi. (10)

Esse termo é fundamental para a dindmica dos skyrmions, pois representa a deflexao em
sentido perpendicular a diregao da corrente aplicada.

1.5.3 Formulagao da Equagao de Movimento

Com as expressoes das forgas skyrmion-defeito e o termo transversal associado a Forca de
Magnus devidamente estabelecidas, podemos reorganizar a equagao de Thiele de forma explicita em
suas componentes. A forca externa FP, proveniente da corrente aplicada, é considerada atuando
apenas na diregao x, o que simplifica a analise dindmica.

A componente z da equagdo de movimento pode ser escrita como:

dx dy 2C, Tip 2 D
=t =Y P (- — (b F 11
g I O o a 7"5 (z; a:p)exp[ <r + , (11)

P

onde o primeiro termo & direita da equagdo representa a interagdo skyrmion—defeito (atrativa ou
repulsiva, dependendo do sinal de Cp).

A componente y é dada por:

dy dr 20, rip )~
oy 7 + o i zp: r% (s — yp) €Xp [— (rp . (12)

Para simplificar a notagao, definimos:

D Fe=3 2,%(% — @p) exp l— (:p)z] : (13)

DD 2%(% — Yp) €Xp l— (::)2] : (14)

Isto &, > F, e > F, representam a forca total dos defeitos atuando no skyrmion, dessa forma, as
equagoes da dindmica tornam-se:

QqUy — Uy = Z F,+ FP, (15)
QqUy + Uy = Z F,. (16)

Escrevendo na forma matricial:



g —Qm\ (Vg S FE,+FP
(am oy ) (vy) o ( S F, : (17)
Multiplicando pela inversa da matriz:
g\ 1 g Qo > F, + FD (18)
Vy 043 + Oz?n —Qm Qg Z Fy .
As expressoes finais para as velocidades sao entao:

O‘d(ZFx+FD)+O‘m(ZFy)

T = 5 19

Vg 2 az (19)

V., = _am(ZFI + FD) +ad(ZFy) (20)
Y %+ a2, ’

A formulagao final das velocidades evidencia que a dindmica do skyrmion resulta da com-
peticao entre duas contribuigoes fundamentais: as forgcas de pinning provenientes dos defeitos
(atrativos ou repulsivos) e o termo transversal associado a Forga de Magnus. Esse conjunto de
interagoes determina nao apenas a trajetoria, mas também a deflexdo efetiva observada sob agao
da forga externa.

Para resolver as equagoes de movimento (19) e (20), utilizamos técnicas classicas de si-
mulagao, para simular um sistema infinito, onde as forgas sao avaliadas a cada passo temporal
e as posicoes sao atualizadas por métodos de integragao numérica. Neste trabalho a integracao
numérica foi feita usando integracao de Runge-Kutta de segunda ordem.

2

Além disso, o tratamento correto das condi¢oes de contorno é essencial. No estudo de
skyrmions, condi¢oes periddicas sao amplamente empregadas para minimizar efeitos artificiais de
borda e representar um sistema efetivamente infinito, sendo uteis para analisar a dindmica do
sistema.

2 Objetivos

O presente trabalho teve como objetivo estudar o comportamento dindmico de um skyr-
mion em um filme fino ferromagnético, posicionado no plano zy, sob a influéncia de uma rede
de defeitos com simetria quadrada, conforme ilustrado na Figura 6, na qual parte dos defeitos é
atrativa e parte repulsiva. O skyrmion foi inicialmente inserido exatamente no centro da caixa
de simulacao, e submetido a uma corrente de spins polarizados até atingir um estado totalmente
estavel dinamicamente, permitindo o estudo de seu movimento. Busca-se compreender o compor-
tamento dindmico de skyrmions nesse tipo de amostra e identificar possibilidades de controle de
sua trajetoria.

De forma mais detalhada, os objetivos deste trabalho foram:

1. Desenvolver e implementar um algoritmo para resolugao da equagao do movimento de skyr-
mions, baseado no modelo proposto por Lin et al. [32], utilizando técnicas de simulagio
[34];

2. Gerar computacionalmente as redes de defeitos utilizadas nas simulagoes;

3. Calcular as velocidades dos skyrmions e suas trajetorias, avaliando possibilidades de controle
de movimento;

4. Caracterizar os diferentes regimes dindmicos do sistema;



5. Analisar como parametros dos defeitos, como tamanho e for¢a, influenciam na dindmica dos
skyrmions.
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Figura 6: Ilustragao da rede quadrada de defeitos que serao utilizadas nas simulagoes, onde os
circulos vermelhos sdo defeitos repulsivos e os pretos sao atrativos. Fonte: Elaborado pelo autor.

