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ABSTRACT
We have performed a detailed study on thermal annealing of the moment configuration in artificial spin ice. Permalloy (Ni80Fe20) artificial
spin ice samples were examined in the prototypical square ice geometry, studying annealing as a function of island thickness, island shape,
and annealing temperature and duration. We also measured the Curie temperature as a function of film thickness, finding that thickness has
a strong effect on the Curie temperature in regimes of relevance to many studies of the dynamics of artificial spin ice systems. Increasing the
interaction energy between island moments and reducing the energy barrier to flipping the island moments allow the system to more closely
approach the collective low energy state of the moments upon annealing, suggesting new channels for understanding the thermalization
processes in these important model systems.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5126713., s

Artificial spin ice systems are two-dimensional arrays of
nanoscale elements, typically composed of single domain ferro-
magnetic islands.1 These systems have been the subject of exten-
sive study and have provided models for the study of a range of
novel collective behaviors.2 Certain artificial spin ice geometries
have well-defined collective magnetic ground states, such as the
square lattice,1 while others have intrinsically disordered and com-
plex ground states, such as the Shakti lattice.3–5 These low-energy
collective states have sparked considerable interest in attempting
to realize the lowest energy state of different artificial spin ice
lattices.6–10 One successful approach to collective energy minimiza-
tion involves annealing the arrays by heating them to temperatures
near or above the Curie temperature (TC) of the ferromagnetic

material.11,12 Upon cooling, the island moments arrange themselves
into a low energy state via magnetostatic interactions. Using this
method, both long-range-ordered11–13 and intrinsically disordered
ground states4 have been achieved, both in permalloy (Ni80Fe20) and
in other alloys.9,10 Notably, the method works well even for geome-
tries known to exhibit slow relaxation toward the low energy state.4

Given the high TC of permalloy, and its importance as a model
material for these systems, we investigated thermal annealing of
permalloy artificial spin ice by varying the annealing conditions and
the geometry of the islands, with the goal of understanding how to
improve the effectiveness of annealing.

We fabricated our artificial square spin ice samples on Si
wafers coated with a 200-nm-thick layer of Si-N deposited by low
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pressure chemical vapor deposition. The nanoislands, with varied
lateral dimensions and interisland gaps indicated below, were pro-
duced by electron beam lithography and lift-off as described previ-
ously.12 The total area of all nanoislands in each square ice sample
was about 200 × 200 μm2. In order to keep uniformity of all nanois-
lands, the write field for lithography was set to cover the whole sam-
ple.We deposited our samples with various thicknesses of permalloy
(2–100 nm), and a 3 nm Al cap layer to prevent oxidation, in ultra-
high vacuum by molecular beam deposition (using electron beam
evaporation). The thickness was established via a quartz-crystal-
based rate monitor, which was carefully calibrated by performing
grazing-incidence X-ray reflectivity measurements. We performed
thermal annealing using a programmable heater (HeatWave Lab) in
a vacuum chamber with a base pressure of approximately 10−6 Torr
in order to prevent sample degradation via oxidation, lateral diffu-
sion, and delamination. After each annealing cycle, we characterized
the magnetic state of the arrays in two locations using a magnetic
force microscope (MFM), yielding a corresponding microstate map
of the arrays. For measurement of TC of permalloy, we measured
the temperature dependence of the magnetization of continuous
permalloy films in a superconducting quantum interference device
(SQUID) vibrating sample magnetometer (MPMS3 from Quantum
Design); the base pressure during TC measurements was approxi-
mately 10−3 Torr. The permalloy films used for TC measurements
had an extra 100 nm Si-N encapsulation layer on top, deposited
by low pressure chemical vapor deposition to protect them from
degradation during the measurements.

The artificial square ice lattice is shown in Fig. 1 with typi-
cal SEM (scanning electron microscope) and MFM images shown
in Figs. 1(b) and 1(c), respectively. Artificial spin ice systems are
often analyzed in terms of the vertices of the lattices, defined as
the junctions of multiple islands; the collective magnetic energy is
determined to a good approximation by the sum of the magneto-
static energy associated with interactions among the moments at the
vertices. The interaction energy between islands can be modified by

varying the island shape and the gap length of the lattice {defined as
the edge-to-edge distance between two next nearest neighbor islands
[Fig. 1(a)]}.

