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Real-space imaging of magnetization reversal in deformed kagome artificial spin ices
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The structure symmetry in artificial spin ice systems plays important roles in the magnetization reversal
process when subjected to an external magnetic field. We investigated the magnetization reversal processes
with different field orientations in the deformed kagome spin ices with threefold symmetry broken using high-
resolution Kerr microscopy. Distinct magnetization reversal processes were observed in the deformed kagome
system when compared to those found in standard kagome structures. In addition to the previously documented
Dirac-string-like and system-size avalanche-type reversals, we identified two unusual reversal behaviors: the
armchairlike avalanche and the discrete magnetization reversal within a single bar. These behaviors can be
elucidated through the modified energy hierarchy present in the deformed kagome spin ices. Furthermore, we
observed that the magnetization reversal behaviors in deformed kagome ice can be manipulated by selecting
different initial spin states. These findings contribute to a deeper comprehension of nonequilibrium critical point
phenomena in artificial spin ice systems.
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I. INTRODUCTION

Artificial spin ice comprises a two-dimensional (2D) array
of nanoscale magnetic elements. It has garnered significant
attention due to its ability to emulate the physics of real spin
ice in real space [1–14]. Specifically, artificial spin ice sys-
tems, like their real counterparts, must adhere to the ice rule
to minimize system energy [1,2,15]. In connected spin ice net-
works, the primary focus lies in understanding the dynamics
of domain walls when subjected to an external field [16–27].
This is particularly appealing because domain walls can trans-
port magnetic charges, offering opportunities for controlling
magnetic charge propagation, which holds implications for
high-density memory storage. The delocalization of domain
walls or magnetic charges along specific paths within the spin
ice network is a process heavily influenced by the ice rule
[28]. Within kagome spin ices, where the ice rule constraint
is in effect, magnetization reversal exhibits intriguing col-
lective behaviors, including the formation of “Dirac strings”
[17,29,30] and the selective pathways for magnetic charge
movement [18–21].

Dynamic behaviors within kagome spin ices were captured
in both real space and real-time using high-resolution Kerr
microscopy [28], enabling a detailed examination of the mag-
netization reversal process in real space. Two distinct types
of magnetization reversal were identified: one-dimensional
Dirac-string-like reversal and two-dimensional system-size
avalanches, which also exhibit strong dependence on the angle
of the external magnetic field, which possesses a sixfold sym-
metry. These behaviors align with the principles of the ice rule
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within the kagome spin ice, involving energy minimization
under the constraints akin to those in disconnected kagome
ice. Studies have shown that the ice rule in disconnected
artificial spin ice systems is sensitive to local structural mod-
ifications [12–14]. Such modifications can break geometric
symmetry and lift system degeneracy. Consequently, altering
the energy hierarchy grants access to previously unreachable
ground states and other exotic physical properties [12–14].
Therefore, modifying the structure of standard kagome spin
ices, specifically by disrupting their threefold rotational sym-
metry, leads to the degeneration of the kagome system’s
ground energy state. This degeneracy significantly influences
the dynamic behaviors of magnetization reversal within the
deformed kagome spin ices.

In this study, we introduced an asymmetrical structure into
the connected kagome spin ice pattern through structural de-
formation, as illustrated in Figs. 1(a)–1(c). In the standard
kagome ice lattice, the angle between sublattice branches
is fixed at 120◦. However, when subjected to compression
along different directions, this angle can either increase or
decrease from 120◦, resulting in two distinct structural types.
The original sixfold degenerate low-energy state divides into
two groups of energy levels. We employed high-resolution
Kerr microscopy to capture detailed magnetization reversal
behaviors in real space during the field sweeping process.
Our results confirm that the breaking of structural symmetry
leads to significant changes in the pathway of magnetic charge
propagation, resulting in various unique avalanche behaviors.
In addition to the Dirac-string-like reversal and system-size
avalanche-type reversal observed in the standard kagome spin
ice system, we observed two unusual reversal behaviors: the
armchairlike avalanche and the discrete magnetization re-
versal within a single bar. Furthermore, we found that the
Dirac-string-like reversal behaviors in the deformed kagome

