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Abstract

The remanent domain structures of composite element magnetic barcodes have been imaged using
photo-emission electron microscopy with contrast from x-ray magnetic circular dichroism (XMCD-
PEEM) and analysed with reference to the results of micromagnetic simulations. The magnetisation
configuration at the end of wide strips is found to be perpendicular to the majority magnetisation
direction. This transitions to an incomplete rotation for nominal strip widths below 300 nm and is
found to affect the mechanics of magnetisation reversal for nominal strip widths below 200 nm, owing
to a difference in magnetisation orientation when an external magnetic field is applied that is just
smaller than the magnetic coercivity of the structures and a corresponding change in reversal
dynamics. This change in domain structure as strip width decreases is consistent with both the
influence of shape anisotropy and with measurements of magnetic hysteresis. The magnetisation
reversal characteristics of composite element structures are found to be dependent on the relative
magnetisation configurations of neighbouring strips, which in turn are found to vary stochastically
upon the application and removal of a magnetic field along the easy axis of the structure. It is found
that the application of a canted field is necessary to ensure sharp, consistent magnetisation reversal of
bits when writing a binary code. These results confirm that either improved lithography of narrower
strips or non-rectangular elements would be necessary to further increase the number of individually
programmable bits in a barcode.

1. Introduction

Magnetic barcodes have been identified as versatile, non-volatile magnetic memories that have potential
applications in multiplexed molecular identification and biological and chemical assays [1]. The recent
development of composite element barcodes (where bits are composed of arrays of narrow magnetic elements)
has sought to take advantage of not just the shape anisotropy of individual magnetic strips [2], but also their
interaction, via dipolar forces, when elements are brought close together in arrays [3, 4]. The writing of binary
digits onto these barcodes is well established [5—9] but refinements to both their design and the writing
algorithm are still required in order to fully optimise this process. The reading of information written to these
structures is expected to benefit from recent advances in tunnel magnetoresistive sensors that have very high
sensitivities [10—12].

©2021 The Author(s). Published by IOP Publishing Ltd
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Previous efforts were directed towards the maximisation of the number of individually programmable bits
—that s, the number of bits to which a code can be written without erasing information carried on other bits.
The relationship between magnetic strip width and coercivity was found to have two regions that could be
described by power laws, with a crossover between the two regions for widths 150-200 nm [4]. [t was
hypothesised that the change in power law relation resulted from a change in magnetisation configuration
structure and, hence, a change in magnetic reversal mechanism. In order to produce devices that perform
predictably and consistently when writing a code, it is necessary to have a good understanding of the
magnetisation reversal mechanism: in particular, the effect of the magnetisation structure, both at remanence
and with an external magnetic field applied, on their magnetic coercivity and hysteresis.

The magnetisation orientation and domain structure of low aspect ratio permalloy rectangles and squares is
well known [13, 14] and it is understood that the magnetostatic coupling of closely spaced permalloy rectangles
is strong [ 15], especially where complete flux closure domains cannot form in the narrow strip limit. This is
certainly true in low aspect ratio devices, where magnetisation structures at both ends of an element are found to
interact [16], or when the rectangles are closely spaced compared to their width [17]. However, there is a lack of
research centring on the remanent magnetisation structure of permalloy rectangles where the aspect ratio, and
shape anisotropy, are large enough that the two ends are non-interacting, especially where neighbouring
rectangles can interact in an array, and with direct comparison to the structure in wider magnetic strips.

In this work, photoemission electron microscopy employing the x-ray magnetic circular dichroism effect
(XMCD-PEEM) is used to directly image the magnetic domain structure of a range of magnetic elements at
remanence, after application and removal of a known external magnetic field. The influence of shape anisotropy
and dipolar interactions on the remanent state are considered, along with the possible mechanism of the
magnetisation reversal process in arrays when an external magnetic field is swept. Our analyses based on
micromagnetic simulations are in broad agreement with the imaging data, and overall, our results provide key
insights to inform the design of future devices.

