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Multidomain states of square artificial spin ice show a range of different morphologies ranging from simple
stripelike domains to more organically shaped coral domains. To model the relevant dynamics leading to the
emergence of such diverse domain structures, simplified descriptions of the switching behavior of individual
nanomagnets are necessary. In this work, we employ kinetic Monte Carlo simulations of the demagnetization
of square artificial spin ice toward its ground state and compare how the choice of transition barriers affect the
emergence of mesoscale domains. We find that the commonly used mean-field barrier model (informed by equi-
librium energetics only) results in propagation of ground-state string avalanches. In contrast, taking into account
chiral barrier splitting enabled by state-dependent local torques supports the emergence of complex-shaped coral
domains and their successful relaxation towards the ground state in later relaxation stages. Our results highlight
that intrinsic contributions to switching barriers, in addition to the effect of extrinsic defects often attributed
to nanofabrication irregularities, can subtly shift favored transition pathways and result in different emergent
mesoscale features. Future kinetic Monte Carlo models that describe the evolution of artificial spin systems

should thus account for these effects.
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I. INTRODUCTION

Artificial spin ices (ASI) are metamaterials in which net-
works of interacting nanomagnets [ 1-4] are used to study phe-
nomena such as phase transitions and emergent correlations in
geometrically frustrated spin systems [5-9] or using their self-
organizing behavior for low-power unconventional computing
[10-14]. A key question common to all these effects is how
mutual interactions between the basic constituents (i.e., nano-
magnets) impact the evolution of macroscopic variables, the
emergence of mesoscale domains [15,16], and the successful
relaxation to the ground state of the system [1,17-19]. Over
the years, different mechanisms have been implemented to ex-
cite artificial spin systems, ranging from oscillating or rotating
magnetic fields [20-24], thermalization during sample growth
[15,25-27], thermal annealing after growth [28-30], as well
as thermalization at constant temperature using superparam-
agnetic nanomagnets [17,31-37].

A well-studied specific lattice geometry is the square arti-
ficial spin ice (s-ASI), where four nanomagnets are arranged
on crosslike vertices, as shown in Fig. 1(a). The s-ASI has
a well-defined antiferromagnetic ground state made up of a
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tiling of so-called 7} vertices [Fig. 1(b)] [1,62], which makes
it attractive for comparative studies tracking its relaxation
via successive moment reversals lowering the net interaction
energy of the system [12,18].

A particularly intriguing observation in relaxation studies
relates to the emergent mesoscale structures imaged by mag-
netic microscopy, which can come in two distinct flavors: On
the one hand, relaxation driven by avalanches of 7} strings
results in diagonal stripelike domains that clearly mirror the
underlying energy hierarchy of the system [17,23,31,35,38].
On the other hand, organically shaped coral domains—
delimited by domain boundaries oriented along any lattice
directions (and thus not necessarily coinciding with the di-
agonal string propagation) [15,26—30]—are usually attributed
to extrinsic site-specific disorder originating from nanofabri-
cation defects [22,38—41].

Supplementing experimental observations, Monte Carlo
simulations based on simplified assumptions are often used
to explain key features in the evolution of artificial spin sys-
tems [12,38,42—44]. Recently, we showed that chiral barrier
splitting enabled by state-specific local torques has been over-
looked so far in the description of switching behavior in s-ASI
[45,46]. Taking local fields into account, the switching bar-
riers are significantly reduced in strongly interacting s-ASI,
leading to faster relaxation as well as modifying favored re-
laxation pathways.

In this work, we expand on these findings on the de-
magnetization of s-ASI using kinetic Monte Carlo (kMC)
simulations, comparing a model based on purely equilib-
rium energy considerations (mean-field model) with a model
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FIG. 1. Square artificial spin ice. (a) Geometry of tiled four-
moment vertices with lattice periodicity @ and nearest- and next-
nearest neighbor interactions J, ,‘\j,‘,s and J, ,‘\i,','s,N‘ (b) Energy hierarchy and
multiplicity of single-vertex configurations 7; (i = 1---4). (c) The
double-vertex environment (light gray) acting on the central island
(dark gray) determines the energy barrier for moment switching.
[(d) and (e)] For reversal via coherent rotation a perpendicular
magnetization M+ # 0 exerted by the environment can lift the degen-
eracy for clockwise and counterclockwise reversal energy barriers.

that takes into account the local contributions to the ki-
netic switching barriers. We find that—even in the absence
of disorder—the modifications due to chiral barrier splitting
can lead to the formation of coral domains and identify
the relevant relaxation pathways that favor the formation of
complex-shaped domains as well as their final consolidation
towards a global ground state. Our results demonstrate how
the influence of intrinsic interactions, in addition to extrinsic
disorder, can lead to the emergence of complex mesoscale
domain patterns, an effect which should be considered for
future modeling of relaxation of artificial spin systems.