2469-9950/2024/109(6)/064402(9) 064402-1 ©2024 American Physical Society

https://orcid.org/0000-0001-7528-662X
https://orcid.org/0000-0002-9289-1271
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.064402&domain=pdf&date_stamp=2024-02-02
https://doi.org/10.1103/PhysRevB.109.064402


SHI, CHEN, XU, ZHANG, AND WU PHYSICAL REVIEW B 109, 064402 (2024)

FIG. 1. (a)–(c) SEM images of artificial kagome spin ice structures: (a) standard kagome, (b) stretched kagome, and (c) squashed kagome.
The three branches are labeled as α, β, and γ , respectively. (d),(e) The energy differences of each spin state respective to the lowest energy
state of each kagome spin ice. The red or black arrows indicate the spins pointing into or out from the vertices.

spin ices strongly depend on the initial state of magnetization
within the third bar. The energy landscape of the deformed
kagome ice becomes multileveled, allowing for the induction
of various reversal behaviors by selectively adjusting the ini-
tial state to different energy levels. Our results suggest that the
characteristics of these reversal behaviors can be manipulated
not only by changing the deformation of the system but also
by adjusting the initial state.

II. EXPERIMENT AND SIMULATION METHOD

Our study focused on two types of deformed kagome pat-
terns: stretched kagome and squashed kagome. We achieved
these patterns by applying compression along the horizontal
and vertical directions, respectively, as depicted in scanning
electron microscope (SEM) images in Figs. 1(b) and 1(c). To
provide a basis for comparison, we also fabricated standard
kagome ice patterns, shown in the SEM image in Fig. 1(a).
The islands’ dimensions were 180 nm × 1100 nm with a
thickness of 20 nm. We fabricated the Permalloy (Fe20Ni80)
islands using e-beam lithography on a silicon substrate, fol-
lowed by electron beam evaporation and lift-off processes.
It is important to note that all structures in this study were
designed with open edges. We denoted the sublattice bars in
the horizontal direction as α, while the upward and downward
bars were denoted as β and γ , respectively. The angle between
the β and γ bars was chosen to be 150◦ for the stretched
kagome and 90◦ for the squashed kagome patterns.

The acquired domain images were captured using a com-
mercial Magneto-Optical Kerr Effect (MOKE) microscope
manufactured by Evico Magnetics GmbH. To visualize the
magnetic state in each sub-200 nm wide bar, a 100× oil
lens with a numerical aperture of 1.3 was employed for
high-resolution domain imaging. A white-color light-emitting
diode with a broad wavelength range (420–650 nm) served as

the light source in this study. Kerr signals were measured in
the longitudinal geometry, with light incident in two optical
planes orthogonal to each other; thus this setup allows for
the simultaneous imaging of both Mx and My components
during a magnetic field sweep without altering the imaging
conditions [28,31].

To enhance magnetic domain contrast, we subtracted an
image with domain information at a certain state from a
background image captured right before the reversal oc-
curs. This subtraction results in a differential image that
eliminates topographic information. The IMAGEJ software’s
drifting-correction function was further employed to mitigate
time-dependent drifting effects. However, it is important to
note that only drifting effects over very short durations could
be effectively corrected. Consequently, we can only display
magnetic domain images at the early stages of the reversal
process.

The energy landscape of the deformed structures was cal-
culated through micromagnetic simulation using MUMAX3
[32] on a single vertex in the three spin ice structures shown
in Figs. 1(d)–1(f). In the simulation, each bar in the vertex
has a size of 1100 × 180 × 20 nm3, same as the bar size in
experiments. We used a mesh size of 5 × 5 × 20 nm3 and
typical material parameters of permalloy (Py), such as an ex-
change constant of 1.3 × 1011 J m−1, saturation magnetization
of 800 kA m−1, and Gilbert damping of 0.01. Both exchange
and dipolar interactions were considered in our simulations.

III. RESULTS AND DISCUSSION

The energy landscapes of standard and deformed kagome
spin ices are calculated through micromagnetic simulations,
and the results are illustrated in Figs. 1(d)–1(f).