2. Methods

The arrays of magnetic structures used in this work are produced by lifting-off a thermally evaporated film that
has been patterned by electron beam lithography. Initially, a silicon wafer is prepared by cleaning in solvents and
Ti/Auis grown on the surface by thermal evaporation. This Au layer prevents charge build-up during both the
electron beam lithography and the XMCD-PEEM measurements—precise lithography and measurement are
more critical in these structures than promotion of a large magnetic grain size. 950 PMMA A4 is then spun as a
resist to a thickness of ~200 nm and the pattern exposed by electron beam lithography. The sample is developed
in MIBK:IPA:MEK 5:15:1 solution. The magnetic layers are grown by thermal evaporation at a base pressure of
1 x 1077 mbar. First a 5 nm Cr adhesion layer is grown, followed by 15 nm of NigoFe,, (permalloy), in the
absence of an applied magnetic field, and a thin (2 nm) capping layer of Al. This cap is necessary to prevent
oxidation of the surface of the film. Lift-off of the pattern is performed in acetone, initially for one hour without
agitation, followed by approximately two minutes with ultrasonic agitation. Two samples are measured in this
work, one cleaned with one minute of oxygen plasma after lift-off (to remove residue from the lift-off process)
and one measured with no further cleaning after lift-off. Both showed quantitatively the same results and so no
distinction is made between them in the analysis.

The structures are comprised of a series of magnetic bits, with the nth bit containing # strips each with a
width of w;, = 3200/n nm and a space between each strip equal to their width. Figure 1(a) shows a schematic
diagram of the architecture for an n = 3 bit. All magnetic strips are 15 pum long. Scanning electron microscopy
(SEM) images of the arrays of magnetic structures are shown in figures 1(b)—(e). Figure 1(b) shows a complete
element of width w; = 3200 nm, whereas figure 1(c) shows the array with the narrowest elements investigated in
this work, with strip width ws, = 100 nm. Figures 1(d) and (e) then show more magnified images of the tips of
these strips. In all these images, we observe a low edge roughness and sharp corners at the tips.

Micromagnetic simulations in this work are performed using Mumax’, a GPU accelerated program that uses
the Landau-Lifshitz formalism [18]. The magnetisation at a given applied external field is estimated using the
conjugate gradient method. Typical materials parameters for permalloy were used, with an exchange stiffness of
13 pJ/m and a saturation magnetisation of 860 kA m™ ' [19]. In simulations, the magnetic elements are 10 um
long, since this reduces computation time whilst not quantitatively affecting the domain structure at the ends of
the strips, since they remain unable to interact even at this shorter length. The exception to this is the n =1 strip
(w; = 3200 nm), where the simulated structure is 15 ym long, since the ends can interact, because of the lower
aspect ratio and lower shape anisotropy. In these simulations, square cells were used in the plane of the structure,
with a cell size between 1 nm x 1 nm (for structures with smaller strip widths) and 4 nm x 4 nm (for structures
with larger strip widths).
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Figure 1. (a) Schematic diagram of the structure. A Si wafer (dark grey) is coated with Ti/Au (yellow). The magnetic elements comprise
a Cradhesion layer (light grey), permalloy (red) and a thin aluminium cap (blue). In all structures, magnetic strips have equal width
and spacing. Layer thicknesses are not to scale. SEM images of (b) an entire n =1 (w; = 3200 nm) structure, (c) an entire n = 32

(w3, = 100 nm) structure, (d) the tip of the n =1 structure and (e) tips of some of the strips in the n = 32 structure. Scale bars are
shown in each case. An accelerating voltage of 5 kV was used for all images.

XMCD-PEEM is a synchrotron-based technique that exploits x-ray magnetic circular dichroism to obtain
elemental selective images of the sample surface, whose contrast is proportional to the magnetization component
along the incoming beam direction. Raw PEEM measurements are made both on-and off-resonance of the
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Figure 2. (a) XMCD-PEEM image of a portion of a single strip of width w; = 3200 nm. The direction of incident x-ray grazing
incidence (red arrow) and scale of XMCD asymmetry are shown. The field of view (FOV) for this measurement was 14 ;im.

(b) Magnetisation vector map of the end of a structure with strip width w3 = 1070 nm. FOV = 19 um. (c) Vector map of the end of a
bit with strip width ws = 400 nm. FOV = 24 um. (d) Vector map of the end of a bit with strip width w,y = 160 nm. FOV = 19 um.
All three vector maps use the same colour wheel, as shown.

magnetic material (here, for Fe, we work at 710.4 eV and 708 eV respectively) to minimise the effect of
inhomogeneous illumination of the sample, and with left- and right-hand circularly polarised x-rays. A single
XMCD-PEEM scan takes the difference of ten of each of these measurements (40 in total) and the XMCD magnetic
image contrast is calculated as the asymmetry of the normalised intensities using,

A= R~ 1Y /(IR + 1Y

to represent the projection of the local surface magnetisation in the direction of the incident beam.