Each square artificial spin ice vertex consists of four islands with
16 possible magnetic moment configurations [Fig. 1(e)] that can be
classified into four types. Unlike the three-dimensional pyrochlore
spin ice structure,14 in which all four spins are equidistant result-
ing in six degenerate two-in-two-out ground states for each tetra-
hedron, the two-dimensional square artificial spin ice has four
islands that have stronger interactions between the nearest neigh-
bor pairs and weaker interactions between the next nearest neighbor
pairs. Therefore, the six-fold ground state degeneracy is broken in
square artificial spin ice, and the two type I vertex states are the
only ground states for individual vertices. The collective ground
state of the system then contains only type I vertices in a long-
range-ordered antiferromagnetic configuration.15 This makes the
system ideal for studying the effects of thermal annealing since the
ground state fraction provides a clear measure of the effectiveness of
annealing.

All annealing treatments on the square ice samples were per-
formed after magnetizing the samples along a 45○ angle relative to
the lattice to ensure that all the vertices were initially set to a type
II state. We then heated the samples to the annealing temperature
at a rate of 10 K per minute and held the samples at the annealing
temperature for 10 min (unless otherwise stated). Finally, they were
cooled at 1 K/min back to 673 K (low enough that the moments were
thermally stable) and then quickly cooled to room temperature in
about 90 min. For each annealing protocol, we repeated the mea-
surement up to four times. We then measured the effectiveness of
annealing for various parameter values, as quantified through the
type I vertex population fraction, i.e., the ground state fraction, after
annealing.9 The error bars below are taken as the standard devi-
ation of vertex fractions from all MFM images. The total number
of MFM images for each corresponding data point is two times the
number of repeated experiments, as we took two MFM images after

FIG. 1. (a) Schematic of the square arti-
ficial spin ice lattice geometry. The gap
is defined as the edge-to-edge distance
between a pair of next nearest neigh-
bor islands. (b) SEM image and (c) MFM
image of the square artificial spin ice lat-
tice. (d) The favorable and unfavorable
alignment for moments of the nearest
neighbor islands. (e) The energy hierar-
chy of the vertex types in square artificial
spin ice with increasing vertex energy
from type I to type IV.
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each annealing cycle. Acquired MFM images typically spanned 1700
islands over an area of 15 × 15 μm2.

Since thermal annealing of artificial spin ice moments requires
approaching the ferromagnetic TC, we measured the ferromagnetic
moment as a function of temperature in continuous films to deter-
mine TC. In thin film ferromagnetic systems, the second-order tran-
sition to the ordered state shows a strong dependence on film thick-
ness associated with finite size scaling,16,17 and we thus measured a
range of film thicknesses. The magnetization of the films was mea-
sured, both zero-field-cooling (ZFC) and field-cooling (FC), as a
function of temperature in an in-plane magnetic field of 100 Oe.
We estimated TC as the point of inflection in the magnetization
vs temperature curve (raw data used to determine TC are provided
in supplementary material, Fig. SI-1). Although degradation effects
such as delamination did not impact our annealing of artificial spin
ice samples in high vacuum, we did observe degradation of artifi-
cial spin ice samples annealed in the presence of low gas pressures,
as in our magnetometer.18 Notice that we added a Si3N4 encapsula-
tion layer on the continuous permalloy film samples used for the TC
measurements to prevent such degradation.

The data in Fig. 2 reveal a strong thickness dependence to TC,
particularly below 10 nm. The inset of Fig. 2 plots the reduction in
TC from bulk (i.e., ΔTC) vs the thickness. The red line is a fit to the
function

TC(bulk) − TC(t)
TC(bulk)

= (
ξ0
t
)
λ, (1)

where t is the thickness of the permalloy film, TC(t) is the Curie
temperature at thickness t, and TC(bulk) is the Curie temperature
of bulk permalloy (taken here to be 820 K19). The fit gives a corre-
lation length ξ0 = 1.48 nm ± 0.11 nm and a critical shift exponent λ
= 1.21 ± 0.12, in reasonable agreement with previous measurements

FIG. 2. Thickness dependence of the Curie temperature for permalloy films. The
error bars represent the mean absolute error of TC extracted from ZFC and FC
measurements. The red curve shows the fit for Eq. (1). The inset shows the same
data, plotted as ΔTC, which is defined as the difference between the bulk TC and
the measured thin film TC, assuming a bulk TC of 820 K.

of ultrathin permalloy films (λ = 1.04) using spin-polarized cascade
electrons.20

This thickness dependence of the permalloy TC has clear impli-
cations for artificial spin ice studies. For example, the suppressed TC
for thinner films is directly relevant to the many photoelectron emis-
sion microscopy (PEEM) measurements that have been conducted
on permalloy artificial spin ice.5,8,21,22 Those measurements focused
on films of thickness around 3 nm, and they are therefore conducted
relatively close to TC of the substituent ferromagnetic material. Our
data suggest that the observed dynamics in the moment fluctuations
might be significantly influenced by the reduced moment associated
with the proximity to TC.