II. BACKGROUND

Here we consider the s-ASI lattice with periodic boundary
conditions, which is formed by nxn four-moment vertices
(i.e., in total 2n> moments), as shown in Fig. 1(a). Due to rapid
interaction dropoff, it is sufficient to consider interactions
between nearest and next-nearest neighbors [27,38,42,46].
Within the point-dipole approximation, interaction strengths
J;\j,l]{’, and J,f,',g,v depend on the lattice periodicity a and magnetic
moment m only, with 1y being the magnetic permeability:

2
dp _ 3 KO
Jy = P and (1)
2
di Mo m ﬁ d1 ~ di
Iy = a3 N~ 0.4TI4 . @

The 16 possible states of a four-moment vertex define an
energy hierarchy with four distinct cases, Fig. 1(b). The two
lowest-energy states are ground-state 7; configurations (blue)
and T, vertices (gray) that can be initialized by a diagonal sat-
urating magnetic field. The 7} and 7, configurations obey the

so-called two-in-two-out “ice rule” [1], whereas T3 (red) and
Ty (yellow) are high-energy configurations associated with
magnetic charges. T, configurations are especially unfavor-
able and rarely occur in experiments or simulations [15,47].

In this work, we consider the thermal demagnetization
from a field-set initial state of 7, vertices to a low-energy
configuration dominated by 7; vertices [23,31,38]. Full de-
magnetization requires every other moment to flip, and thus
at least n” spin flips to reach the ground state. However, any
transition from a 7, to a 7T state requires the excitation of
higher-energy 75 vertices, as mutual interactions restrict the
relaxation pathways [12,18].

To model the time-dependent demagnetization, the transi-
tion rates v(AE, T') for thermally activated moment reversals
can be expressed by the Arrhenius law:

AE
ey

V(AE, T) = vy exp (_k T
B

Here AE is the energy barrier to be overcome, T is the
absolute temperature, and kg the Boltzmann constant [48,49].
The prefactor vy is a rate typically in the order of 108-10'2s~!
and depends on the size and temperature of the nanomagnet
[48,50,51]. Here we assume that vy is state independent or at
least varies much less than the exponential dependence with
the barrier energy [52,53].

As shown in Fig. 1(c), a moment surrounded by six closest
neighbors forms a double-vertex configuration that deter-
mines the energy contribution to the switching barrier AE.
For s-ASI in the limit of quasicoherent moment reversal, AE
can be decomposed into three contributions [45,46].

First, the single-particle barrier AEg, is associated with
the shape anisotropy of a noninteracting magnetic nanoisland
[10,54-56]. In this work, we use Ty, as a natural timescale of
the evolution:

1, = V(AEg, T). )
Second, the single-particle barrier is modified by the pair-
wise interactions and favors transitions to configurations of

lower dipolar energy. Using the energy difference AEid_if’ =

E% — Eidip between final and initial static moment configura-
tions, the “mean-field” (MF) [11,12,18,45,46] switching rate
is given by

AEg + 5 AEd‘P
—_— ] 5

MF
. = 2 c
v; Vo xp( kBT

Third, as shown in Figs. 1(d) and 1(e), the four nearest-
neighbor moments can exert a torque via a local perpendicular
net magnetization MiJ- acting on the switching moment. If
Mt # 0, then the energy barriers for clockwise (O) and coun-
terclockwise () switching differ [45,46]:

ML

AE; ;oi = AEg + éAEldlff + 3 — g (6)

This chiral barrier splitting is present for a large fraction of

magnetic configurations [46], including the fully magnetized

background [Fig. 1(d)] where, with Mf- = +4, a counter-

clockwise reversal is favorable over a clockwise moment

rotation. In contrast, barrier splitting is absent for example for
the ground-state configuration with Mf = 0 [Fig. 1(e)].

Due to the exponential behavior of the Arrhenius law
in Eq. (3), even a small reduction of the energy barrier
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significantly increases the switching rate through the fa-
vored (clockwise or counterclockwise) reversal channel. In
the following we denote the increased net relaxation rate as
“chiral-split barrier model” or CB:

Jdip
viCB =10 410 = leF cosh Mfﬂ . @)
! ! 3kgT

III. METHODS

We performed kMC simulations [57-59] of the demagne-
tization of s-ASI, using a custom-written python kMC code
[60,61], comparing the relaxation behavior of mean-field and
chiral-split barrier models [45,46]. Periodic boundary condi-
tions ensure that all moments have the same double-vertex
environment, emulating a larger network without edge effects.
In particular, we assume a perfect system with equal moments,
that is, we do not take into account the effect of defects
or site-specific variations in switching barriers. The purely
configuration-dependent probabilities for successive spin flips
are calculated from the current state and using a lookup table
for the double-vertex transition rates calculated from Eq. (5)
and Eq. (7), respectively. For each kMC step, a single moment
is flipped after being randomly selected from the weighted
transition probabilities, and, together with a random time
update (again, based on the most likely transition rates), the
system is updated [57-59,61].

The single-particle switching barrier AEg, = 1.327eV
and moment m = 3.285x10% up correspond to values for
a stadium-shaped permalloy island with length, width, and
height of 150 nm x 100 nm x 3 nm and a saturation magne-
tization of 790 kA/m. As shown in previous works [45,46]
such a magnetic nanoisland reverses via quasiuniform modes
and thus is an appropriate choice for our study [24,32].