IR/ = (R Cf;/ b1 fﬁ/ L are found from the normalised relative intensities of secondary electron emission
on and off the L; resonance of Fe. The final experimental data are then obtained by averaging many runs of 40
images and therefore improving signal-to-noise and accounting for any small drifts in the system that would
blur the data. By obtaining two XMCD asymmetry images, with the sample rotated such that the in-plane
projection of the beam lies along two orthogonal directions, a vector map of the in-plane magnetisation can be
calculated. XMCD-PEEM measurements in this work were performed on beamline 106 at the Diamond Light
Source [20].

3. Results and discussion

3.1. Remanent states of rectangles with varying widths

First, we consider the magnetisation configuration in the #n = 1 rectangle with width of w; = 3200 nm.

Figure 2(a) shows an XMCD-PEEM measurement of the tip of an n = 1 element after application and removal of
astrong external magnetic field (50 mT) along the positive y-direction. Here, x-rays are incident close to
perpendicular to the magnetic easy axis of the structure. The blue colour corresponds to a magnetisation
component parallel to the in-plane beam projection, whereas red corresponds to an antiparallel magnetisation
component. At the end of the strip are two adjacent regions with rotation of the magnetisation towards opposite
x-directions. These regions are separated by Néel domain walls.

The experimental n =3 (w3 = 1070 nm) magnetisation vector map is shown in figure 2(b), after application
and removal of a magnetic field of 50 mT in the positive y-direction. There is clear evidence of magnetisation
rotation towards the positive x-direction at the very tip of each strip, with a slight colour change towards a darker
blue below the green region at the end of the strip suggesting a very small rotation towards the negative
x-direction—this can also be seen with one magnetisation arrow rotating slightly towards the negative
x-direction on the leftmost strip.

XMCD-PEEM measurements were also performed on both an #n = 8 and an n = 20 structure (ws = 400 nm
and wyo = 160 nm). These data are shown in figures 2(c) and (d), with the tips of both structures shown. The
n = 8 structure was initialised by application and removal of an external field in the positive y-direction, whereas

4
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Figure 3. Simulated magnetisation vector maps showing the tips of individual, isolated rectangles with widths (a) w; = 3200 nm,
(b) w3 = 1070 nm, and (c) w59 = 160 nm. All three vector maps use the same colour wheel, as shown. The images are not shown to
the same scale.

the n = 20 structure was subjected to a field in the negative y-direction (both of magnitude 50 mT). The main
features of the structures are again present, that is, the magnetisation aligns along the easy axis of the structure at
remanence and there is a rotation away from this direction at the tips of the strips (in the case of the n = 20
device, we see only a small rotation in the top few pixels of the image). We do not see the secondary rotation in a
sense opposite to that at the end of the strip in these narrower structures with higher shape anisotropy.

We can look at simulated structures to understand the features at the ends of the strips. Figure 3(a) shows a
vector map of the magnetisation of the w; = 3200 nm rectangle when no external field is applied—the
simulation is initialised with uniform magnetisation in the positive y-direction and allowed to relax to
remanence. There is clear evidence of rotation of the magnetisation towards both positive and negative
x-directions, with the magnetisation at the top of the strip being fully aligned along the positive x-direction.

Figure 3(b) shows the magnetisation vector map of a simulated isolated rectangle of width w; = 1068 nm at
remanence. The structure is exposed to a strong external magnetic field (50 mT) in the positive y-direction,
which is then removed. There is a large rotation of the magnetisation at the end of the strip into the positive
x-direction and a small rotation towards the negative x-direction below this (much smaller in terms of angle of
rotation towards the negative x-direction than that seen in the w; = 3200 nm structure in figure 3(a)). This
simulated result is fully consistent with the experimental result in figure 2(b).

