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Artificial spin ice (ASI) systems have emerged as powerful platforms for exploring the fundamental
aspects of magnetic frustration and topological phenomena in condensed matter physics. In this
study, we investigate the bountiful effects that result from introducing hexagonal magnetic defects
into an ASlI lattice. The stochastic stabilisation of a plethora of metastable states in the hexagonal
defects are explored, as well as harnessing the defect magnetisation state for the selective injection of
emergent monopoles of different polarities and proximities within the lattice. We demonstrate a
mechanism for tailoring the ASI behaviour using the magnetic state of the defect, which is of interest to
applications including magnetic memory devices and spin-based logic.

Artificial spin ices (ASIs) represent a class of magnetic metamaterials that
comprise of lithographically defined arrays of ferromagnetic nanoelements.
The shape anisotropy of the nanoelements mean that they only possess two
possible binary states, much like an Ising spin. While ASI were originally
designed to model geometric frustration in more complicated three-
dimensional structures, they now form a subset of research within their own
right as they are tailorable through the geometrically arranged pattern
design and material composition'~.

Localised topologically-protected excitations, sometimes called emer-
gent magnetic monopoles, can be nucleated and propagated under external
stimuli including electromagnetic fields, and temperature. The topolo-
gical states, and collective dynamic behaviour, exhibited by ASI have
applications as both reconfigurable spin-waveguides and as hardware rea-
lisations of low-energy computing’™'". The ability to tailor and manipulate
the physical properties of the system with the array design allows for specific
control of the magnetic ordering in both the ground and excited states at the
will of the designer™™".

For example, chiral lattice geometries have been shown to exhibit a
thermal ratchet behaviour in the ASI lattice'”. Whereas the inclusion of
geometric'®"” and topological® defects has a profound effect on the local
magnetisation of the lattice structure in response to perturbative stimuli. In
addition, the inclusion of parallel nanoislands in the lattice design promotes
ferro-/antiferromagnetic coupling and the formation of non-Ising vortex
states within the nanoelements” ™",

Vortices are one of the fundamental spin configurations occurring in
magnetic nano-disks, arising from the geometric confinement of the spins to
reduce the counteracting energy components of both magnetostatic and

exchange energy. Their structure is characterised by both the chirality of the
rotation of spins clockwise/counterclockwise (CW/CCW, respectively) and
the polarity of the out-of-plane spin at the centre of the vortex. These two
degrees of freedom and their inherent stability have made them promising
candidates for non-volatile and high-density data storage in, e.g., spin nano
oscillators™*. Vortices in ASI have also gained interest in their application
to alternative computing, where their spontaneous formation and dynamics
are of interest for reservoir computing paradigms'**".

The magnetic state of the nano-disks heavily relies on their geometric
parameters and thermal stability, as well as the field history, where S- or
C-shaped magnetic textures may prevail over collinear or vortex states™”.
When nano-disks are integrated into 2D arrays, both the inter-object
magnetic coupling, and intra-magnetic state of each nano-disk, influences
the collective magnetic order and thermal dynamics, exhibiting order-
disorder phase transitions under the shifting spin dimensionality within the
nano-disks’"”.

Here, the result of the intra- and inter-magnetic coupling within the
defect ASI arrays are explored. The influence and behaviour of vortices and
other metastable domain configurations within hexagonal defect ASIs
(HDASI) are demonstrated to be controlled injectors of magnetostatic
excitations into the surrounding ASI lattice. Nanoscale hexagonal defects
promote a more complex energy landscape compared to circular nano-disks
due to their inherent shape anisotropy and edge-based domain-wall pinning
locations. As such, the stable formation of exotic magnetic textures is pro-
moted. We show that the lattice-defect coupling leads to the formation of a
plethora of stochastically formed metastable states within the defect that are
not typically stabilised. The magnetic coupling between these configurations
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and the lattice result in interesting variations of switching behaviours within
the ASI lattice at the defect proximity. In addition, the chirality of a vortex
within the defect is shown to enable selective injection of positive and
negative excited states into the ASI lattice. This has great implications for
controlling the dynamics in ASI as vortex states can be controlled by
numerous regimes, which enables a direct read-write mechanism in a hybrid
ASI lattice.

Results

Part A - Metastable remanent magnetic configurations

The HDASI lattice is comprised of a kagome permalloy design (f = 20 nm)
with hexagonal defects situated within the negative space of select unit cells
(see Methods). Figure 1 shows the magnetic configuration of the stable
vortex in the hexagonal defect within a kagome lattice. The over-focused
Lorentz transmission electron microscopy (LTEM) micrograph of the
HDASI lattice at zero-field, Fig. 1a, shows magnetic contrast. For example,
the black point at the centre of the hexagonal structure indicates the pre-
sence of a magnetic vortex with a CW orientation.