For the connected kagome spin ice, the dominant exchange
interaction leads to the emergence of the ice rule. This rule
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dictates the configurations such as 2-in-1-out or 1-in-2-out
in the low-energy regime with highly degenerate spin states
due to the threefold symmetry of the structure. As depicted
in Fig. 1(d), the configurations with “3-in” or “3-out” possess
higher energy. However, the introduction of asymmetry par-
tially lifts the degeneracy and alters the energy hierarchy. As
illustrated in Figs. 1(e) and 1(f), the low-energy configurations
split into two energy levels. In the stretched kagome spin ice,
the β and γ bars exhibit a “head to tail” alignment in the
lowest energy state while still adhering to the “2-in-1-out”
or “1-in-2-out” alignment in the vertex spin configuration.
Conversely, in squashed kagome ice, the β and γ bars at
the ground state prefer a “head-to-head” alignment while fol-
lowing the same vertex spin configuration rules. The energy
difference of each energy level with respect to the lowest
energy state in each structure is also provided in Figs. 1(e) and
1(f). Notably, the energy difference in squashed kagome ice is
significantly higher than in the other structures, primarily due
to the smaller angle between the β bar and γ bar. This discrep-
ancy in energy difference makes the transition between the
two energy states in squashed kagome ice challenging during
the reversal process. The presence of multilevel energy states,
along with adherence to the ice rule in deformed kagome ice,
contributes to the emergence of diverse magnetization reversal
behavior.

We initiated our study by measuring the hysteresis loops
at various field angles θH. Figures 2(a)–2(f) display the repre-
sentative hysteresis loops of stretched and squashed kagome
spin ices obtained at different θH. The definitions of the x and
y directions, as well as the angle θH, are provided in the inset
of each respective panel. Our measurements revealed that the
hysteresis loops of both the Mx and My components are sen-
sitive to θH. Specifically, for θH = 0◦, both structures exhibit
zero My during the field sweeping process. In the stretched
kagome structure, Mx gradually reverses [Fig. 2(a)], while
in the squashed kagome structure [Fig. 2(d)], Mx displays a
sharp switch. When the field aligns nearly perpendicular to
the γ bars of the system (θH = 15◦ for stretched kagome and
θH = 40◦ for squashed kagome), the hysteresis loops from
both structures in Figs. 2(b) and 2(e) display a two-step mag-
netization switch, and the two switching fields are denoted as
Hc1 and Hc2, respectively. As the field approaches the vertical
direction, the hysteresis loops of both Mx and My in these
two structures exhibit a single-step loop. To systematically
describe the hysteresis loop response to θH, we quantified Hc1

and Hc2 for these structures by varying θH from −90◦ to 90◦
with a 5◦ step. The results for standard kagome, stretched
kagome, and squashed kagome structures are presented in
Figs. 3(a)–3(c), respectively.

As depicted in Fig. 3(a), Hc1 in standard kagome struc-
ture remains nearly angular independent, primarily due to the
influence of the ice rule [28]. In contrast, in the case of the
deformed kagome structures, Hc1 exhibits two jumps at field
angles where the applied field angle aligns perpendicular to
the γ or β bars. For the stretched kagome, these Hc1 jumps
occur at θH = 15◦ and −15◦, while for the squashed kagome,
they occur at θH = 45◦ and −45◦, as illustrated in Figs. 3(b)
and 3(c). The reason for this discrepancy lies in the alteration
of the initial state of the system as the applied field crosses the
critical field angle. Specifically, when θH > 15◦ and θH < 15◦,

FIG. 2. The typical hysteresis loops of Mx and My components
measured from (a)–(c) stretched and (d),(e) squashed kagome spin
ices with different field angle θH. (a)–(c) The loops of the stretched
kagome spin ice with θH equal to (a) 0◦, (b) 15◦, and (c) 60◦. (d)–(f)
The loops of the squashed kagome spin ice with θH equal to (d) 0◦, (e)
40◦, and (f) 70◦. The inset in each figure sketches the field direction
with respect to the pattern geometry. The red Mx loop in each figure
is normalized by the saturation Kerr signal of Mx with θH = 0◦, and
the black My loop is normalized by the saturation Kerr signal of My

with θH = 90◦. The green arrows in (b),(c) indicate the field Hc1 and
Hc2.

the initial states of the stretched kagome reside in different
energy levels. Consequently, this leads to avalanche behav-
iors taking place at distinct field strengths. This inference
is substantiated by real-space magnetic domain images, as
elaborated upon in the subsequent text.