The magnetisation patterns of these structures can be readily compared to one another. As the strips narrow,
the enhancement of shape anisotropy makes it energetically unfavourable for the structure seen in figure 2(a)
(where there are two regions in the magnetisation configuration that cant in opposite x-directions) to form in
the remanent magnetisation when w;, < 1000 nm. We still see one very prominent spin rotation away from the
y-direction at the end of the strip—into the positive x-direction. There is evidence for the small rotation in the
negative x-direction seen in simulated results of strips with widths less than 1000 nm but these are too small to be
resolved in the experimental data. A full perpendicular rotation of the magnetisation is seen at the end of all
strips in this limit.

In the case of narrower strips (w, < 300 nm), we see a change in the remanent magnetisation. Figure 3(c)
shows the simulated remanent state of the end of a single 160 nm wide permalloy strip (20 of these strips would
comprise an n = 20 bit), initialised with magnetisation in the positive y-direction and allowed to relax to
remanence. The strip is too narrow and shape anisotropy therefore too significant to allow a full magnetisation
rotation into the x-direction to occur—note the direction of the magnetisation arrows at the top of the strip. The
change in the nature of the remanent magnetisation configuration between wider strips and this w,y = 160 nm
strip is clear from the simulated results and is even more pronounced as the structures become narrower. These
conclusions are consistent with the experimental n = 20 vector map in figure 2(d), where only a small
magnetisation rotation is visible at the end of each strip (note that the large difference in overall colour between
these two images results from magnetising fields being in opposite directions).

Our analysis therefore shows that for decreasing strip width, the configuration of the remanent
magnetisation becomes more spatially homogeneous, as expected from increasing shape anisotropy. However,
the width (w, ~ 300 nm) at which the magnetisation configuration at the tips of the strips changes between a
remanent domain fully perpendicular to the magnetic easy axis and one at an angle to both the easy and hard axis
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Figure 4. Simulated magnetisation vector maps showing the tips of individual, isolated rectangles when external magnetic fields are
applied in the negative y-direction, as shown with the red arrow. A w; = 3200 nm rectangle with (a) zero field and (b) 1.0 mT applied.
A wy, = 267 nm rectangle with (c) zero field, (d) 9.0 mT and (e) 20.2 mT applied. A w,y = 160 nm rectangle with (£) zero field,
()26.0 mT and (h) 35.9 mT applied. All vector maps use the same colour wheel, as shown. (a) and (f) are reproduced from figure 3
(with differently sized arrows) for ease of comparison. The images are not shown to the same scale.

160 nm

w=

in these simulations does not coincide with the strip width (w;, ~ 200 nm) at which we found a change in power

law relationship in measurements of magnetic hysteresis [4].

3.2. The reversal process of isolated rectangular magnetic elements

We now explore magnetisation reversal in our arrays of magnetic structures, thus addressing magnetisation
configurations in varying applied fields. In all the simulations shown in figure 4, the structures were initially
magnetised with a strong applied field (50 mT) in the positive y-direction. The results shown are the
magnetisation configurations with a field applied along the negative y-direction (as shown with the red arrow).
We initially consider a strip with width w; = 3200 nm. Figure 4(b) shows the magnetisation configuration when
amagnetic field of 1 mT is applied—this is just below the coercive field of ~1.2 mT. Comparison with the
remanent domain structure in figure 4(a) (reproduced from figure 3(a)) shows that the region with
magnetisation rotated away from the positive y-direction has stretched down the strip. Notable is the rotation of
spin states in the green region in the remanent state towards the negative y-direction—the spin-states in the
yellow region have rotated away from pointing slightly upwards in the remanent state to now pointing
downwards after application of this external field. In this wide strip limit, the magnetisation reversal is mediated
by a zigzag domain structure [21, 22], with reverse domains nucleating throughout the zigzag. The dynamics of
this reversal after increasing the applied field from 1 mT to 1.5 mT are shown in figure S2 in the supplementary
material (available online at stacks.iop.org/MRX/8/096103 /mmedia). Further simulations (not shown)
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demonstrate that a full zigzag would not be seen for n = 2 and above, owing to the stronger shape anisotropy in
these narrow structures.