From LTEM images obtained at different focal lengths, the magnetic
induction in the defect and surrounding nanowires was acquired using the
transport of intensity equation (TIE). The resulting M, and M, components,
shown in Fig. 1c(i-ii), confirm the CW chirality of the vortex* . The
micromagnetic structure in Fig. 1b was modelled by utilising the object-
oriented micromagnetic framework (OOMMEF) simulation software™. The
M, and M, components of the simulation in Fig. 1d(i-ii), concur with the
experimental data.

Vortices are the expected magnetic configuration of a hexagonal
structure of this size, but the defect coupling to the ASI lattice also promotes
the stabilisation of alternative magnetic domain configurations. Figure 2a(i)
displays the LTEM micrographs of the hexagonal defect in its vortex state,
alongside its other frequent metastable magnetic configurations: Y-shaped,
striped, and eye-domain (Fig. 2b(i)-d(i), respectively). These states were
realised by saturating the HDASI lattice along the x-axis (to the right of the
image) under the same field conditions and then subsequently relaxing the
field to zero (see Methods). These states were distributed across several
defect sites in the same lattice, as seen in Supplementary Fig. S1 in the
supplementary information (SI).

Figure 2a-d(ii) replicate the remanent domain configurations achieved
through micromagnetic modelling. During the initial investigation, the full
multitude of states did not readily form in the model upon repeated field
operations. This indicates that the stochastic formation of several states, as

seen in the experiments, is the result of uncaptured intrinsic or extrinsic
factors, such as lithographic effects. Instead, the micromagnetic states were
replicated in silico by applying spatially varying applied field protocols to
break the system symmetry (see methods).

The calculated total and demagnetisation energy components for the
four states at remanence are plotted in Fig. 2e (red circles and blue squares,
respectively). The graph shows that the total energy (E,.,) of the system is
dominated by the demagnetisation energy component (E,,s) and that the
three metastable states in Fig. 2b-d are incredibly similar in energy profile
(Etor = 0.435, 0.429, and 0.437 {], respectively). By comparison, the vortex
state has a lower total energy of 0.313 f], confirming that it is the preferred
ground state. The energy gap between E and E,,,, is primarily the exchange
energy component (Ey), which is an order of magnitude smaller than E,
and near constant across all four domain configurations. The energetic
similarities between metastable states depicted in Fig. 2 provide a reasonable
explanation for their readiness to stochastically form in the experimental
system. The coupling of the hexagonal defect to the ASI lattice, and the
defect’s shape anisotropy, promotes domain wall pinning and makes
metastable domain configuration more than a hexagon of these dimensions
in isolation.

In Supplementary Section S2 of the SI, micromagnetic modelling was
used to study the angular dependence magnetic state formation for the lattice;
initialised with a vortex domain state as depicted in Fig. 2a(ii). The results
show that the Y-shaped magnetic domain configurations readily formed
when the field was applied exactly along the x-axis (i.e., parallel to one of the
nanowires). Whereas the striped and eye-shaped magnetic domain config-
urations readily formed with a misalignment applied field. By contrast, the
vortex did not readily stabilise by the in-plane saturation method.

To understand the stochastic domain formation better, the micro-
magnetic state of the hexagonal defects is evaluated within the ASI network
as a function of the field. To achieve this, a different HDASI system was
designed with a single column of alternating hexagonal defects set into the
ASI network that allows for simultaneous imaging of multiple states (Fig. 3).
The states were recorded using magnetic force microscopy (MFM), which
spatially maps the stray field above the sample surface using a magnetic
coated probe”. Here, an electromagnet is fitted into the microscope con-
figuration to allow for imaging with the applied field in situ (see Methods).

Figure 3a(i-ii) presents the topography, and corresponding magnetic
stray-field contrast, of the alternating HDASI network at remanence,
respectively. The initial magnetic state, depicted in Fig. 3a(ii), was achieved
by applying a quasi-static field pulse poH = -60 mT (to the right of the page).

Fig. 1 | Hexagonal defect ASI with vortex. a Over-
focused Lorentz transmission electron micrograph
(LTEM) depicting the magnetic configuration of the
Kagome artificial spin ice (ASI) lattice with a solid
hexagonal defect. b Modelled magnetisation con-
figuration (colour represents angle of the magnetic
vector with respect to the x-axis) of the clockwise
vortex configuration of the hexagonal defect set into
the ASI lattice. ¢ Reconstituted phase map that
depicts the x and y components of the magnetisation
vector (i and ii, respectively) confirming the clock-
wise chirality of the vortex determined by solving the
transport-of-intensity equation. d Simulated maps

M«
c)ﬂ

of the magnetisation vector x and y components (i
and ii, respectively).