The lattice periodicity a, and thus the strength of Jg,'}\), in
Eq. (1), has been varied between values of 150 and 500 nm.
The resulting Néel temperatures, Ty (a) = 1.7J,‘\1,1,{'}(a) [42,62],
is always above the fixed simulation temperature of 7 =
300K with ratios Ty /T ranging from 1.3 (i.e., close to the
transition to the paramagnetic phase) to ~30 (i.e., T — 0)
(see Fig. 6 in the Appendix).

We chose to simulate a s-ASI with a system size of
50x50 vertices (2n* = 5000 moments), compromising be-
tween statistics and computational resources (see Fig. 7 in
the Appendix). The initial configuration is fully magne-
tized with Mjy; || [11] parallel to the diagonal [11] direction
[see Fig. 1(a)], and the system is given n® = 125x10° steps
to relax. For each value of a and the barrier model, at least 20
kMC runs have been executed to ensure meaningful statistics.

IV. RESULTS

To compare the relaxation timescales, Fig. 2 shows the
mean time (M = 75%))muns, normalized to ty,. For the
mean-field model (blue squares) we find that with strong in-
teractions Jf,l[f, (respectively, lattice periodicities a < 240 nm)
the speed of initial demagnetization are slowed down even
beyond the single-moment switching time. This is in con-
trast to the chiral-split barrier model (red circles) for which
the demagnetization evolves significantly faster but slows

102 N M[ll] =75%
Q " MF & CB
Fo, 8
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n
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FIG. 2. Average time at which M[;;; = 75% for the mean-field
barrier model (blue squares) and the chiral-split barrier model (red
circles). Both models approach each other at large lattice period-
icities a. For strong interactions (small lattice periodicity a), the
mean-field model shows slower evolution compared to the chiral-
barrier model, as the latter generally features faster kinetics due to the
reduction of switching barriers. For periodicities a < 240 nm both
models show an apparent slowdown. For the mean-field model, this
slowdown is even beyond the single-particle relaxation timescale g,
due to string propagation being the only significant relaxation path-
way. For the split-barrier model, the slowdown originates from the
effect of kinetic blocking via subsequent creation and annihilation of
T vertices.

down with increasing lattice periodicity a and approaches the
mean-field model. This convergence arises from the fact that
the interaction strength J,?,l}\'} o a3 rapidly decreases and the
transition barriers are dominated by AEg, only [alternatively,
Tn(a) — T, see Figs. 6 and 8 in the the Appendix]. For small
a < 240 nm the relaxation in both models slows down at dif-
ferent rates (due to reasons discussed in the next section), with
the relaxation timescales for mean-field barrier model exceed-
ing that of the single-particle relaxation timescale given by .

Figure 3 shows kMC results of the demagnetization pro-
cess in s-ASI with lattice periodicities a = 200, 240 and
280 nm (from left to right), comparing the behavior of the
mean-field barrier model [Figs. 3(a)-3(c)] to that of the chiral-
split barrier model [Figs. 3(d)-3(f)]. The black lines track the
net magnetization Mj;1(t/ts ) for each kMC run (left scale)
with the time # normalized to the switching timescale tg, of a
noninteracting moment defined in Eq. (4).

The magnetization M!''1(¢) decreases on an exponential
timescale to a value of around 25% of the initial moment, after
which the relaxation slows down considerably. Especially in
the case of the chiral-split barrier model, the evolution can
continue to a value of M!'!(r) &~ 0, which, however, does not
imply that a fully relaxed 77 ground state has been reached.
For the mean-field model, full demagnetization is less of-
ten observed due to a limited simulation time window, as
well as kinetic blocking of effective relaxation in later stages
(discussed in Sec. IV C).

It is instructive to also consider the vertex populations
of T3 (red). For lattice periodicities a < 250nm the initial
demagnetization from Ml =100% to 50% is accompa-
nied by a small stable population of 73 vertices (<0.5%,
i.e., corresponding to at most 14 vertices in our system),
indicating correlated demagnetization. At higher values of
a, respectively weaker interactions, the 73 population peaks
at a time where MU' ~ 75%, indicating more randomized
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(a) mean-field barrier model, a=200 nm
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FIG. 3. Demagnetization behavior for different lattice periodicities a for [(a)—(c)] the mean-field barrier model and [(d)—(f)] the chiral-split
barrier model. Black lines show the time evolution of the net magnetization M!''(¢) of different kMC runs (left-handed scale from O to 1).
Shaded areas (right-handed scale from 0 to 0.16) denote the population of T3 vertices (red, in forefront) and 7, vertices that do not align with
the initial [11] direction, separated into rotated 7~ (cyan, from zero) and reversed sz] (blue, stacked on T;- population). Insets on the right
show representative spatial configurations of vertices at times where the net magnetization is at 75%, 50% and 25% of its initial value. Vertex

color coding is equivalent to Fig. 1(a).

demagnetization, as shown in Figs. 3(c) and 3(f) as well as
Fig. 8. A later peak in 73 vertices around M) ~ 10% is
associated with dynamics confined to ground-state domain
boundaries, with further details discussed in Sec. IV D.