We now discuss studies of annealing while varying differ-
ent parameters of the lattices and the annealing process. We first
describe results of annealing with varying maximum annealing tem-
perature. As the temperature approaches the ferromagnetic transi-
tion, the magnetization of permalloy islands decreases, resulting in a
decrease in the energy barrier to changing the magnetization orien-
tation of each island along with increased thermal energy in the sys-
tem. When thermal energy is large enough to overcome the energy
barrier required for amoment to switch, the islandmoments become
thermally active and begin to organize themselves into an energeti-
cally preferred configuration. The ground-state vertices presumably
nucleate in islands with slightly lower energy barriers (potentially
associated with imperfections in the lithography) and then expand
to large domains. This allows annealing to occur even below TC of
continuous permalloy films.

Our annealing-temperature-dependent data, taken on samples
with an island shape of 160 × 60 nm2, a gap of 180 nm, and a
thickness of 25 nm, are shown in Fig. 3(a), which plots the type-
I vertex fraction. As expected, we observed a rather sharp increase
in ground state fraction as the temperature is increased toward TC,
with the type I vertex population reaching a maximum at about
83% [see Figs. 3(a) and 3(e)] at approximately 790 K. This increase
in type-I vertex fraction corresponds to a decrease in the residual
polarized vertices as the annealing temperature was increased (see
supplementary material, Fig. SI-2). The combination of these data
indicates that the moments in the array become thermally active
over a range of temperatures. This has the implication that annealing
can only succeed in allowing the full system to explore the possible
variations in moment configurations by exceeding a certain tem-
perature threshold, where all moments are thermally active. For all
data discussed below, there was no significant residual population
of the initially polarized vertices, indicating that we exceeded that
threshold temperature, and all the moments had the opportunity to
thermally fluctuate during the annealing process.

We also examined the dwell time dependence by holding a
sample for 10 min, 60 min, or 120 min at an annealing temper-
ature of 773 K or 783 K (data shown in supplementary material,
Fig. SI-3). We did not observe any significant effect on the vertex
population density, most likely indicating that the system reaches
thermal equilibrium on a time scale faster than our experimental
temporal resolution, although we cannot rule out the possibility of
very slow dynamics associated with long relaxation time scales near
the superparamagnetic blocking temperature.

We next investigated the island shape dependence of the
ground state fraction after annealing by using a 20-nm-thick sam-
ple with island dimensions 160 × 60 nm2, 220 × 60 nm2, and
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FIG. 3. (a) The ground state fraction
as a function of the maximum temper-
ature of annealing for lattices with 160
× 60 nm2 island shape, 180 nm gap,
and 25 nm thickness. [(b)–(e)] 15 × 15
μm2 MFM images: (b) shows a com-
pletely polarized state after a 1000 Oe
field was applied along the arrow direc-
tion, (c) shows 25% type I vertices after
annealing at 778 K, (d) shows 70% type I
vertices after annealing at 786 K, and (e)
shows 83% type I vertices after anneal-
ing at 818 K.

240× 60 nm2, with gaps of 100 nm, 180 nm, and 280 nm, as shown in
Fig. 4. Because these arrays varied in both shape and spacing, we plot
the results against the interaction energy between nearest neighbor
island pairs, calculated with the micromagnetics code, Object Ori-
entedMicromagnetic Framework (OOMMF),23 at zero temperature.
The samples were annealed at a temperature of 783 K, i.e., below
TC at this thickness. This choice of maximum temperature allowed
us to more precisely control the annealing process than would have
been possible by annealing above TC and cooling at rates that nec-
essarily depend on the thermal coupling of the sample to the heater
stage. Figure 4(a) presents a plot of type I vertex population frac-
tion vs interaction energy for various island shapes. As previously
observed,12 the ground state fraction is increased with greater inter-
action strength, a natural consequence of the energy scale of interac-
tions relative to the superparamagnetic blocking temperature. Fur-
thermore, structural disorder intrinsic to lithography will lead to
a distribution of both blocking temperature and local interaction
strength, which will disrupt the system’s ability to reach a collec-
tive low-energy state; stronger coupling should overcome this effect.