3 Artigo com os resultados

Este trabalho sera apresentado no formato de artigo completo, sendo transcrito abaixo
conforme a versao submetida a Journal of Physics: Condensed Matter (IOP Publishing) durante
o periodo cientifico
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Resumo

We investigate the driven dynamics of a single skyrmion in a square lattice of mixed pinning
sites, where attractive and repulsive defects coexist using a particle-based model. The mixed
landscape yields directional locking at fsx = —45° and flow at locked angles near the intrinsic
skyrmion Hall angle. By mapping defect strengths, we show that weaker attraction lowers
the depinning threshold, whereas stronger repulsion stabilizes and broadens the —45° locking
plateau. Moreover, combinations of attractive and repulsive defect strengths allows control of
directional lockings and their force ranges. Defect size further tunes the response, selecting
among —45°, —50°, —55°, and ~ —59°. These results establish mixed pinning as a practical
knob to steer skyrmion trajectories and the effective Hall response, providing design guidelines
for skyrmion-based memory and logic devices.

Keywords: Magnetism, skyrmions, pinning, dynamic phases, directional locking

3.1 Introduction

Magnetic skyrmions are topological excitations stabilized in chiral magnets by the inter-
play between exchange and the Dzyaloshinskii-Moriya interaction (DMI) [1, 2]. Owing to their
nontrivial topology, skyrmions are robust against moderate perturbations and can be treated as
quasiparticles. Beyond their fundamental interest, skyrmions are promising candidates for infor-
mation carriers in spintronic applications, where the bit state can be encoded in their presence or
absence [3, 4, 5, 6], and they have also been proposed as building blocks for qubits and novel logic
elements [7, 8].

A central challenge in such skyrmion-based devices is that skyrmion motion is strongly
influenced by a Magnus force set by topology [9, 10]. In clean samples, a driven skyrmion travels at
an intrinsic angle 9;‘}? relative to the drive, a phenomenon known as the skyrmion Hall effect (SKHE)
[11, 12]. The magnitude of Hé‘ﬁt increases with the ratio of the Magnus term to the dissipative term,
and experimentally spans from a few degrees to very large values depending on material parameters
and skyrmion size [11, 13, 12]. Large deflections are detrimental for racetrack-like devices, since
skyrmions may leave the track and be annihilated at the edges [14, 15].

In realistic media, pinning strongly impacts trajectories and effectively changes the obser-
ved skyrmion Hall angle 6y [16, 17]. These pinning centers can be either attractive or repulsive,
natural or nanoengineered. Remarkably, periodic pinning has been shown to quantize or lock
the direction of motion as the drive increases, enabling controllable transport [18, 19, 20, 21].
This directional locking is analogous to phenomena in superconducting vortices [22] and colloids
[23, 24, 25] driven over periodic substrates. For skyrmions, the drive direction is fixed, but the
velocity-dependent 6y produces discrete reorientations of the trajectory as the drive magnitude
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is ramped. On a locking step, 6 remains constant over a finite drive interval, while transitions
between steps coincide with characteristic features (dips or cusps) in the velocity—force curves.
Such plateaus offer a practical knob to steer skyrmions via small drive adjustments. Additio-
nal strategies to control motion include ratchet effects [26, 27, 28, 29|, interface-guided transport
[30, 31], strain [32], magnetic or temperature gradient drives [33, 34, 35, 36, 37|, 1D potential
channels [38, 39, 40], nanotracks [41, 6, 42], and hybrid skyrmion—vortex architectures [43, 44, 45].

For square arrays of periodic obstacles, the locked directions often follow ¢ = arctan(p/q)
with integers p and ¢ [18, 19]. However, to the best of our knowledge, the impact of coexisting
attractive and repulsive sites (mixed sites) arranged on a square lattice has not been systematically
explored on the skyrmion dynamics.