In contrast, Hc2 exhibits strong field angular dependence in
all three structures. This dependence arises because Hc2 rep-
resents the reversal field required for the remaining unflipped
bars after the avalanches have occurred. The field angular
dependence in Hc2 stems from the fact that magnetization
reversal in a single bar can be described by the curling model
which exhibits angular dependence [33–36].

Consequently, the peaks of Hc2 occur at angles where the
applied field is perpendicular to the β or γ bars. It is unsurpris-
ing that for standard kagome spin ice, the peaks of Hc2 arise at
θH = 60◦ and −60◦. Similarly, for the stretched kagome, the
peaks of Hc2 arise at θH = 15◦ and −15◦, and for the squashed
kagome, the peaks of Hc2 arise at θH = 45◦ and −45◦, as
illustrated in Figs. 3(a)–3(c).

Furthermore, when θH = 0◦, the magnetization reversal
in these three different structures shows distinct features. In
standard kagome, a single-step magnetization reversal oc-
curs within a narrow field angle range from θH = −7◦ to 7◦.
However, for stretched kagome, this single-step magnetization
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FIG. 3. (a)–(c) The θH dependence of reversal fields Hc1 and Hc2 for (a) kagome, (b) stretched kagome, and (c) squashed kagome. (d)–(f)
The calculated reversal field of each individual bar based on the curling model as a function of θH for (d) kagome, (e) stretched kagome, and
(f) squashed kagome. The red arrows in (a)–(c) indicate the field angles where the simulation does not agree with the experimental results.

reversal is absent. In contrast, for squashed kagome, a single-
step magnetization reversal occurs within a wide field angle
range of θH = − 20◦ to 20◦. To gain a deeper understanding
of the distinction features in the deformed kagome structures,
we performed numerical calculation of the curves using the
curling model [33–36]. The magnetization reversal in an in-
finite cylinder proceeds via spin curling rather than uniform
rotation, which is called the curling mode [35]. Due to the high
aspect ratio of the nanowire in the kagome ice network, the
angular-dependent coercive field in the kagome ice network
can be well described by the curling model [25,28]. In the
curling model, the reversal field can be described as Hc ∝

a(1+a)√
a2+(1+2a)cos2θ

where a = 1.08(2λex/s)2. Here, λex represents

the exchange length, s represents the cross-sectional length of
each bar (s = √

tw with t and w as the thickness and width
of each bar), and θ is the field angle respective to the bar
direction.

To investigate the angular dependence of the coercive field
within the kagome network, we plotted the coercive fields
of three individual bars with different angles, as illustrated
in Figs. 3(b)–3(f). Compared to the experimental data, the
curling model accurately fits the variation of Hc2, confirming
that this variation of Hc2 originates from the magnetization
reversal in individual bars. However, it falls short in explain-
ing the occurrence of the single-step magnetization reversal.
The variation of Hc1 cannot be simply explained based on
the curling model. To gain a deeper understanding of this
phenomenon, we employed an imaging approach to observe
the avalanche behaviors occurring at different field angles
within the deformed kagome structures. The imaging pro-
cess commenced by initializing the system with a saturated
field applied in the opposite direction (θH − 180◦) and then
gradually decreasing and reversing the field. The states before

the reversal serve as the reference states, and subsequent re-
versal behaviors were imaged throughout the field sweeping
process.

For each selected angle, both the Mx and My components
were taken to acquire complementary information about the
magnetization reversal behavior. In the case of the stretched
kagome structure, at θH = 0◦, as illustrated in Figs. 4(a) and
4(b), the stochastically magnetization reversal is present. Due
to the sensitivity of the Mx and My measurements, the reversal
of the α bars is visible in the Mx images, while the reversals
of the β and γ bars are visible in the My images. The insets
in Figs. 4(a) and 4(b) highlighted by the green rectangles
demonstrate the armchairlike reversal chain, which consists
of two types of low-energy states sketched in Fig. 4(a). The
magnetization reversal within these chains occurs either by
reversing the magnetization of the α bars followed by the β

bars or by collectively reversing the magnetization of the α

bars followed by the γ bars, as illustrated in the inset. We
refer to these two distinct reversal paths as the α+β chain or
the α+γ chain, respectively. These behaviors starkly contrast
with those observed in the standard kagome structure, where
avalanches can span the entire system [28].