Further insights into the relaxation behavior can be
obtained from representative real-space snapshots of the mag-
netic configuration at MM =75%. 50% and 25%, shown
in the three panels on the right side of each graph, with
vertex color coding according to Fig. 1(b). For the mean-
field model, Figs. 3(a)-3(c), the snapshots are dominated by
diagonal lines of 7| vertices (blue), related to the avalanche-
like propagation of 7} “strings” through the fully magnetized
background (gray) [23,35,38,63]. For the chiral-split bar-
rier model, Figs. 3(d)-3(f), the picture is more diverse,
with more 75 vertices present and 7; strings broken up by
sideways interruptions, and at M!!''! = 25% (lower panels)
indications for the emergence of coral-shaped ground-state
domains [15,28,29].

A. Initial demagnetization: Pathways

To understand the preferred switching pathways and relax-
ation regimes in Fig. 4 we compare the relative transition rates
for the initial demagnetization steps of the s-ASI. Figure 4(a)
shows the spin configuration after a first spin flip on a random

site within the magnetized 7, background, which creates a
pair of higher-energy 73 vertices. Possible next transitions are
labeled with letters A to D. Transition A creates a ground-state
T, vertex along the [11] diagonal. In contrast, transition D
would create a T vertex and thus is unlikely to occur (dimmed
gray label). The imbalance between transitions A and D drives
the distinct demagnetization parallel with M;,; and the emer-
gence of T strings [23,35,38]. Further possible transitions
are the creation of an independent T3 pair (transition B, not
labeled explicitly), a flip-back to the original saturated 75
state (transition B*), or the sideways separation of the 73 pair
(transition C).

The probabilities p; for possible transitions i=
(A, B, B*, C, D) can be calculated according to

pI:nOdE:I — Ni vim()del (8)
4 Zj Nj l);nodel '

The transition rates v™%!(q, T) for the mean-field (chiral-
split) barrier model can be calculated from Eq. (5) [Eq. (7)],
using the value of J4b oca™> according to Eq. (1). The
l.d_’f T perpendicular mag-
netization Mil and number of possible sites N; after the first
spin flips are listed in Table I.

corresponding energy differences AE
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FIG. 4. Initial demagnetization steps. (a) Spin configuration after a first spin flip creating a 73 pair. Distinct transitions are labeled with
letters, and unmarked moments are of transition type B (7,7, — T3T;, see Table I). Transitions which are highly unlikely to occur are marked
in light gray (e.g., transition D). [(b) and (c)] Transition probabilities p; in dependence of the lattice periodicity a for (b) mean-field barrier
energies and (c) when taking into account additional chiral splitting of the barriers. The probability pg/s (black dotted line) demarks the
transition between demagnetization dominated via string propagation (transition A, blue) and creation of new T3 pairs (B, red). Flip back
transitions that restore the initial fully magnetized 7, state can be highly probable (B*, gray), and, in the case of the split-barrier model, are
favored for strong interactions [i.e., smaller a in (c)]. White markers indicate the lattice periodicities a shown in Fig. 3. (d) Spin configuration
and labeled transition after the formation of a first 7} vertex (protostring), which is a stable emerging magnetic texture. [(e) and (f)] Comparison
of model-dependent transition probabilities. The probability pc,4 (dashed gray line) indicates the ratio of string separation (transition C) over
string propagation events (transition A). String separation events result in 75" vertices important for the formation of coral-shaped domain

states, and are more likely to occur for the split-barrier model.

Figures 4(b) and 4(c) show stacked plots of the relative
transition probabilities in dependence of the lattice constant a
for the mean-field and chiral-split barrier model, respectively.
One major difference between both models is the backflip
probability (transitions B*) after creation of a 73 pair (gray
area). In the case of the chiral-split barrier model and for
strong interactions JNN o a~3 transition B* is the preferred
relaxation pathway, due to the reduction of the switching
barrier enabled by high local torques. In a defect-free system
(as is the case in our simulations), the constant creation and
annihilation of 73 pairs (transitions B¥) creates a situation of
“kinetic blocking,” which delays the onset of the demagneti-
zation via Tj string propagation (see Fig. 2).

Apart from the peculiarity of back-flips boosted by chi-
ral barrier splitting, the two main pathways toward efficient
demagnetization are either the string propagation (transition
A, blue) or the creation of new T3 pairs (transition B, red).
The former transition is energetically preferred as it creates a
ground-state 7; vertex, whereas the probability for the latter is
enhanced by the 2n?—7 sites in which the transition can take
place (see Table I). The relative probability pg/4 of these two
transitions can be calculated as

model
pmodel Np Vg
B/A ’
/ NA v ;\nodel + NB v glodel

€))

and is shown as dotted black line in Figs. 4(b) and 4(c).
This line demarks the range of lattice periodicity a where
one relaxation pathway is favored over the other. In contrast,
for the chiral-split barrier model, demagnetization via T3 pair
formation becomes favored over string propagation at smaller
values of a, compared to the mean-field barrier model.

Once a T string is nucleated, Fig. 4(d), the relative im-
portance of the relaxation pathways shifts dramatically, see
Figs. 4(e) and 4(f). In particular, the 7 vertices enjoy re-
markable stability, with back-flip A* or transitions D and
E extremely unlikely. For the mean-field barrier model and
low values of a < 240nm, string propagation remains the
only available relaxation pathway. Due to the way the kMC
simulations are implemented [60,61], the update time on each
step is dominated by the much larger energy barrier needed
to form a new 73 pair on the approximately ~2n> — m sites
(with m being the string length), leading to the exceptional
slowdown in Fig. 2.