.;.,
-
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Fig. 2 | Metastable magnetisation structures

in HDASI. a-d Cropped LTEM micrographs (i) and
matching modelled magnetisation maps (ii) of the
vortex-, Y-, striped-, and eye-domain magnetic
domain configurations of the hexagonal defect at
remanence set into the ASI lattice

(a-d, respectively). Scale bars are 1 um. e Modelled
total and demagnetisation energies (red circles and
blue squares, respectively) of the four ASI magnetic
states depicted in a—d.

0.25

@ Total Energy
B Demag Energy

(a)

(b) (c) (d)

States

The resulting magnetic state of the ASI lattice follows the applied field
direction, and the magnetisation of the hexagonal defects all form a striped
domain pattern like that shown in Fig. 2c.

Figure 3a(iii) depicts the magnetic state of the alternating hexagonal
lattice under an applied field of poH = 10 mT directed to the left of the page.
Here, the defects lose their uniformity and an assortment of domain states
form stochastically, which can be differentiated by their MEM contrast.
Vortices of both CW and CCW chiralities formed in six of the defects within
the image window. The chirality is determined by the offset position of the
core normal to the field direction and relative to the hexagon centre. This is
depicted in more detail in Fig. 3b(i-iv), where the initial striped domain
configuration collapses into a CCW vortex at {loH = 10 mT. Increasing the
field further results in the core being pushed to the defect edge until the
defect is fully saturated at poH = 30 mT.

The contrast of the vortices is distinct from the eye-domain, which
forms in four of the defects in the image window (marked E in Fig. 3a(iii)).
Here, a domain that is aligned with the field direction forms in the centre of
the defect, with domain walls pushed to the hexagonal defect’s edges.

Upon releasing the field, the magnetic states relax to vortex and eye
domain configurations (Fig. 3a(iv)) at remanence. The states are con-
served at remanence relative to when the field is applied in Fig. 3a(iii),
including the individual vortex chiralities. In some cases, the vortex does
not fully form a coherent rotation within the hexagonal defect at
remanence, which results in strong edge contrast (e.g., top of Fig. 3a(iv)).
This is due to domain wall pinning at the defect-lattice interface and is
explored in greater detail in Supplementary Section S3 in the SI and in
the following section.

To better understand the magnetic phase diagram of the system, sta-
tistical analyses were performed on the domain configurations of the hex-
agonal defects under different field magnitudes. The lattice was saturated
each time (uoH = —60 mT), then the field is released to form the magnetic
configuration depicted in Fig. 3a(i). Subsequently, the magnetic field was

applied and released, and the states were recorded and analysed at zero-field
after 10 mT. 20 mT and 30 mT quasi-static field pulses.

The sample size was set to n = 4 images per field, and this process was
repeated for all fields. The resulting mean population frequency of states, p,
is shown in Fig. 3c. The sequence in Fig. 3a was not included in the statistical
analysis as the process of raster-scanning the MFM probe during field
application as capturing Fig. 3a(iii) resulted in a different field history for the
lattice compared to the other data sets. The combination of the MFM
probe’s stray field and the in situ field did impact the magnetic configura-
tions of the hexagonal defect, as evidenced by the reduction in the number of
striped domain states in Fig. 3a(iii) compared to the statistical analysis at the
same field.

Part B - emergent monopole injection

The distribution of states after a field was applied between 20 and 30 mT
coincides with the start of monopole injection from the defect into the lattice
at neighbouring vertex junctions. This opens the question as to whether the
defect’s magnetic state has an impact on monopole injection and dynamics.
This section explores monopole injection effects as a function of the field
and the initial magnetic configuration of the defect. In kagome ASI, the
emergent monopole is positioned where the vertex junction charge (Q),
composed of 3 nanowire charges (q), exceeds the charge value of the
background vertices in the lattice (Qy). Thus, emergent magnetic monopoles
charges are defined as vertices with AQ =Q — Qg = +2q providing their
population is dilute’.