In this work we address this gap by studying skyrmion motion in a lattice combining at-
tractive and repulsive defects. We demonstrate new ways for steering trajectories and tuning the
effective Hall response, thereby refining control of skyrmion transport. Our simulation methodo-
logy (shown in Section 3.2) employs a particle-based approach for a single skyrmion [46], with
dissipative and Magnus terms in the equation of motion. Defect interactions are modeled by Gaus-
sian potentials, and an external drive Fp is applied. We characterize the direction of skyrmion
motion by the Hall angle 0y = arctan(vy /v)), defined from velocity components perpendicular
and parallel to Fp. Section 3.3 we present our results where three dynamical regimes can be seen:
(i) a pre-depinning regime where the skyrmion is trapped; (ii) a directional-locking regime with
a stable trajectory at —45°; and (iii) a high-drive Magnus regime where g — 61*. The novelty
here is that the relative strengths of attractive and repulsive pinning control the extent of each re-
gime, and that sufficiently strong attraction suppresses the locking plateau. In Section 3.4 we map
the pinning strength effects to identify optimal operating windows. In Section 3.5 we investigate
pinning size effects and find that enlarging repulsive sites can modify 0y at low drives, while at
higher drives the motion is dominated by the intrinsic SKHE and becomes less sensitive to size. In
Section 3.6 we discuss our results highlighting important features and addressing future prospects,
and in Section 3.7 a summary is exhibited.

3.2 Simulation

We simulated the dynamics of a single skyrmion in a ferromagnetic thin film that can host
Néel skyrmions at zero temperature. The skyrmion is embedded in a two-dimensional simulation
box of dimensions L, x L,, with periodic boundary conditions along the x and y directions. As
shown in Fig. 7, the system contains a square lattice of nanoengineered defects that are either
attractive or repulsive to skyrmions.

f[o o o o o o o o o o
30 b
o o o o o o o o o o
25fo o0 o0 0o o0 0 0 O o O]
[0 0o 0o o o 0o 0o 0 o o
20 B
[o o o o o o o o o o
B~ [
I5ro o o o o o o 0O 0 07
[0 0o 0o o o o o o o o
101 B
[o 0o o o o o o 0o o o
5o o 0 o o o o o o of
[0 o o o o o o o o o
0 1 1 1
0 10 20 30
X

Figura 7: Schematic of the square array of periodic defects in our system that interact with the
skyrmion. Red circles correspond to repulsive obstacles, while black circles to attractive pinning
sites.

11



The skyrmion dynamics follows a particle-based equation of motion as in Lin et al. [46].
We use a custom Fortran code based on standard molecular dynamics methods [47]. The equation
of motion is:

Qv+ am 2 x v, =F* + F* + Fp (21)

The first term on the left-hand side represents the damping that arises from spin precession
and electron dissipation in the skyrmion core, where g is the damping constant. The second term
represents the Magnus force, acting perpendicularly to the skyrmion velocity, where «,, is the
Magnus constant. On the right side of the equation we have the skyrmion-defect interactions,
F2* and F;°P, that are modeled by a Gaussian potential of the type U, = Cy e=(rio/20)*  where
Cy represents the strength of the defect potential. The force associated with this potential is
F,, = -VU, = —26%" Tio e~ (Tio/ao)? Ti0. Here, 7;, is the distance between skyrmion ¢ and pinning
site o, a, is the pinriing radius, and 7;, is the unit vector pointing from the pinning center to the
skyrmion. As mentioned earlier, in this work two types of obstacles were considered. Attractive
pinning sites are described by a negative potential strength Cy = —Clyy, producing a force that
pulls the skyrmion toward the defect center. While repulsive obstacles have a positive potential
strength Cy = C,¢p resulting in a force that pushes the skyrmion away from the obstacle center.
Thus, each pinning or obstacle site have different potential strengths Cy and Cip, and different
radius a,¢ and arep, respectively. The third term on the right side is the interaction between the

skyrmion and the external transport force, given by Fp = Ip ci where throughout this work we
use d = #. We increase F'P in small steps of §F” = 0.01 and spend 2 x 10° simulation time steps,
with a time step dt = 0.001, at each drive increment to ensure a steady state.

We measure the average velocities (V) = (v-X) and (Vi) = (v-y). We normalize
all distances by the screening length £ and select the damping and Magnus constants such that
am? 4 ag? = 1. Besides that, we also fix the rate (., /ag) = 1.732, resulting in an intrinsic Hall
angle of approximately 6 ~ —60° in all calculations.