When applying the same process to narrower strips, we see some different behaviours. Figures 4(c)—(e) show
simulations of the magnetisation at the end of a single rectangle of width w;, = 267 nm when magnetic fields of
0mT, 9 mT and 20 mT are applied in the negative y-direction, respectively. The remanent magnetisation at the
tip of the strip is canted with respect to the x- and y-axes. In figure 4(d), we find that the magnetisation rotates
parallel to the x-direction at the tip of the strip at an applied magnetic field (9mT) that is much smaller than its
coercivity (20.3 mT). Figure 4(e) shows the magnetisation configuration at 20.2 mT—note the presence of a
yellow region in the magnetisation, indicating spins that point at an angle to both the positive x-direction and
negative y-direction. A further increase of the magnetic field to 20.3 mT causes further rotation of spins in this
yellow region. The yellow region then expands down the strip and magnetisation reversal is initialised. The
domain wall propagation along the strip and reversal of its majority magnetisation gives the familiar Barkhausen
jump in the magnetisation [23, 24]. The dynamics of this reversal are shown in figure S4 in the supplementary
material. The results here are consistent with previous Lorentz microscopy [22, 25] and magnetic force
microscopy [26] imaging performed on individual permalloy rectangles.

We therefore find that the magnetisation reversal of this rectangle of width w;, = 267 nm is by the same
mechanism as for the w; = 1070 nm rectangle (see figure S3 in the supplementary material). Note also that the
rotations of spin-states into opposite x-directions in the magnetisation structures at the ends of these strips
reappear upon application of an external field along the y-direction opposite to the majority magnetisation of
the bit [27]; their absence in the remanent state has no specific impact on their magnetic reversal characteristics.

We see a different behaviour in structures of width w;, < 200 nm. Figures 4(f)—(h) show the magnetisation
configuration in a simulation of a strip with width w,y = 160 nm. From the remanent state (figure 4(f)), we
apply an external magnetic field in the negative y-direction and find a quantitatively different magnetisation
configuration from the wider strips explored above. Figures 4(g) and (h) show the top of this rectangle when
fields of 26.0 mT (when the magnetisation at the tip of the strip first aligns along the x-axis) and 35.9 mT (just less
than the coercive field of ~36.0 mT) are applied, respectively. Notice the direction of magnetisation at the top left
of figure 4(h)—particularly the top two arrows on the left-hand side. In figure 4(h), the structure cants more
towards the x-direction than seen in the wider rectangles (see figure 4(e)). As a result, the point on the strip where
magnetisation reversal is instigated is different—in this case, increasing the applied field to 36.0 mT initialises
reversal from this top left point, without the need for a structure in the centre of the strip (like the yellow region
in figure 4(e)) to stretch down the strip first. The dynamics of this reversal are shown in figure S5 in the
supplementary material.

We postulate that this change in magnetisation configuration of isolated permalloy rectangles, when an
external field is applied antiparallel to the majority magnetisation close to remanence and the corresponding
change in reversal dynamics, is the reason for a change in power law relationship between coercivity and strip
width for widths w,, < 200 nm found in our previous work [4]. The increase in shape anisotropy for narrower
strips therefore fundamentally changes the magnetisation reversal mechanism, with reversal able to instigate for
more spatially homogeneous magnetisation configurations than for wider strips, where reversal must be
instigated by the propagation down the strip of a region of magnetisation from the middle of the tip.

3.3. The reversal process of arrays and the influence of remanent magnetisation orientation

We now investigate the role of the remanent magnetisation configurations (Section A) on the magnetisation
reversal process of a composite element structure. In the simulated hysteresis loop of figure 5(a) we have
considered an n = 20 structure (w,y = 160 nm) that was initialised with a random configuration of
magnetisation before application and removal of a 40 mT along the negative y-direction. The hysteresis is quite
broad on the reversal when applying a magnetic field in the positive y-direction. By analysing the magnetisation
pattern after each 1 mT step, we can understand the overall reversal mechanism. The leftmost strip reversed its
magnetisation at 33 mT and initialised a cascade, with neighbouring strips also switching in sequence, but this
stopped, owing to the presence of anti-aligned magnetisation along the x-direction at the tips of the strips.
Figure 5(b) shows the stable magnetisation state at 33 mT on the side of the structure where the cascade
originated—the left-hand strips have undergone magnetisation reversal and appear blue instead of red in this
vector map. The seventh strip, counting from the left, has not reversed, despite also having magnetisation
pointing to the right at its tip—the local field caused by a negative x-aligned magnetisation on the eighth strip
meaning it needs a greater external field to reverse its magnetisation. Figure 5(e) shows the magnetisation after
application of 34 mT. The increase in external field has allowed two more strips to reverse their magnetisation,
but again, a full cascade of magnetisation reversal is prevented by the misalignment of the transverse domains at
the ends of the strips. Increasing the field yet further allows more strips to reverse their magnetisation. A 36 mT
field has been applied to the array shown in figure 3(d). The field is sufficiently large now that cascades can begin
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Figure 5. (a) Simulated hysteresis (normalised magnetisation along the easy axis) of an n =20 (w,g = 160 nm) bit initialised with a
random magnetisation configuration at the ends of the strips. The points marked in red, blue and green correspond to the vector maps
shown. Simulated magnetisation configuration of the top of this bit after initial magnetisation of the structure with a field with a
magnitude of 50 mT in the negative y-direction and application of an external magnetic field of magnitude (b) 33 mT, (¢) 34 mT and
(d) 36 mT in the positive y-direction, as shown with the light blue arrow. The colour wheel for the vector maps is shown.