In general, the main evolution of the 7} string occurs via
diagonal 73 propagation creating more 7; vertices (transition
A, blue) or the sideways separation of T vertices (C, black),
creating a T2L vertex whose moments points perpendicular to
M. In Figs. 4(e) and 4(f) the relative probability

model
pmodel N cVc
C/A — ’
/: NA v :‘nodel + NC v énodel

(10)
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TABLE 1. Transition barriers for Figs. 4 and 5, labeled A to
L. For each panel, possible transitions are sorted by increasing
mean-field barrier AEl.dEf, respectively, decreasing transition rate.
The barrier energies are both given in multiples of Jf,;{’, and Jf,i}\’,N
(left), as well as approximate multiples of J]ﬁi,i]g (right). The value of
M} indicates whether the switching macrospin is subject to a torque
by its magnetic neighborhood, a condition that enables chiral barrier
splitting. The last column denotes the number of possible sites N; for
each spin flip shown in Figs. 4(a) and 4(d), which are necessary to
calculate initial transition probabilities.

Transition AE;ipf Mt N,
Fig. 4(a): Transitions after initial 7373 pair
A TN 400 +4p, =211 42 2
B* TN <« LT, —45W, ~1.89 +2 1

C TL->T'T 0 0 44 2

B ThL > TTy +4J5%, +1.89 +4 22 -7
D T — LT +4y0 +4Jyhy  +589 2 2
Fig. 4(b): Transitions after string formation

A TBhL—TT —450 +4J00 =211 +2 2

C LL->T'TG 0 0 44 2

B DL — LT, +4500, +1.89 +£2 2#2-10
A* B < LT, 4N —4Jeh 4211 +2 2

E  TL— T +4J,) +4  £2 2

D BT — LT 450 +4J50, 4589 +2 2
Fig. 5: Transitions at domain boundaries

F* TTh <« LT,  —4J50 -4  £2

A BL—TT, —45° +4J00 =211 +2

G* Ty — LT, —4J50, -189 0

H T <TT 0 0 0

] DLoTLhL 0 0 0

G TT < LT +4150, +1.89 0

A* B < T +AIW —4J0 4211 +2

F  T,T,—>TT  +4150 +4  £2

K T — GG 875 —4J2, 4611 0

L T, — LT, +8J0° +8 0

of the C and A transitions are shown as dashed gray lines. The
C transition, with 137, — TZJ- T;, does not change the dipolar
energy of the spin configuration, but—due to |M;"| = 4—is
subject to strong chiral barrier splitting, which significantly
enhances its probability compared to the mean-field barrier
model at the same value of a. Typically, several T strings
grow during the initial demagnetization phase, and as such
string separation events can lead to a sizable prevalence of 7,
vertices, which is also indicated by the cyan-shaded areas in
Figs. 3(d)-3(f) and the larger number of breaks in 7} strings
within the corresponding snapshots.

B. Generalized results

The kMC simulation results presented above have been
obtained for specific values of the lattice periodicity a and
temperature 7', while keeping the single-island magnetic mo-
ment m and switching barrier AEy, fixed. Variation of any
of these parameters strongly affect the switching rates cal-

culated from Egs. (5) and (7), and, in turn, lead to vastly
modified relaxation pathways. A direct comparison of simula-
tion outcomes that differ in more than one parameter therefore
requires the consideration of reduced energy or temperature
scales: )

Using the ratio Ty /T J;\i;;} /T to denote the relative
strength of interactions compared to the thermal energy, the
transition probabilities are equivalent when varying the lattice
periodicity a or temperature T (see Fig. 6 in the Appendix),
as Jf,l}\'} /T is the relevant factor modifying the energy barrier
in the Arrhenius law.

For a series of kMC simulations with varying values of
a and T (Fig. 9 in the Appendix), we furthermore find that
for, a given model, and normalized energies Ty /T and 20 <
AEg, /(kgT) < 80 the simulation results are largely equiv-
alent. Ratios AEg,/(kgT) > 20 are consistent with values
typical for metastable or slowly fluctuating nanomagnets im-
aged in x-ray photoelectron emission (PEEM) or magnetic
force microscopy (MFM) experiments [5-8,11,12,15,16,38].

In general, the mean-field and the split-barrier models ex-
hibit distinct relaxation behavior, as discussed above, except
when approaching the paramagnetic regime with T — Ty
where the relative influence of the chiral barrier splitting on
the relaxation rates vanishes [46].

C. Emergence of domain morphologies

The favored transitions A to D discussed above remain re-
markably similar within the first three quantiles of relaxation,
i.e., as M decreases from 100% to 25% (which is typi-
cally achieved within a relatively small number of individual
transitions). As 73 pairs are created and 7} strings grow, two
distinct domain morphologies might emerge, which are diag-
onal stripe domains and coral domains (see 25% snapshots in
Fig. 3).