3.3 Skyrmion Dynamics with Attractive and Repulsive Defects

We first consider Cyt = —0.5, Crep = 1.0, and aa; = arep = 0.65. Fig. 8 shows (V))),
(V1) and the corresponding 6 as functions of Fip. The initial skyrmion position, i.e., the ground
state is the skyrmion trapped in a attractive pinning site close to the center of the simulation
box. It is important to note that the energy of the system is the same for the skyrmion trapped
at any attractive pinning site since we consider an infinite ferromagnetic thin-film with periodic
boundary conditions. As we increase the external driving, Fp, the skyrmion average velocities
remain with zero values for Fp < 0.68, as shown in Fig. 8 (a). This means that the skyrmion
remain trapped in the attractive defect, and its equilibrium position just deviates a bit from the
center of the defect due to the external driving. This is the pinned phase. For Fp > 0.68, Fig.
8 (a) shows that (V|) exhibit a sharp increase and (V) a sharp decrease, indicating that the
skyrmion begin to move. For the interval 0.68 < Fp < 0.95 the average velocities varies smoothly
with the applied drive. This regime can be seen in Fig. 8 (b) where skyrmion direction of motion
is locked at 64 = 45°. This is a clear directional locking effect for skyrmions in a periodic array of
repulsive obstacles that has been observed in previous works [18, 19, 20]. However, here we show
that this phase is also observed in a mixture between attractive and repulsive defects. Due to the
ratio ag,/ag = 1.732, the skyrmion intrinsic Hall angle is 0;{‘} =~ 60°. However, the interaction
between the pinning landscape, the skyrmion and the external drive results in a directional locking
at 0y = 45°. Different than observed in previous works [18, 19, 20], where only repulsive obstacles
were considered, here we do not observe the skyrmion moving at 6y = 0°. In order for the
skyrmion to move along 6y, = 0° it is necessary close repulsive defects to repel the skyrmion and
lock its motion along the driving force. Here, due to the mixture of repulsive and attractive defects,
we observed a expanded range of forces of fgx = 45°. In Fig. 9 (a) we illustrate the skyrmion
trajectories among the defects. Note that the skyrmion moves along the diagonal of the sample,
being repelled by the repulsive obstacles in a zig-zag type of motion.
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For Fp > 0.95, both skyrmion average velocities, <VH> and (V) ), exhibit decrease in
magnitude followed by oscillations, as shown in Fig. 8 (a), indicating the presence of a transient
skyrmion motion between stable phases. This can also be seen in Fig 8 (b), where 6 is oscillating
and changing locking directions in short intervals of Fp. For 1.13 < Fp < 1.42, the skyrmion
velocities increase in magnitude more smoothly, along with a stable 6y ~ 59°. For Fp > 2.50, the
skyrmion direction of motion tends to align with the intrinsinc skyrmion Hall angle continuously,
similar to observed in previous works [18, 19, 48|. This is a clear signature that pinning effects
are being mitigated by the strong driving forces, resulting in a dynamics that resembles the clean
sample case. In Fig. 9 (b) it is illustrated some skyrmion trajectories for Fp = 1.60, where
the system is locked along g =~ 59°. In this case, the skyrmion trajectory passes through some
attractive pinning sites but also some repulsive sites, different than shown in Fig. 9 (a).
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Figura 8: Results for a system with a single skyrmion in mixture of repulsive and attractive pinning
sites as shown in Fig. 7, using aq¢ = a@yep = 0.65, Crep = —0.5 and Crep = 1.0. (a) (V)) and (V)
as a function Fp. (b) The corresponding Hall angle 6, as a function of Fp.
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Figura 9: Tllustration of the skyrmion trajectory (blue line) under the defect array for different
values of the external driving force Fpp for the system shown in Figs. 7. and 8. In (a) Fp = 0.70,
where a directional locking regime occurs with g, = —45°; (b) Fp = 1.60, regime dominated by a
directional locking 05, = —59° very close to the intrinsic Hall angle 0;‘1? ~ —60°.