First, the angular dependence of the HDASI lattice is evaluated through
micromagnetic modelling (see Methods). The initial state of the modelled
ASI lattice before each measurement has a net magnetisation component
pointing towards the left of the page, at remanence, and a CW vortex state is
stabilised in the defect (as depicted in Fig. 4b(i)). The vertices have an initial
chequerboard configuration of +q and -q states as is typical for a kagome
ground state. The lattice is subjected to a field poH = 25 mT at an angle, 6,
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Fig. 3 | Magnetic force microscopy statistics. a (i)
Atomic force micrograph (AFM) of the alternating
hexagonal defect ASI lattice. (ii-iv) Magnetic force
microscopy (MEM) images of the lattice at: (ii) zero
field after saturation along the image x-axis in
applied field poH = —60 mT; (iii) poH = 10 mT; and
(iv) poH = 0 mT, respectively. Eye-, and clockwise/
counterclockwise vortex-domain configurations are
marked on (ii) as E, CW, and CCW, respectively.
b MFM image of a hexagonal defect undergoing field
reversal at oH = 0 — 30 mT in 10 mT increments (i-
iv, respectively), scale bars represent 1 um. The core
of the vortex moving downwards with respect to
increasing applied field along the x-axis is indicative
ofa CCW chirality. c Mean population frequency (p)
of the four common states formed at zero field, as
depicted in Fig. 2, after different field histories.
Statistics were gathered from MFM images of 10
hexagonal defects in each image, with a minimum
image sample number of N = 4 per field, where the
sample was reset each time by a saturating field
woH = —60 mT.

Field OFF

—%a

Field OFF Jl Field ON
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)i’ ,

0.8
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relative to the x-axis applied in the opposite direction of the initialised state.
Figure 4a depicts the net planar magnetisation components (1, and m,) of
the HDASI lattice magnetisation as a function of the applied field angle.

The gradual linear background of the magnetisation components
throughout the measurement sequence is a result of the canting of spins in
the HDASI lattice in the applied field. This is particularly biased by the spins
within the defect itself as they have a weaker shape anisotropy compared to
the ASI nanowires. Sharp changes to the magnetisation components
throughout the modelling sequence are indicative of nanowire switches in
the ASI lattice surrounding the defect. This is expected as the defect-lattice
coupling creates injection sites as a function of field angle as described in
previous works". There is a symmetrical monopole injection into the
nanowire either side of the defect at field angles below 8 = 39°. Additional
switches in magnetisation are observed above and below the defect for
nanowires aligned with the applied field direction.

At angles between 39 and 54°, the simulations show that there is a
monopole injection symmetry breaking as nanowires aligned along the x-
axis only switch on one side of the defect. Figure 4b(i-iii) displays the
magnetic configuration of HDASI with CW vortex for 6 =46° and field
magnitudes poH=0mT, 20 mT, and 25 mT, respectively. Figure 4b(iii)
depicts a monopole injection in the nanowire to the right of the defect and an
absence of nanowire switching to the left. Within the defect area shown in
Fig. 4b(ii), it is possible to see the displacement of the vortex core under the
applied field poH = 20 mT, as well as the presence of domain wall pinning
sites where the nanowires meet the hexagonal defect corners (i.e., the defect-
nanowire interface). It is this magnetic confinement that results in the
injection asymmetry under a slightly greater field in Fig. 4b(iii).

For comparison, the same simulations were performed on just a hex-
agonal defect (i.e., in the absence of the surrounding ASI structure) in
Supplementary Section S4 of the SI. Under applied field, the magnitude of
the m, and m, components of the defect are at parity when 0 = 46°. The
alignment of the magnetisation vector within the defect around this angle
appears to assist propagation and promote monopole injection asymmetry.

Figure 4c presents simulation snapshots of the HDASI system under
the same field protocol except a CCW vortex is present at the centre of the
hexagonal defect at remanence. Here, the core displacement is inverted
under the applied field, compared to Fig. 4b, which results in a reversal of the
monopole injection asymmetry. In addition, the sign of the monopole
injected into the lattice is also inverted due to its proximity to the defect.

The defect system is also evaluated under the same field protocol when
initialised with the eye-domain state in Fig. 4d. Here, we see that the eye-
domain state undergoes a different magnetic domain transition than the
vortex states under the same applied field, resulting in a symmetric
monopole injection. The simulations show that the symmetry is preserved
in this field angle window resulting in monopole injection on both sides of
the defect.

Figure 4e plots the curl of magnetisation (VxM) for vortex and eye-
domain states along profiles depicted in Fig. 4b(ii) and 4d(ii) (blue and red
profiles, respectively). The curl of the magnetisation indicates the local
variations of magnetic field strength originating from the variations in spins
canting. Positive (negative) signs of VxM denote CCW (CW) field rotation.
For the CW vortex, sharp peaks with positive signs occur at the defect-
nanowire interface, inducing nanowire switching under greater applied field
due to the right nanowire experiencing a high magnetic flux density. The left
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Fig. 4 | Micromagnetic modelling. a Plot of the
modelled net magnetisation components, m, and
m,, as a function of applied field angle, 6, and field
magnitude poH = 25 mT, for the HDASI lattice
when the defect is initialised with a CW vortex
domain. Shaded green region depicts the field angles
between which only one monopole (MP) is injected
into the ASI lattice. b-d Simulated magnetisation
maps of the HDASI lattice undergoing field reversal
at 0 =46°, uoH =0 mT, 20 mT and 25 mT (i-iii,

2MP

respectively), when the defect is initialised with a
CW and CCW vortices, and eye domain config-
uration, respectively. e Line profiles of the curl of the

E —CW Vortex L

! —Eye domain

0 15 30 45 60 -1.5 0 1.5
0 (°) Profile (um)

magnetisation (VxM) for vortex and eye-domain
states along profiles depicted in b(ii) and d(ii) (white

dashed lines, and dashed green lines indicate the )
edge of the defect).