Stripe domains are predominant for the mean-field model
with strong interactions [e.g., Figs. 3(a) and 3(b)]. As T
strings can form independently, the relative position of the
lines can match to form extended areas of 7; tiling. Alter-
natively, if 7} strings are separated by a single diagonal of
T, vertices, then this boundary cannot be removed from the
system without the generation of high-energy T, vertices. This
very stable configuration (in addition to the limited simulation
steps) makes domain consolidation—that is, domain merging
and annihilation—toward a global ground state difficult and
leads to a stagnation of relaxation at final magnetization val-
ues around M &~ 10-20% [Figs. 3(a) and 3(b)].

Coral domain mainly appear for an interaction regime
where demagnetization is neither dominated by string propa-
gation nor by random creation of 73 pairs, i.e., at intermediate
values for ppg/4 [dotted black line in Figs. 4(e) and 4(f)], and
where a sizable fraction of 7;- are possible within the initial
demagnetization [see pc/4, gray dashed line in Figs. 4(e) and
4(f)]. The formation of coral-shaped domains can thus be
directly linked to the emergence of T2L from “charge separa-
tion” events within the propagation of 7} strings via transitions
of type C [38]. As discussed above, transitions of type C
are promoted within the chiral-split barrier model, without
need to invoke site-specific disorder. Therefore, the exper-
imental observation of coral-shaped domains indicates the
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FIG. 5. Transitions at domain boundaries. Black arrows denote moments within local environments with M} # 0 that enable chiral barrier
splitting, and thus can lead to enhanced transition rates. Gray arrows conversely indicate environments with M;* = 0. Distinct transitions
at the domain boundary are labeled, with gray labels indicating those with a high energy barrier and thus low probability. Transitions on
any unlabeled spin are high-energy excitation 717y — 7375 of the ground-state background which are unlikely to occur (transition type K in
Table I). (a) Prototypical domain boundary separating degenerate ground states. The boundary carries a net magnetization (indicated with
white lines) that follows the outline of the domain. Most switching activity will involve 73 defects located within the boundary. [(b) and (c)]
Following the creation of 73 pairs in (b) straight and (c) diagonal domain boundaries, transition rates feature an asymmetry with respect to both
ground-state domains on either side of the boundary, driving the deformation and shrinking of domains.

effect of chiral barrier splitting, in addition to the influence of
lithographic defects to which these morphologies are typically
attributed [21,22,38,43].

D. Relaxation at domain boundaries

As shown in Fig. 3, on a macroscopic scale, relax-
ation slows considerably for M1 < 25%, indicating that
the relevant switching environments and relaxation pathways
effectively change, now being largely constrained to domain
boundaries only. At the same time, especially in the case of
the chiral-split barrier model or weak interactions, a sizable
number of 73 vertices arise with a peak around M) =~ 10%,
emphasizing the vital role of high-energy vertices in the final
relaxation steps to the ground state.

The cyan- and blue-shaded areas in Figs. 3(a) and 3(d) rep-

resenting the population of 7;- and T2[1 " vertices (magnetized
opposite to the initial magnetization) furthermore indicate a
specific sequence for the final relaxation to the ground state
by the creation of extended 77 domains and their removal via
mobile 73 vertices (red area): The emergence of T2L vertices
not only relates to the emergence of protodomains but also

predates the onset of a sizable population of Tz[”] vertices.
The onset of a T2[1 ' vertex population also coincides roughly
with the maximum of the 73 population (red area), as their
motion and annihilation are crucial for the consolidation of
the ground-state domains. Together with the original Tz[“] ver-
tices, a large fraction of these emerging T2l and T2[1 " vertices
compound domain boundaries.

We now consider a prototypical coral domain boundary
as shown in Fig. 5(a). This boundary consists mostly of
T, vertices as well as T3 pairs [15,40], with a straight or
zigzag magnetization following the domain outline (indicated
by white lines) [43]. Different transitions, depending on the
local spin configuration, are marked with letters in Fig. 5
and moments for which M,-L # 0, i.e., with transitions boosted
by barrier splitting in the CB model, are marked with black
arrows (see Table I for values of AEid;p and Mil).

Excitations of the ground state, i.e., 71Ty — T37T3 (transi-
tion K in Table I), are energetically costly. Therefore, within
the last stages of relaxation, the switching events are largely
localized to the domain boundaries, further contributing to
the slowdown of dynamics in the final stage of relaxation (as
shown in Fig. 3). Many potential spin flips at the boundary
furthermore involve a large barrier energy (labeled in light
gray in Fig. 5), especially in the case for diagonal domain
boundaries, as many of these promote the creation or motion
of Ts vertices. Even when considering chiral effects, many
transitions remain energetically unfavorable (black arrows de-
note those environments that experience torque exerted by
neighboring spins).

For straight boundaries, Fig. 5(b), the creation of a T3
pair leads to an asymmetry with respect to the two different
ground-state domains on either side of the boundary. Tran-
sition L would create a T vertex and thus is kinetically
suppressed, whereas transitions J and H with AEid;pf =0
support a high mobility of the 73 defects to move within the
boundary line or deform the domain.
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For diagonal domain boundaries, Fig. 5(c), the presence of
T vertices inevitably comes hand in hand with domain defor-
mation. Similarly to the straight boundary, a clear asymmetry
in transitions contributes to the preferential shrinking of one
ground-state domain over the other. Note that A* transitions
are unlikely to occur within a mean-field model but can be
promoted via chiral-barrier splitting in the limit of strong
interactions (i.e., small lattice periodicities a).