3.4 Effects of Defect Strength on the Dynamics

In Fig. 10 (a), we plot gk as a function of the driving force Fp for a system with both defect
radius fixed at aa; = arep = 0.65. The repulsive strength was kept constant at Crep = 1.0, while the
attractive strength Cy,¢ was varied using —0.25, —0.50, —0.75, and —1.0. The results clearly show
that the depinning threshold is sensitive to the magnitude of the attractive strength Cy;. In the
inset of Fig. 10 (a), it is shown a clear linear increase in magnitude of Fyepin as a function of Chy.
Additionally, we observe that the regime characterized by 6y = —45° is dependent of C,;. For
example, the range of Fp in which the skyrmion remains in this regime is largest for C,y = —0.25.
On the other hand, this regime vanishes completely for |C,¢| > 0.75. That is, for stronger values of
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Cayt the skyrmion becomes strongly pinned at the pinning site. When the external drive is sufficient
large to depin the skyrmion, it depins with high velocity and cannot stabilize the regime at which
it locks at 65, = —45°. This g, = —45° locking phase requires moderate skyrmion velocities to be
stable.

The results for g vs. Fp for the system with fixed aas = arep = 0.65 and Cyy = —1.00,
while varied Ciep, = 0.25, 0.50, 0.75, and 1.0 is shown in Fig. 10 (b). Different than shown in
Fig. 10 (a), here the depinning thresholds are all the same, at Fp = 1.34. Since the ground state
correspond to a skyrmion trapped at an attractive pinning site, the effect of C.cp, has no effect
on the depinning forces. However, the dynamic phases strongly depends on Ciep. For the case
of Crep = 0.25 the skyrmion direction of motion tends to the intrinsic angle much faster than for
stronger values of Ce,. That is, the repulsive obstacle sites are crucial for controlling the skyrmion
direction of motion, corroborating previous works [19]. For example, using C,ep, = 1.0, the intervals
at which the dynamic phases are stable are much expanded, including the g ~ 59° phase. These
features can also be seen in Fig. 10 (c) and (d), where we performed a detailed analysis of the
range of driving force regimes AFp for selected most prominent Hall angles, 65 = —45° and
—60°. These ranges of AFp are determined directly from the 6y vs Fp curves shown in (a) and
(b), identifying the force ranges in which the 6y remains fairly constant within a tolerance of
Afgx = £1.5° due to numeric oscillations. Fig. 10 (c) illustrates the intervals AFp for the pinned
state, O = —45° and —60° as a function of the attractive force Cy, while fixed Ciep = 0.5 for
several values of Cy. From Fig. 10 (c), it is possible to see that the pinned phase progressively
decreases as |C,t| decreases. As the attractive sites becomes weaker, it is easier for the skyrmion
to depin. The g = —45° regime can only be stable for |Cht| < 0.3. Additionally, the interval of
forces AFp where this regime is stable increases with decreasing C,¢. The phase where the regime
is locked at g, = —60° also increases as |Cat| decreases. This result is expected, as the attractive
pinning sites becomes weaker, the system tends to behave more similar to a clean sample where
the stable regime is flowing along the intrinsic angle. In Fig. 10 (d) is shown the intervals AFp
as a function of the repulsive force C,¢p, while fixed Cys = —0.5. The pinned phase is completely
independent of Cyep. The g = —45° regime is stable for Cyop > 0.7, while 6y = —60° phase tends
to be more robust as Cle, decreases. These results show clearly that there is a balance of values
of Crep and C,¢ where more dynamic phases can be observed. Thus, from the practical point of
view, it is possible to modulate phases using a combination of attractive and repulsive defect sites.

Fig. 11 illustrates selected skyrmion trajectories. In Fig. 11 (a), the skyrmion is flowing
in a defect landscape using Cpy = —1.0, Ciep = 1.0 and Fp = 1.50, where its motion is locked at
Ok &~ —57°. In this regime the skyrmion flows and interact with both attractive and repulsive sites
resulting in a periodic motion displacing six lattice parameters along y and four along z, that is,
a ratio of R = 6/4. The angle of motion can be calculated as g = arctan(R) ~ 57°. In transient
Fig. 11 (b), using Cyoy = —0.75, Cay = 1.0 and Fp = 1.60, the skyrmion motion is not locked at a
specific direction. This is a transient motion between different locking directions. As can be seen,
the skyrmion motion does not exhibit periodicity.
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Figura 10: (a,b) Skyrmion Hall angle g as a function of the driving force, Fip and (c,d) the range
of forces AFp vs. the defect strengths. (a) Results for fixed Ciep = 1.0 and varied Chyy, and (b) for
fixed Car = —1.0 and varied Ciep. (¢) AFp vs. Cyy with fixed Crep = 0.5 and (d) AFp vs. Chrep
with Cy,y = —0.5. Simulations were performed with the ratio o, /aq = 1.732 and aay = ayep = 0.65.
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Figura 11: Skyrmion trajectories in a periodic lattice of attractive and repulsive defects for different