()

side shows lower peak-trough magnitudes, indicating weaker flux density
and explains the asymmetric nanowire switching (Fig. 4b(iii)) when the
applied field is increased.

In contrast, the eye-domain’s VxM profile is highly antisymmetric,
showing large and sharp peaks/troughs from the coherent spin rotation of
the domain wall in the defect. The interaction at the defect-nanowire
interface is an order of magnitude weaker compared to the vortex state,
resulting in symmetric switching in both nanowires as the domain wall is
pushed further towards the defect edges under increased field at the next
field step (Fig. 4d(iii)).

Figure 5 aims to replicate the main findings from Fig. 4 under
experimental conditions using LTEM (see Methods). Due to the nature of
the experimental setup, a large out of plane (OOP) field is present
throughout the measurement sequence, see Methods, which was not present
in the micromagnetic modelling. A test in OOMMEF was performed with
and without an OOP field that showed the OOP field component did greatly
reduce the magnitude of the in-plane field required to saturate the defect.
The OOP field had a greater effect on the defect magnetisation compared to
the ASI nanowires because of the differences in shape anisotropy. The
impact of this is explored further in Supplementary Section S5 in the SI and
in the Discussion.

In Fig. 5, the lattice is saturated at an angle of approximately 45° from
the horizontal parallel bars (see Methods). This is different from the mod-
elling in Fig. 4 where the saturation angle was along the x-axis. This initi-
alisation direction still results in a chequerboard ground state of +-q and -q
charge states on the vertices, but the charge state is inverted from the

initialised state presented in Fig. 4b-d(i). Simulations confirmed that this
change in starting state for the ASI did not impact the asymmetric switching
mechanism (Supplementary Fig. S6 in the SI).

After saturation, the HDASI lattice is imaged at zero-field, revealing the
initial magnetic configuration of the lattice. The field is subsequently applied
in the opposite direction and the micromagnetic configuration is recorded at
~1 mT intervals. This enables tracking of the defect’s internal magnetic
structure, as well as the switches of the nanowires surrounding the defect
site. Arrows in Fig. 5 indicated the magnetisation direction of the nanowires
surrounding the defect. Supplementary Figs. S7-9 in the SI demonstrates a
full range of LTEM images throughout the switching sequence.

Figure 5a depicts the initial magnetised state of the HDASI lattice
with a CCW vortex in the centre of the defect and ASI magnetisation
directed to the bottom-left of the page. An in-plane applied field
magnitude (uoH;) of 15 mT was applied to the lattice at 0 =45° in
Fig. 5b (yellow arrow). The LTEM contrast of some nanowires have
inverted perpendicular to their length, which indicates a magnetisation
reversal. As such, the diagonal nanowires aligned with the field, above
and below the defect, have switched as well as the nanowire to the left of
the defect. This asymmetric nanowire switching behaviour along the x-
axis has closely matched the micromagnetic simulations displayed in
Fig. 4c(iii).

Figure 5¢ shows the same initialised state as Fig. 5a in the ASI lattice, but
the vortex within the defect has stabilised with a CW chirality. In Fig. 5d,
when this magnetic configuration was exposed to the same field conditions
asin Fig. 5b, the asymmetric switching along the x-axis was not present, thus
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Fig. 5 | Selective injection. a, b Over-focused LTEM
micrographs for the HDASI lattice when a initialised
with a CCW vortex in the defect centre and b after
application of an in-plane applied field

uoHy = 15 mT and 0 = 45°. ¢—f Equivalent LTEM
micrographs depicting the magnetic states for the
same HDASI lattice measurement sequence, except
the defect was initialised with a CW vortex ¢, d and
CW vortex with domain wall (CW/DW)

e, f, respectively. g Plot of the poH; magnitudes
required to switch the nanowires to the left (L) and
right (R) of the defect for the three initialised con-
ditions in a-e: CCW, CW, and CW/DW, (blue, red,
and green, respectively).

CCw

CWwW
Initial defect state

Cw/DW

contradicting the micromagnetic simulation of the equivalent state
in Fig 4b.