The annealing process was also more effective with a smaller
island aspect ratio. Since these permalloy films have in-plane mag-
netization and weak magnetocrystalline anisotropy, the aspect ratio
dictates the energy barrier to flipping each island moment via shape
anisotropy. The energy barrier can be roughly parameterized as

the energy difference between configurations with moments along
the long axis and the short axis [Fig. 4(b)]. This energy barrier for
each island shape was calculated using MUMAX324 and is shown in
Fig. 4(c) (note that these values are calculated assuming themagneti-
zation at zero temperature). We see that the increase in ground state
fraction indeed corresponds to the decrease in this energy barrier.
We obtained qualitatively consistent results for two series of islands
with 80 nm width and varying length, suggesting that the lower bar-
rier is associated with more complete annealing of the moments into
a low energy state.

We next examined the ground state fraction for annealed
square artificial spin ice arrays with various thicknesses (15 nm,
20 nm, and 25 nm). We chose these thicknesses to be large enough
that the island moments were unaffected by the MFM tip, allow-
ing the moment configuration to be studied after annealing. These
are also thicknesses for which TC appears approximately constant
(see Fig. 2). For these measurements, we studied island dimensions
of 160 × 60 nm2 with gaps of 100 nm, 180 nm, and 280 nm. The
postannealing ground state fraction is plotted vs interaction energy
in Fig. 5(a), and the energy barriers for various thickness islands are
shown in the inset. These data again suggest that the ground state
fraction for a given interaction energy strength is correlated with
the decrease in the size of the approximate energy barrier to island
moment reversal. In fact, the highest ground state fraction in this

FIG. 4. (a) Island shape-dependence of
the ground state fraction on 20-nm-thick
lattices with various island shapes and
gaps after annealing at 783 K for 10 min.
(b) Schematic illustrating how the energy
barrier is approximated. (c) Approximate
energy barriers for 20 nm-thick and
60 nm-wide islands of various lengths.
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FIG. 5. Thickness-dependent ground
state fraction for 160 × 60 nm2 square
lattices with gaps of 100 nm, 180 nm,
and 280 nm after annealing at 783 K for
10 min. The inset table shows the energy
barrier for each island thickness. (b) 10
× 10 μm2 MFM image of 160 × 60 nm2

island shapes with 100 nm gap and
15 nm thickness. A near-ideal ground
state is achieved.

study is seen for the smallest aspect ratio islands with 160 × 60 nm2

lateral dimensions, 100 nm gap, and 15 nm thickness, for which an
MFM image is shown in Fig. 5(b).

Artificial spin ice systems near their TC are in a fascinating
regime where the magnetization is strongly temperature dependent,
with corresponding impacts on both the interisland interactions and
the superparamagnetic moment relaxation time. As a result, the col-
lective thermal dynamics of the moments in this regime, and how
that relates to the intrinsic frustration for which these systems are
designed, cannot be analyzed within a framework of simple super-
paramagnetic relaxation. Our data on the fraction of ground state
vertices serve as a proxy for how well annealing accesses the complex
many-body states of artificial spin ice systems. The results indicate
that accessing the lowest energy collective states by annealing can be
improved by appropriate choice of island shape, spacing, thickness,
and annealing temperature but that some systems are not amenable
to reaching the lowest possible collective energy state by annealing
methods. Previous annealing studies also failed to attain a complete
ground state for certain lattices,9,12 and the ordered ground state of
the kagome lattice has never been achieved by annealing.25 These
results suggest that the effectiveness of annealing is limited by local
minima in the energy landscape associated with lithographic disor-
der9 and that lithographic perfection might be a limiting factor for
this approach. On the other hand, given the complexity of the many-
body relaxation process in a system where temperature dependence
to relaxation time is associated with multiple factors, we cannot rule
out limits associated with the collective relaxation process or very
long relaxation time scales that are outside the scope of the present
work.

Finally, we note that our results on the strong TC dependence
on the film thickness has implications for other studies of permalloy
artificial spin ice and PEEMmeasurements, in particular, since those
measurements appear to be in a regime in which the magnetiza-
tion has considerable temperature dependence. This regime should
thus provide fertile ground for interesting new physical phenom-
ena in nanostructured systems. While we studied only the square
ice lattice, we expect these considerations to carry forward to other
geometries, opening the possibility of more closely examining low
energy states and collective thermal relaxation processes in a range of
systems.

See the supplementary material for the magnetization data for
each permalloy film, the residual polarization for MFM images, and
the dwell time dependence.
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