combinations of potential strengths and driving force, Fp. (a) Ch = —1.0, Crep = 1.0 and
Fp = 1.50, where the skyrmion motion is locked at fg = —57°. (b) Cat = —0.75, Cat = 1.0 and
Fp = 1.60, where the skyrmion motion is in a transient state, between locked states 65, = —57°
and —59°.

For a complete description of the defect strengths, Cyt and Ciep, in Fig. 12 we show a phase
diagram of AFp vs. Cay vs. Crep for the pinned phase, 6y = —45° and 6« = —60°. In Fig. 12 (a)
it is clearly shown that the pinned phase depends solely on C,. In Fig. 12 (b) we observe that
Osk = —45° regime can only occur for a combination of low Cy¢ and high C'.,. The white region
in the plot indicates regions where this phase cannot be stabilized. Finally, 6y = —60° is most
prominent when both Cic, and C, are weak. That is, when the system exhibits weak pinning,
the dynamics resembles the clean sample case, where the skyrmion flows along the intrinsic SKHE,
which in our case is 6% ~ 60°.
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Figura 12: Dynamic phases of AFp as a function of attractive (Cyy) and repulsive (Chep) defect
strengths using a,,,/cg = 1.732 and aay = arep = 0.65. In (a) diagram for the pinned phase, (b)
Osx = —450; and (C) Osx = —60°.

3.5 Influence of Defect Size

To investigate the effects of defect size on skyrmion dynamics, we fix Cyy = —0.2 and
Crep = 0.8 and then vary the size of the attractive and repulsive defect sites. These values were
chosen as they exhibit the phases 5 = —45° and ~ —60°, allowing us to observe how only defect

size effects the dynamic regimes. The radii of the defects, both attractive and repulsive, were
varied from 0.05 to 1.0 in steps of 0.05.

In Fig. 13 (a), using Fp = 0.25, we can see that for small repulsive defects of a,ep < 0.4
the skyrmion Hall angle can lock at different angles 05, ~ —56° or ~ —60° depending on the value
of a,t. For small a,y and ayep, the skyrmion tends to lock at angles very close to the intrinsic angle,
as expected. However, for larger attractive sites, a,; > 0.8, the influence of the defects is strong
enough to lock skyrmions along 0y ~ 56°. For larger repulsive defects of 0.40 < a,ep < 0.95, the
skyrmion is locked at s =~ —45° phase. For very large repulsive defects, ay.p = 1.0 the skyrmion
locks at a different direction g & 48°. In Fig. 13 (b), using Fp = 0.50, as we vary the size of both
defects it is only possible to observe two different locking directions, g ~ —45° for arep > 0.40, or
~ —60° for arep < 0.40. In this case, as more external driving force is applied, the skyrmion has
higher average velocities which helps it to lock at fewer directions. For Fp = 0.75, as shown in Fig.
13 (c), the 6 ~ —45° is much reduced, only available at 0.50 < ayep < 0.65. For ayep > 0.65 the
skyrmion direction of motion tends to align along 6y ~ —50°. Meanwhile, for F)pb = 1.00, shown
in Fig. 13 (d), the skyrmion is even less influenced by the defects, changing from 6, ~ —60° to
~ —56° due to larger a,ep.

Hence, defect size is a key parameter for steering skyrmion trajectories. Increasing the
radius amplifies pinning or repulsive forces and expand directional locking phases, whereas smaller
defects weaken these effects. Additionally, we expect that large and strong defects stabilize more
locking directions. These findings chart a practical route to controlling skyrmion motion via
coexisting attractive and repulsive defects.
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Figura 13: Skyrmion Hall angle, 0 as a function of the repulsive defect size a,op for different
attractive defect sizes a,¢ and driving force values: (a) Fp = 0.25, (b) Fp = 0.50, (c) Fp = 0.75,
and (d) Fp = 1.0.