Finally, Fig. 5e shows the same initialised state again, except a CW vortex
with domain wall (CW/DW) state was stabilised in the defect. Despite repeat
attempts, it was not possible to isolate the eye-domain under the experimental
LTEM conditions as the CW/DW state formed most readily. Under the
applied field protocol, the same symmetric nanowire switching was observed
in Fig. 5f as in Fig. 5d. The extra micrographs in Supplementary Fig. S9 in the
SI show that the domain wall is initially pushed out of the defect, which
resulted in the nanowire switch to the left of the defect and a stabilised CW
vortex in the defect at oH, = 7 mT. Subsequently, the remaining CW vortex
in the defect evolved in the same manner as the dataset represented in Fig. 5c,
where the right nanowire switched at yoHy = 16 mT.

To understand the experimental results of Fig. 5, the switching fields
(poHsy) of the left and right nanowires (L and R, respectively) for the three

conditions were compared in Fig. 5g, as well as the mode average switching
field for the bulk lattice (see Methods). The initialised CCW vortex case
showed a very large difference in the required in plane field magnitude
required to switch the left and right nanowires (ApoHg,, =19 mT). The
CCW vortex core migrated towards the top left of the figure under the
increasing field before the defect saturated and induced the left nanowire
switch, complimenting the results of the micromagnetic modelling in
Fig. 4c(i-iii).

The left and right nanowires had highly similar switching fields in the
initialised CW vortex condition, which contradicts the simulations. The right
nanowire’s switching field had reduced between the two chiralities
(ApoHgy = —10 mT). Conversely, the switching field increased for the left
nanowire (ApoHg,, = +6 mT). Itis evident that although an asymmetric effect
is present within the system, it is not the dominating factor. The mechanism
behind this is explored further in the discussion. By comparison, when the
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defect was initialised with a CW/DW, the left nanowire switched at the same
toHj,, magnitude as the CCW initialised state. In addition, the right nanowire
switched at the same poHj, as the CW state. This shows that the three
initialised states achieved are distinguishable from each other under the
experimental conditions. As the most populous initialised stabilised state,
statistics were acquired on the vortex-DW states (Supplementary Fig. S10 in
the SI) and showed good repeatability in the measurements.

Discussion

The HDASI system has been shown to promote the stabilisation of a ple-
thora of metastable magnetic configurations within the hexagonal defect.
Domain wall pinning locations are created from the combination of defect
shape, as well as the magnetic coupling with the surrounding ASI lattice. The
energetic degeneracy of the non-vortex magnetic states, as shown in the
micromagnetic modelling in Fig. 2, promotes the formation of multiple
metastable magnetic states in the hexagonal defect at remanence. It was
shown in Supplementary Fig. S1 in the SI that a distribution of different
states would form across the defect sites within a lattice. The ASI investi-
gated is athermal due to the nominally large lattice thickness, which makes
the nanowires insusceptible to thermal agitation. A study of the stochastic
formation of states in thermal ASI defect systems could pose an interesting
phase diagram subject to the thermal and magnetic field history, where the
energetic degeneracy would have greater impact on the magnetic effects.

The in situ MFM study and subsequent probability distribution graph,
in Fig. 3, shows distinct field windows for the favourable formations of the
vortex, eye, and striped domain states, respectively. There is a preference for
forming vortices at field magnitudes near poH =20 mT, when the field is
applied along the armchair (x-) axis, whereas eye-domain formations are
more prevalent at higher saturation fields (uoH = 30 mT). Striped domain
states are dominant when the lattice is saturated in even higher applied fields
in both the positive and negative field direction (poH =+ 60 mT), which
restores the defect uniformity. The data shows that the magnetic state of the
defects can be selected through the in plane field magnitude, but the impact
of the localised magnetic switching in the ASI must also be considered. The
localised field emanating from the defect is known to impact the switching
field of the localised nanowires due to the increased magnetic flux density"’,
but the surrounding magnetic state of the ASI mutually influences the
stabilised structure of the defect’s magnetic state when the applied field is
released. The perturbing stray-field from the MEM probe when imaging the
lattice, under an applied field, increases the efficacy of vortex formation once
releasing the applied field. This is identified when comparing Fig. 3a(iv) to
the micrographs used for the statistical analysis, where the lattice was not
scanned with the MEM probe with the field applied. This effect is consistent
with literature to return magnetic nanostructures to their ground state’”
and could be used to bias the defect state formation towards just vortices.

The results of Part A demonstrated that the HDASI lattice is a highly
complicated system where the influence of the hexagonal defects on the ASI
network, and vice versa, has to be considered. The simulated in plane
angular dependence of nanowire switching, for an initial vortex state in the
defect, demonstrates that there is a ~ 15° window, centred around 46°,
where the HDASI magnetic switching mechanism is no longer symmetric.
The simulations showed that the direction and sign of the injected emergent
monopole was dependent on the chirality of the initial vortex in the defect
and the applied field direction. Meanwhile, the evolution of the eye-
domain’s magnetic configuration under increasing field, at 6 = 46°, results in
symmetric switching events in the two nanowires.