in strips that are more central in the array. We again see some strips where transverse domains align such as to
effectively pin their magnetisation in the negative y-direction. This effect of transverse domains at the ends of the
strips pointing in different directions is a separate issue from edge roughness, which is also expected to induce
steps in the hysteresis [28].

These results have clear implications for writing to barcodes with many bits with closely spaced coercivities.
As discussed in our previous work, a precisely programmed field sweep in positive and negative directions along
the magnetic easy axis is required to reliably write binary digits [3, 4]. A concern, therefore, is that a bit may not
become fully magnetised if a field is applied that is only sufficient to initialise cascades of outer strips but not to
fully reverse the magnetisation of the element. Were the binary code to be measured, there would therefore be a
reduction in signal in readout and a potential loss of information. It is important, then, to consider the domain
structure seen in real devices to see what impact this might have on their operation.

Itis instructive to look at the magnetisation configuration structure of a real magnetic array at remanence
after magnetic field sweeps of 50 mT-a magnitude that would be encountered when writing binary digits onto a
barcode device but is much larger than the coercivity of the wider strips in the device. Here, the exact state that
the structure enters upon magnetic reversal appears to be somewhat stochastic. Consider the experimental data
in figures 6(a)—(c): the n = 3 structure enters a range of remanent states after exposure to a strong external field (a
magnetic field of at least 50 mT is applied and removed in both the positive and negative y-directions and the
structure is allowed to relax to the remanent state). Many remanent states the ends of the strips align in the
x-direction but some are found to anti-align.

Consider also the ideal case represented by simulations, here performed to look at the domain structure of an
n=4bit (w, = 800 nm) throughout its hysteresis in figures 6(d)—(f). The structure was initialised with a
uniform magnetisation along the green arrow and the energy minimised to give the remanent state shown in
figure 4(d), where the magnetisation at the tips of the strips is aligned in the positive x-direction. A strong field
(50 mT) was applied in the negative y-direction, as shown (figure 6(e)) and reduced back to zero, leaving the
structures at remanence again. The resulting remanent state is seen in figure 6(f). Here it can be seen that one
small transverse domain has become anti-aligned with the rest without any final change in the majority
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Figure 6. (a)—(c) XMCD-PEEM measurements onan n =3 (w3 = 1070 nm) bit, each measured after application and removal of
consecutive strong fields (50 mT) in the positive and negative y-direction. The in-plane projection of x-ray grazing incidence is shown
with the red arrow, as is the scale of the XMCD asymmetry. FOV = 24 ;ym. Small lines seen cutting across the images are artifacts
from the PEEM imaging, owing to the configuration of the PEEM setup. (d)—(f) The magnetisation configurations of a simulated
n=4 (wy = 800 nm) bit, d) initialised in a state where all magnetisation states at the end of the strip align in the positive x-direction
and no external field applied, (e) in an applied 50 mT external field in the negative y-direction, and (f) after the removal of the external
magnetic field. The colour wheel for the simulated vector maps is shown.

magnetisation direction of any of the elements. This is a behaviour that is dependent on the exact magnitude of
the applied external magnetic field but occurs consistently at these values.