3.6 Discussion

Using particle-based simulations we showed that it is possible to control a single skyrmion
direction of motion using a landscape composed of attractive and repulsive defects. We model
the skyrmions following the model proposed by Lin et al. [46], where skyrmions are treated as
point-like rigid bodies that cannot deform or change size; however, in real materials, skyrmions
may deform, change size or be annihilated. These features can change the dynamics or give rise
to new phenomena, which could be explored further using continuum-based simulations. Thermal
fluctuations, neglected here, are likewise expected to modify the behavior, where thermal creep at
low drives can shift depinning thresholds and phase boundaries, and fragile plateaus of small AFp
values may disappear at moderate temperatures. We expect the qualitative influence of mixed
pinning to be robust across other pinning geometries, while the preferred locking directions reflect
lattice symmetry. That is, in the square array considered here, the principal direction is 45°,
whereas a triangular lattice should favor 30° and 60°.

3.7 Summary

In this work we have investigated the dynamics of a single skyrmion interacting with
a square array of defects that coexists attractive and repulsive defects. The defect landscape
produces directional locking at 65, = —45° and flow near the intrinsic skyrmion Hall angle, in our
case O =~ —60°. Unlike repulsive-only arrays, our system does not exhibit a 6 = 0° step, as the
alternation of pin types suppresses longitudinal locking. By tuning defect strengths, we control
both the depinning threshold and the extent of the —45° locking step, where weaker attraction
lowers the depinning force, whereas stronger repulsion stabilizes directional locking and broadens
its force window. Thus, the set and width of accessible locking steps can be expanded or suppressed
by appropriate strength choices. We also investigated defect size effects. At low drives the dynamics
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is more sensitive to defect radii, enabling locking at 6y = —45°, —50°, —55°, or ~ —59° depending
on parameters; at higher drives the motion converges toward Gé‘l‘f. We hope our results bring new
insights in using a combined mixture of defects that are attractive and repulsive to enable new
possibilities to control the skyrmion motion in future spintronic devices.
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4 Consideracoes Finais

Neste trabalho, analisou-se a dindmica de um skyrmion em um filme fino ferromagnético
quiral submetido a uma rede periddica formada por defeitos atrativos e repulsivos. Utilizando
um modelo de particula rigida baseado na formulagao de Thiele e na abordagem de Lin et al.[32],
foi possivel estudar como a forca externa Fp e os pardmetros caracteristicos da rede de defeitos
influenciam a trajetéria do skyrmion e o dngulo de Hall efetivo 6.

Os resultados mostraram que a presenga combinada de defeitos atrativos e repulsivos afeta
de forma direta tanto o processo de deppining quanto os regimes dinmicos subsequentes. A
diminui¢ao da intensidade atrativa reduz o valor critico de Fp necessario para o skyrmion deixar o
estado aprisionado, enquanto o aumento da intensidade repulsiva estabiliza o regime de directional
locking em 04, =~ —45°, ampliando o intervalo de forca no qual esse comportamento permanece.
Para valores mais altos de Fp, observou-se que a dindmica tende ao dngulo intrinseco de Hall do
skyrmion, 65, ~ —60°, indicando que, nessa regiao, o termo de Magnus domina a resposta e a
influéncia do pinning torna-se secundéria.

Também foi verificado que o raio efetivo dos defeitos constitui um parametro adicional de
controle da dindmica. A variacao do tamanho dos centros de pinning permitiu identificar regimes
caracteristicos associados a diferentes valores de 6, incluindo trajetérias médias proximas de
—45°, —50°, —55° e —59°. Esses resultados indicam que a engenharia geométrica da paisagem de
defeitos pode ser utilizada como um mecanismo eficiente para modular a dire¢ao e a resposta Hall
efetiva do skyrmion, o que é relevante no contexto de dispositivos spintronicos.

Trabalhos futuros podem incluir efeitos térmicos de forma explicita, buscando compreender
como flutuagoes térmicas modificam o depinning e a estabilidade das fases de directional locking.
Além disso, uma extensao importante consiste em considerar a interagao entre miltiplos skyrmions,
permitindo o estudo de efeitos coletivos, como repulsao entre skyrmions, reorganizagao dindmica
e possiveis transigoes estruturais da rede de skyrmions em presenca da rede mistas de pinning.
Esses desdobramentos podem revelar novos regimes de transporte coletivo que ainda nao foram
plenamente explorados e que sao relevantes para aplicagoes em memoria e logica baseadas em
texturas magnéticas topologicas.
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