The asymmetric switching depends on a variety of factors including the
defect geometry, topological protection of the vortex, and the localised
magnetic coupling between the defect and surrounding nanowires. The high
magnetic flux density localised at the vortex’s core results in asymmetric
switching as the core is displaced to the defect edge. In addition, the corner of
hexagonal defects further concentrates the magnetic flux density at the defect-
nanowire interface compared to a simple circular disk. This suggests logical
selectivity for monopole injection based on the defect’s magnetisation and the
applied field angle, which is detectable by electrical methods such as

magnetotransport and ferromagnetic resonance spectroscopy’™*'. A defect-
ASI system capable of both asymmetric and symmetric switching based on
the initialised magnetic state of the defect could find applications in stochastic
computing or reconfigurable waveguides.

The results of the modelling were tested through an experimental
investigation in Fig. 5. The results of the simulations were well replicated for
the case where the starting defect magnetisation was a CCW vortex.
However, the results were less clear-cut when a CW vortex was initialised in
the defect. There was a measurable change in nanowire switching fields on
the left and right of the defect depending on the vortex chirality. However,
for the initialised CW vortex, the similarity in switching fields for the left and
right nanowires case was unexpected. The large difference of switching fields
between the left and right nanowires for the CCW initialised state (Fig. 5g,
blue), and the small magnitude difference in the CW initialised state (Fig. 5g,
red), implies a type of field bias that was not replicated in the micromagnetic
modelling.

A possible reason for this discrepancy between the experimental
results and the simulations was that the OOP field present in the
experiment has impacted the switching mechanism of the defect and
surrounding nanowires. The simulations in Supplementary Fig. S5 of the
SI showed that the OOP field reduced the in plane switching field of the
defect more than the ASI nanowires due to its reduced shape anisotropy.
This in turn disrupted the asymmetric nanowire switching fields in the
simulations compared to the ideal case presented in Fig. 4. However, the
modelling also suggested that the asymmetric switching would be
diminished for both vortex chiralities and did not account for the
asymmetric bias field effect recorded in Fig. 5. This demonstrates that the
experimental HDASI system has more complex physics at play than the
micromagnetic model can capture.

Despite the unknown source of the switching field bias, it is evident that
the chirality of the defect does distinctly impact the localised switching field
of the surrounding nanowires and could plausibly be used for selective
injection with further optimisation of the experimental conditions and
design of the lattice.

Conclusions

In conclusion, the investigation of an ASI system with hexagonal defects has
revealed the significant role of defect lattice coupling on the stabilisation of
metastable magnetic configurations and locally tuning the ASI switching
response. The observed stabilisation and manipulation of metastable states
in the hexagonal defects exhibit intriguing emergent phenomena, including
stochasticity in the domain formation itself, as well as tailoring monopole
injection characteristics in the ASI lattice. Furthermore, the manipulation of
individual defects was shown to be effective in adapting the local switching
fields of surrounding nanowires. Defects initialised with vortices of different
chiralities were proposed as a mechanism for the asymmetric injection of
monopoles, of opposite charge, within a low-field regime. Conversely, other
initial magnetic configurations in the lattice did not produce the asymmetric
switching behaviour. The experiments showed that the initial chirality of the
defect magnetisation did affect the switching fields of the nanowires on the
left and right of the defect. This provided evidence that the asymmetric
switching mechanism was present in the system, albeit with an unde-
termined source of field bias. The findings provide valuable insights into the
collective behaviour of nanomagnets in the ASI lattice and pave the way for
future research in artificial frustrated materials and magnetic systems. Finely
tuning the geometries of the system to include thermal effects could offer
prospects in stochastic computing architectures, such as reservoir com-
puting, or as reconfigurable waveguides based on the initial magnetic
configurations of the defects in the lattice.

Methods

Film growth and ASI fabrication

The lattice is composed of elongated connected nanowires with an interior
length of 800 nm and a width of 100 nm. This shape anisotropy forces their
respective magnetisation to lie along their respective long axes. The hexagonal
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defects are L = 1.60 um (from point-to-point) and W = 1.39 um (from edge-
to-edge). For LTEM, the patterned Py structures were fabricated on Si;Ny4
membranes (f=20nm). Membranes were spin-coated with ZEP520A
(t=140 nm) and baked at 180 °C. The ASI arrays were then patterned by
e-beam lithography (100 kV, 343 uC/cm’) and developed in n-amyl acetate.
Py (t=20nm, 2 A/s) with a Pt capping layer to prevent oxidation (t =2 nm,
1 A/s) were evaporated. Finally, lift-off was performed in DMSO. For the
MEM studies, ASI nanostructures were patterned using e-beam lithography
with a combination of lift-off and Ar ion etching from a sputter-deposited
film with a Si/SiOy (300 nm)/Py (25 nm)/Pt (2 nm) film architecture.