These observed behaviors align with the principles of the
ice rule. When the stretched kagome spin ice is saturated
along the −θH direction, the system is in a middle-energy
state, as depicted in the inset of Fig. 4(a). During the field
reversal process, the α bars are the first to reach their nucle-
ation field due to their stronger Zeeman energy compared to
the other bars. However, reversing the α bars alone would
lead to an unfavorable energy state at the vertices. Instead,
the more favorable choice is to reverse the magnetization of
either the α+β chain or the α+γ chain. Consequently, the
actual reversal event does not occur until the applied field
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FIG. 4. The real-space magnetization images of the stretched kagome structure with either Mx or My components during the magnetization
reversal process at various θH angles: (a) Mx at θH = 0◦, (b) My at θH = 0◦, (c) Mx at θH = 5◦, (d) Mx at θH = −5◦, (e) Mx at θH = 15◦, (f) Mx at
θH = 40◦, (g) My at θH = 60◦, and (h) My at θH = 85◦. The inset in the red square in each image provides the sketched initial spin orientation
in each bar, and the width of the arrow for each bar indicates the relative strength of the reversal field required to induce the magnetization
reversal of the sublattice. The actual reversed spin configurations are depicted in the yellow squares, where red bars represent the flipped spins.
The insets in (a,b) show the magnified images with the armchairlike switching chains extracted from the regions highlighted by the green
rectangles. A coordinate system which defines the x and y directions is illustrated in (b).

reaches a critical value capable of reversing the β or γ bars.
Specifically, in the stretched kagome structure, magnetization
reversal transpires through stochastic processes involving ei-
ther the α+β chain or the α+γ chain with equal probability,
as both choices are energetically degenerate. This stochastic
nature of reversal leads to the formation of armchairlike chains
during the reversal process. When the external field slightly
tilts, the Zeeman energy favors the reversal of either the β bars
or the γ bars, resulting in a decrease in the energy required to
trigger an avalanche (Hc1 decreases). Conversely, the remain-
ing unreversed bars (α bars) require more energy to reverse,
leading to an increase in Hc2. Consequently, the reversal path
tends to proceed via the α+β chain when θH = 5◦, as shown
in Fig. 4(c), and via the α+γ chain when θH = −5◦, as shown
in Fig. 4(d). Notably, the avalanche behavior undergoes a sig-
nificant change when the angle θH reaches 15◦. Specifically,
when θH exceeds 15◦ (θH > 15◦), the initial state of the γ bars
differs from the case when θH is less than 15◦ (θH < 15◦). As
a result, reversing the α bar no longer violates the ice rule,
leading to a significant decrease in Hc1 when the field angle
exceeds 15◦. This is because the energy required to reverse a
single bar is lower than that needed to trigger a chain of bars.
This feature aligns with the Hc1 measurement results of the
stretched kagome shown in Fig. 3(b). In this scenario, all the
α bars reverse first, as depicted in the inset of Fig. 4(e). Sub-
sequently, the β bars and γ bars undergo separate reversals
due to the substantial difference in their reversal fields. Conse-
quently, no collective reversal behavior occurs throughout the
process. For θH > 37.5◦, the system once again exhibits col-
lective reversal behaviors. This resurgence can be attributed
to the coercive field (Hc) of the β bars becoming lower than

that of the α bars at this specific angle. Reversing the β bars
alone would violate the ice rule. Consequently, the α+β chain
undergoes collective magnetization reversal, forming a linear
avalanche pattern as depicted in Fig. 4(f). Note that the linear
avalanche always chains together in this reversal process. This
is because the magnetization reversal of the α+β chain leads
the system into a middle-energy state and, therefore, the rever-
sal process always involves the magnetization reversal of the
γ bars contributing to a decrease in system energy. This trend
becomes more obvious as θH increases, with the reversal field
of the γ bar continuously decreasing. As a result, the reversal
behavior in the two-step reversal process in Fig. 2(b) becomes
less separated. The bars in three sublattices tend to reverse
collectively, eventually encompassing the entire system when
θH is approximately 60◦, as illustrated in Fig. 4(g). When θH

is close to the vertical direction, a linear avalanche arises,
as shown in Fig. 4(h). This phenomenon has a mechanism
similar to the one that occurred at θH = 40◦. The difference
is that the linear avalanche does not tend to chain together in
this case, as the magnetization reversal of the α bar does not
help the system reach a low-energy state. As described above,
the observed avalanche behaviors are strongly associated to
the ice rule.