Within our kMC simulations, we rarely reached full
ground-state ordering within »? simulation steps due to a
high fraction of random transitions (for weaker interactions)
or limiting relaxation pathways. The latter is especially the
case for the mean-field model with strong interactions, where
size-dependent periodic boundary conditions may further re-
duce chances of full demagnetization. The many spin flips
necessary to reach the ground state might explain the preva-
lence of coral-shaped domains observed in experiments where
spin configurations are frozen after field-driven or thermal
annealing.

V. DISCUSSION

In this work, we demonstrated how the overall relaxation
towards the energetically favorable ground state can be mod-
ified profoundly by explicitly taking modifications from local
torques to kinetic energy barriers into account. Although the
main relaxation (i.e., reduction of the net magnetization from
100% to 25%) involves a small number of relevant transitions
only, a subtle shift in their relative probability results in dif-
ferent emergent mesoscopic features, ranging from stringlike
avalanches to coral-shaped domains in a perfect system. As
our model considers intrinsic effects only in an otherwise
idealized homogeneous s-ASI, the emergence of diverse do-
main structures implies a complementary viewpoint on effects
typically attributed to extrinsic disorder by assuming a site-
specific variation in the value of AEg, often around 5%
[21,22,38,43].

Common experimental techniques used to measure and im-
age artificial spin systems do not have the temporal and spatial
resolution to directly track the preferred rotation direction of
switching nanomagnets. Hence, we have to consider indirect
measures on how the chiral-split barrier model will produce
better predictions for experimental systems when compared to
the mean-field model, especially when considering additional
randomizing effects due to extrinsic disorder.

We briefly discuss several experimental observations that
could indicate an influence of kinetics affected by spin flips
with favorable switching chirality.

First, the ratios between the transition rates A, B, and C
determine the average length of T7; strings, as well as the
initial rate of demagnetization; however, these changes are
subtle and difficult to disentangle from the effects of extrinsic
disorder or temperature.

Second, the increased back-flip probability for 73 pairs
could show up in experiments as an unusual persistence of
the ferromagnetic state [24].

Third, experimental results often indicate an arrested state
around 20% of the final magnetization [28,32,38], at which
the relaxation dynamics slow down rapidly. Inspecting do-
main morphologies and vertex populations (in particular 73,

TZJ-, and Tz[“]), as well as site-specific blocking temperatures
[64—66], could indicate the relative importance of the different
relaxation pathways leading to these states (without ascer-
taining whether they originate from disorder or chiral-split
barriers).

Fourth, and finally, quantifying the switching activity
at boundaries between ground-state domains [15,34,40,43]
might give crucial insights to favored transitions and how
they relate to local disorder compared to the effect of barrier
reductions due to local torques.

VI. CONCLUSIONS

In conclusion, in this work we consider the effect of differ-
ent models based on a point-dipole description of switching
barriers in s-ASI, and follow the evolution of a perfect system
using kinetic Monte Carlo simulations. We find relaxation
dominated by avalanches of 7; strings in the limit of the
(static energy-only) mean-field barrier model, contrasted with
the emergence of more complex coral-shaped domains by
taking into account the effect of local torques that lead to
favored chiral switching pathways. We find differences be-
tween the models in particular with respect to their influence
on initial demagnetization, the role of TzJ- vertices in the for-
mation of initial domains, and relaxation pathways at domain
boundaries.

Furthermore, we find that analyzing single vertex pop-
ulations, typically 73 in literature, is not as informative as

considering also the sizable fraction 7;- and szl vertices.
These vertex distributions develop concomitantly, and thus
give insight into the relative importance of different relaxation
pathways.

Our results make a step towards creating more realistic,
but still highly simplified, models to describe the switching
in experimental artificial spin systems dominated by coherent
reversal modes and strong pairwise interactions. Although we
here focus on the s-ASI with periodic boundary conditions,
where each moment has the same environment, the effect of
the local torques would be even more pronounced in the case
of artificial spin systems with mixed-vertex coordination and
different boundary conditions [65,67-70].

Descriptive models that capture the relevant features of
transition kinetics are key for successful simulations of the
evolution of large arrays, which are otherwise too costly
or plainly unrealistic to simulate with micromagnetic ap-
proaches. Simulation tools based on simplified but physically
realistic descriptions [43,44] therefore make it possible to
successfully model the evolution of extended spin ices [71]
or develop sample geometries tailored to specific nano-
magnetic logic or unconventional computing applications
[11,12,72,73].
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APPENDIX
1. Thermal regimes

Figure 6 shows the critical Néel temperature Ty(a) =
1.7J1‘3,11$ in dependence of lattice periodicity a, calculated us-
ing Eq. (1), in comparison to the simulation temperature
T =300K. As indiciated by the annotated ratio Ty /T, the
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demagnetization simulations (run at lattice periodicities a
marked by blue dots) span a thermal regime from just below
Ty to deep within the ordered phase.