Lorentz transmission electron microscopy

In LTEM, the electron beam deviates from the transmission path when it
experiences a Lorentz force in the presence of a magnetic field. The direction
of the electron beam's deflection is dependent on the magnetisation direc-
tion. In Fresnel mode, the image is defocused and the magnetically deflected
electron beams of two neighbouring domains either overlap or deviate,
resulting in bright or dark contrast, respectively. This change in contrast
indicates the magnetisation direction normal to the beam path.

The LTEM measurements were conducted in Fresnel mode in a
Hitachi HF-3300 (I2TEM) microscope operated at 300 kV and fitted with a
cold field-emission gun and image corrector. The observations were done
using the normal sample stage of the 2TEM with the objective lens switched
off. Magnetic switching studies were performed by applying an in situ
magnetic field and controlling the current of the objective lens of the
microscope. As the magnetic field generated by the lens is oriented per-
pendicular to the image plane, the sample was tilted out of the imaging plane
to apply external magnetic field components parallel to the sample plane.
This results in both an out of plane (OOP) and in plane component of the
applied field. The OOP field is considered constant throughout the data
sequence as the small xz-tilt angles used result in a negligible variation in the
OOP component in the interesting tilt range of the experiment. For
example, a sample tilt of 2° is required to achieve an in plane field magnitude
of 17.4 mT, which results in an OOP field component of 487.7 mT. This is
only a 300 uT difference from zero-tilt. In Fig. 2, the planar saturation
direction was modified by a few degrees to stabilise the different magnetic
states. In Fig. 5, the sample was also rotated in its plane to adjust the direction
of the applied field along different axes of the ASI network. The mode
average for the switching field of the lattice was calculated by counting the
frequency of switches at each field iteration for the three field sequence
displayed. Subsequently the mean average of these three mode average
switching fields is represented on the graph (dashed line).

The Transport of Intensity Equation (TIE) is a method employed for
retrieving the phase shift introduced by the specimen on the electron beam.
This phase shift is partly due to the magnetic properties of the studied system
and can be used to map the in plane magnetic component integrated along
the electron beam. The TIE is described within in-line holography technics
and is based on the acquisition of images at different focal lengths (in general
one under-focused, one over-focused and one in-focus). The images are
then processed using an algorithm based on Fast Fourier Transform (FFT)
before reconstructing the phase image. The gradient of the phase images, for
a constant thickness and a homogeneous material, recovers the in plane (x
and y) components of the magnetic induction®.

Micromagnetic Modelling

OOMMF is a finite difference method solver for the Landau-Lifshitz-Gilbert
(LLG) equation that calculates the total energy of regularly distributed dis-
cretised cells over the object domain. This is achieved by considering the
summed influence of different micromagnetic energies on objects with pre-
determined magnetisation. The magnetisation within each cell is updated by
a conjugate gradient energy evolver, which calculates the local energy minima
directly. The energy-evolver is ideal for computationally larger structures,
such as ASI lattices, as it allows the problem to reach convergence far quicker
than the time-evolvers with the same result.

The component sizes of the modelled structures were conserved
between simulations and experiments. The magnetic parameters of Py
used for the micromagnetic modelling were taken from literature, where
saturation magnetisation was assumed to be M,=860kA/m and
exchange constant J., = 13 pJ/m. The regularised mesh was comprised of
4 x 4 nm cells to best resolve the nanowire features. The image atlas was
used to describe the structures with periodic boundary conditions
extending in the y direction and with fixed boundary in x with width,
w=11.34 um. The stopping criterion for the forward simulations was
Max |mxHxm | = 1le®.

Magnetic Force Microscopy

MEM measurements were performed in traditional 2-pass tapping AFM
mode, where the second pass is performed at a set distance away from the
sample to record longer-range magnetostatic interactions between the
magnetic probe and the sample in the absence of van der Waal topo-
graphical interactions. The measurements were performed in an NT MDT
NTEGRA Aura microscope with an in-plane electromagnet mounted
in situ, which was used to apply the field to the sample. Al MFM mea-
surements were performed at remanence unless otherwise stated. The angle
of the field is applied along the image x-axis and approximately 1° from the
lattice armchair axis direction. This field-lattice offset explains the greater
population of eye-domains that form compared to Y-shaped domains,
which is consistent with the micromagnetic modelling results presented in
Fig. 2 and the surrounding text.

Data availability
The datasets generated and/or analysed during the current study are
available from the corresponding author upon reasonable request.

Code availability
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