In squashed kagome spin ice, the initial state of the system
is set to a low-energy configuration around θH = 0◦ by a
negative field, as illustrated in the inset of Fig. 5(a). When
applying a positive field, the entire spin configuration rapidly
transforms into the other degenerate low-energy state without
the occurrence of intermediate states. A reversal defect can be
found in the blue dashed square in Fig. 5(a), indicating the
area consisting of unreversed bars. This can be attributed to
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FIG. 5. Selected sequential Kerr microscopy images of the squashed kagome spin ice with either Mx or My components during the
magnetization reversal process at different θH angles: (a) θH = 10◦, (b) θH = 25◦, (c) θH = 45◦, (d) θH = 50◦, (e) θH = 70◦, and (f) θH = 85◦.
The initial spin states are depicted in the inset within the red squares, with arrow width indicating distinct levels of the reversal field strength
required to induce the reversal of the sublattice. The actual reversed spin configurations are sketched in the yellow squares, where red arrows
indicate the flipped spins. The scale bar is shown in (b).

the local defect where certain bars possess a higher reversal
field. As a result, local neighboring bars experience hindered
reversal due to the ice rule. This avalanche-type switch ex-
hibits similarities to the switch behavior observed in standard
kagome structure [28]. However, in squashed kagome struc-
ture, this avalanche-type reversal process persists for θH up
to 20◦, but the same avalanche reversal in standard kagome
only happens for θH less than 5◦ [28]. This difference can be
attributed to the significant energy gap between the middle
energy level and the ground energy level in the squashed
kagome structure, which is considerably larger than in the
standard kagome structure (see Fig. 1).

For θH > 20◦, the avalanche-type reversal phenomenon
disappears, and the magnetization reversals occur through the
α+β chains, resulting in a stringlike avalanche behavior, as
depicted in Fig. 5(b). In this scenario, the significant discrep-
ancy in the reversal fields between the β bars and the γ bars,
as shown in Fig. 3(f), is sufficient to break the constraint of the
ice rule, leading to a two-step reversal process. As shown in
Fig. 3(f), with increasing θH, the switch field becomes smaller
for the β bar, but shows the opposite trend for the α bar.
Consequently, it becomes harder to switch the magnetization
in the α bars, but easier for the magnetization reversal in the β

bars. Thus, in the stringlike avalanche behavior for θH > 20◦,
many shorter strings can appear, as shown in Fig. 5(c) with
θH ∼ 45◦.

However, the situation becomes different for θH > 45◦. In
this situation, the β bars exhibit the lowest switching field.

It is important to note that the initial magnetization in the γ

bars points into the vertex. Therefore, if the magnetization
in the β bars switches first, it would lead to a “3-in” con-
figuration that violates the ice rule. Consequently, the α+β

chain configuration reappears, driving the system back into
a low-energy state. This transition from single switching in
the β bar to collective switching in the α+β chain when θH

exceeds 45◦ causes a significant jump in Hc1, as shown in
Fig. 3(f). As θH further increases, the switching field for the α

bar increases with θH, while Hc for the γ bar keeps decreasing.
As shown in Fig. 3(f), the Hc’s for the α bar and γ bar exhibit
a crossing behavior at θH = 72.5◦. Then, for θH > 75◦, the
stringlike switching behavior happens along the β+γ chains
[Fig. 5(f)]. At θH ∼ 72.5◦, the reversal process can occur via
either the α+β chain or the β+γ chain [Fig. 5(e)], resulting
in a single-step switching. Therefore, the magnetization re-
versal in squashed kagome structures can be well understood
through considerations of system energy and adherence to the
ice rule.