This is a direct consequence of the dipolar interactions between strips and the different environments
experienced by strips at the edge of the array. As the magnetic field is increased, the area with magnetisation
rotation into the x-direction effectively compresses as its moments rotate towards the field—the majority
magnetisation direction of the strip. When the field is sufficiently large, the top domain in the right strip splits in
two (see the top of the rightmost strip in figure 6(e)), with a region with a magnetisation component in the
negative x-direction growing from the right. This mirrors the lowest energy, maximally symmetric solution in
the high field regime. (A further increase in field would allow the same structure to form in the other strips.)
When the field is removed, dipolar interactions encourage magnetisation towards the negative y-direction to
endure at the left-hand side of this strip, allowing the domain pointing towards the negative x-direction to grow
from the right. The result at remanence is therefore a flipping of the magnetisation in the x-direction at the tip of
the strip. The central and left strips relax into their initial configuration. This pattern is mirrored in the domains
at the bottom of the strips (not shown).
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(b)

W3=160 nm

Figure 7. Simulated magnetisation configurations of the tops of magnetic elements. An n =4 (w; = 800 nm) bit a) at remanence as in
figures 6(d), (b)) after application of a 50 mT external magnetic field at a 5° angle to the y-axis (red arrow), and (c) after removing the
field and returning to remanence. An n = 20 (wyy = 160 nm) bit (d) initialised at remanence with majority magnetisation in the
negative y-direction but random x-canting of transverse domains, (e) after application of a 60 mT external magnetic field ata 5° angle
to the y-axis (red arrow), and (f) after removing the field and returning to remanence. The colour wheel for the simulated vector maps
is shown.

Therefore, even in the ideal case presented by our simulations, magnetisations at the ends of the strips
naturally misalign in opposite x-directions when treated simply with a field along the easy axis of the structure.
Whilst it is true that small field applications will not cause misalignment, the application of relatively strong
magnetic fields (of the order of 50 mT), in both positive and negative y-directions, when writing a code to bits
with the narrowest strips, is likely to result in some misalignment in bits with wider strips. Such field sweeps are
necessary for the writing of binary digits. The inhomogeneity of real devices will also add an element of
randomness to the final structure, giving us the stochastic behaviour observed in our XMCD-PEEM
measurements.

The lack of natural alignment of magnetisation at the ends of strips has implications for the writing of codes
to these devices. We have shown that magnetisation reversal initiates at the outer strips in a bit, which then
changes the local effective field and triggers neighbouring strips to also begin reversal. However, we find by
simulation that anti-alignment can hinder this reversal cascade through the bit and give steps in the hysteresis. A
possible solution, therefore, is to apply the initialising field (that puts all bits into the ‘0’ state before
programming) at an angle to the magnetic easy axis to promote full alignment of the small transverse domains in
each strip. This canting of the magnetic field also needs to be applied throughout writing of the code to maintain
this transverse domain alignment. Our simulations suggest that application at an angle of only 5° would be
sufficient to keep all strips aligned in the nn = 4 bit. This is shown in figures 7(a)—(c), where we recreate the
simulation shown in figures 6(d)—(f) but with the applied field at an angle of 5° towards the x-direction, as shown
with the red arrow. We have also simulated the effect of a canted field on the structure simulated in figure 5. In
this case, the random orientation of the transverse domains at the ends of the strips can be corrected into a state
with transverse domains all pointing towards the positive x-direction, as shown in figure 7(d). This can be
achieved with an initialising field of 60 mT, again at 5° to the y-axis, as shown with the red arrow. Performing
sweeps of external magnetic field to obtain the hysteresis loop demonstrates that all strips reverse at the same
applied field. It is possible that the angle of magnetic field application might need to be larger in real devices,
because of the effects of edge roughness and inhomogeneity in the arrays of magnetic structures, and to take
account of the chaotic behaviour seen in some of the reversal dynamics explored in the supplementary material.

4. Conclusions

The results of XMCD-PEEM measurements and micromagnetic simulations of composite element magnetic
barcodes have informed both their design and the algorithm needed to consistently write codes to them. The
existence of a change in magnetisation configuration in these structures close to remanence when strip width is
less than 200 nm is unavoidable in devices comprised entirely of composite element, rectangular bits. To
increase the number of individually programmable bits in a barcode device, therefore, bits must be developed
with narrower strip widths, or investigations must be made into elements with shapes that may be magnetically
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harder than a rectangle. The alignment of remanent, transverse domains in the strips of individual bits is critical
to ensure consistent magnetic performance; this can be promoted by using a magnetising field that is canted with
respect to the easy axis of the bit when both initialising the state prior to writing a code and during the code
writing process itself.
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