2. Finite-size effects

Figure 7 investigates the possible adverse effects of finite
size and periodic boundary conditions on the simulation re-
sults, by comparing the demagnetization at system sizes of
n = 20, 30, 50, and 80. The results for n = 20 are strongly
affected by finite-size effects as 7; strings propagate rapidly,
wrap the system, and then interfere with their starting points.
Results for n > 30 do closely resemble each other. For the
main discussion, we chose n = 50 as a compromise between
good statistics and computational resources, and n = 30 for
the phase diagrams shown in Fig. 9.

3. Larger lattice periodicities

Figure 8 shows complementary simultations performed
for lattice periodicities of a = 300, 340, and 380 nm. With
increasing lattice periodicity a, the interaction energy J;l,l}\'}
decreases (or, conversely, Ty approaches the simulation tem-
perature 7). In this case, the effect of barrier splitting becomes
less pronounced, leading to converging behavior between the
mean-field and split-barrier model. Nevertheless, there a slight
difference for 73 vertex popoulation (red area) of the chiral-
split barrier in the late phase of demagnetization remains,
as indicated by a small bump around M""!"! &~ 10%, which is
linked to relaxation processes localized at domain boundaries.

4. Generalized phase diagram

In addition to the choice of mean-field vs split-barrier
model, the square-ice relaxation behavior is determined by the
balance of two system-dependent energy contributions with
the thermal energy kg7 providing a scale for comparison.
Figure 9 compares kMC simulations at different lattice con-
stants a (170 to 500 nm) and temperatures 7' (200 K to 800 K)
at a system size of n =30 (20 averages each). All other
parameters, i.e., m and AEy, remain as described under
Methods.

50x50 80x80
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FIG. 7. kMC simulations for the split-barrier model in dependence of system size for fixed a = 260nm and 7 = 300K and n x n vertices
with n = (20, 30, 50, 80) comparing the results of (5,20,20,5) kMC simulation runs, respectively. All other simulations settings are unchanged.
Equivalently to Fig. 3, the four panels compare the time dependence of demagnetization (black lines), 73 vertex population (red), as well as 75"
(cyan, from zero) and TZ[I " (blue). Insets on the right show representative spatial configurations of vertices at times where the net magnetization

is at 75%, 50% and 25% of its initial value.
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FIG. 8. Demagnetization behavior for lattice periodicities a above 300 nm for [(a)—(c)] the mean-field barrier model and [(d)—(f)] the
chiral-split barrier model. Legend and annotations are equivalent to Fig. 3.

The first energy scale is given by the ratio between the
single-particle barrier and thermal energy, AEg,/(kgT ), which
denotes the thermal stability of an isolated magnetic nano-
island. For the simulations discussed in the main manuscript,
with AEg, = 1.327eV and T = 300K this ratio is 51, hence
switching events are generally rare. As shown in Fig. 9, the
plotted characteristics are largely invariant on the choice of

(a) mean-field model (b) chiral split-barrier model
0 - -

01 10

TnIT TnIT

1
I
i
)

Esp/(ksT)

3;

20 < Eg,/(kgT) < 60, and the effect of chiral barrier split-
ting, when compared to the mean-field model, is pronounced,
as predicted in Ref. [46] for large ratios of Ey,/(kgT ). Such
values of Ey,/(kgT) are consistent with many of the ex-
perimental studies that we cited in our work, relying on
imaging of thermally stable nanomagnets via PEEM or MFM
methods.

(c) T5 vertices - model ratio at £; 75
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FIG. 9. Generalized phase diagram. To allow for a general comparison, values are plotted for each simulation (white points) in dependence
of the relative single-particle barrier AE,/(kgT) [corresponding values of 7 are shown on the right scale of (b)] and relative interaction
temperature Ty /T [values of constant a = 200 nm, 240 nm and 280 nm are marked with white lines, the paramagnetic region is shaded in
gray]. [(a) and (b)] Demagnetization time #o75 = t (M) = 75%) divided by zy, for the (a) mean-field and (b) split-barrier model [comparable
to Fig. 2]. (a) For the mean-field model and Ty/T Z 11 the relaxation shows a slow down (gray line, blue region) even beyond the speed
of single-particle relaxation due to correlated string propagation. (b) For the split-barrier model and Ty /T Z 16 the initial demagnetization
is delayed due to rapid creation-annihilation events of 73 pairs (dashed lines). (c) Ratio of the number of 75 vertices at ;75 between the
split-barrier and mean-field barrier model. For values Ty /T = 9, two to three times more 75 vertices are created for the split-barrier, coinciding
with an enhancement of string separation events via the formation of 7;- vertices, leading to complex domain structures.
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The second energy scale is given by the interac-
tion strength J;l,ilg(a)/ T, respectively the Néel temperature
Tv(a) = 1.7];3,;5 [42,62]. The models resemble each other
for T — Ty, as the influence of chiral-barrier splitting
disappears in the limit of superparamagnetic fluctuations.

Conversely, at T — 0 (respectively, high values of Ty /T)
the effect of barrier-splitting becomes more pronounced
(including the occurrence of kinetic blocking of demagneti-
zation due to rapid and subsequent 73 creation-annihilation
events).
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