As shown in Fig. 3, when the applied field is perpendicular
to the γ bar (θH = 15◦ for the stretched structure, and θH =
45◦ for the squashed structure), the switch field Hc1 exhibits
a noticeable jump. This unique behavior is reflected in the
magnetization reversal patterns seen in Figs. 4 and 5 under
these specific conditions. This behavior may be associated
with the fact that the initial magnetization in the γ bars can
switch direction, suggesting that the magnetization reversal in
a deformed kagome structure depends on the initial state of the
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FIG. 6. Different reversal behaviors induced by varying the mag-
netization orientation in the γ bar: (a),(b) standard kagome, (c),(d)
stretched kagome, and (e),(f) squashed kagome. The insets in each
figure show the initial state and the reversed state, with red arrows
indicating the flipped spins and black arrows indicating the unflipped
spins. The field was applied perpendicular to the γ bar in each
measurement as indicated by the yellow arrow in each figure. The
scale bar is shown in (a).

system. In contrast, the Hc1 for the standard kagome structure
shows constant angular dependence [Fig. 3(a)], indicating no
effect of the different magnetization orientations of the γ bars.

In our experimental setup, by applying a magnetic field
along a certain direction, we could initially configure the sys-
tem such that the magnetization pointed out from the vertex
in the α bars and into the vertex in the β bars, as illustrated
in the inset of Fig. 6. However, the magnetization in the γ

bars could be set either pointing into or out of the vertex. In
order to prepare the initial state with the magnetization in the
γ bars pointing into the vertex, we first applied a 1000 Oe
field with θH = 180◦, and then gradually reduced the field to
zero. For the initial state with the magnetization in the γ bars
pointing out of the vertex, we applied a 1000 Oe field with
θH = −100◦, and then gradually reduced the field to zero.
The different initial states result in a large difference in the
coercive field for each sublattice.

The reversal behaviors for different initial states for stan-
dard kagome are imaged and illustrated in Figs. 6(a) and 6(b).

The results reveal that the one-dimensional (1D) stringlike
avalanche behavior remains consistent regardless of the ini-
tial magnetization orientation in the γ bar. However, in the
stretched kagome structure, as shown in Figs. 6(c) and 6(d),
the switching behavior at Hc1 exhibits a distinct difference
depending on the initial magnetization orientation in the γ bar.

However, within the stretched kagome structure, as de-
picted in Figs. 6(c) and 6(d), we observed a notable difference
in the switching behavior at Hc1 based on the initial magne-
tization orientation in the γ bar. When the magnetization in
the γ bar points into the vertex [Fig. 6(c)], a 1D stringlike
avalanche along the α+β chain is observed. Conversely, when
the magnetization in the γ bar points out from the vertex
[Fig. 6(d)], discrete magnetization reversal behavior occurs
in the α bar. In the squashed kagome structure, as shown in
Figs. 6(e) and 6(f), a 1D stringlike avalanche along the α+β

chain is observed when the magnetization in the γ bar points
out from the vertex [Fig. 6(e)], while discrete magnetization
reversal behavior appears in the β bar when the magneti-
zation in the γ bar points into the vertex [Fig. 6(f)]. Such
discrete magnetization reversal behavior clearly demonstrates
the effect of the degeneracy break in the deformed kagome
structure due to the structural deformation, since this discrete
reversal behavior has been rarely observed in kagome spin ice
structures with the sixfold degeneracy of the ground state. Our
results also highlight that the manipulation of the initial state
of the deformed kagome system can selectively control the
reversal behaviors.

IV. CONCLUSION

In summary, we employed high-resolution Kerr mi-
croscopy to investigate the magnetization reversal behavior
in deformed kagome spin ice structures. The introduction of
deformation breaks the structural symmetry and alters the
energy hierarchy of the system, leading to emerging phenom-
ena due to the ice rule. Compared with the standard kagome
spin ice, deformed kagome spin ices exhibit unique avalanche
behaviors, including armchairlike avalanches and discretelike
reversal behaviors. Besides, the energy landscape in deformed
kagome ice become multilevel, which enables the manipula-
tion of the initial states of the system. Selectively adjusting
the initial states can control the pathway of magnetization
reversal behaviors. These findings enhance the tunability of
the artificial spin ice system’s response to external magnetic
fields, holding significant implications for high-density mem-
ory storage applications.
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