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We report direct evidence that magnetically charged superdomain walls form spontaneously in two
dimensional square artificial spin ice nanostructures in response to external magnetic fields. These
extended magnetic defects were revealed by the development of internal structure, which varies
as a function of applied magnetic field, within the Bragg peaks of resonant soft x-ray magnetic
scattering patterns. Magnetically charged superdomain walls extend over tens of lattice sites and
do not necessarily align with the applied field. Our results illustrate a novel approach to detect
hierarchical magnetic structures within spin textures.

Artificial spin ices (ASIs) are nanostructured magnetic
thin films whose magnetization textures are frustrated in
an analogus way to the frustration of hydrogen bond-
ing networks in water ice.[IH3] Square ASIs are typi-
cally arrays of elongated thin film segments whose shape
anisotropy forces their magnetization to align uniformly
along their long axes; these therefore behave as binary
Ising spins. Despite being an array of well-defined, inter-
acting Ising spins, an ASI does not order at low temper-
atures due to geometric arrangement of the array, which
leads to an exponentially large manifold of ground states,
none of which have net magnetization. [4H7]

Magnetic excitations of ASIs are analogous to those
of natural (bulk) spin ices.[8HIT] It is predicted that
one or more “ice rule” violating spins in ASIs create
non-zero divergences in their effective magnetic fields
giving rise to local effective magnetic charges.[12], [13]
These magnetic charges have the qualities of quasipar-
ticles that reflect the behavior of hypothetical magnetic
monopoles.[I4] Since it costs no energy to flip pairs of
neighboring spins, the magnetic charges can be moved
relatively easily the ASI; and pairs of charges of oppo-
site polarity are connected by a chain of flipped spins, or
“Dirac strings”, which result from single Ising spin-flip
excitations within a superdomain of ground state mag-
netic texture.[IT] This model has been generally verified
at remanence in AST [T5HI7] though the existence and be-
havior of monopoles in a square ASI at an applied mag-
netic field condition has not been studied in any detail.

Herein we report resonant coherent soft x-ray scatter-
ing measurements which demonstrate that partially mag-
netized two dimensional (2D) square ASIs form magnetic
superdomains, which are in some cases bounded by mag-
netically charged domain walls. The superdomains and
the charged walls can extend over tens of lattice sites,
are stable under applied fields, and change shape and

location based on the field history of the ASI. Specific
superdomain and magnetic charge structures give rise to
particular complex structures near the Bragg peak posi-
tions in resonant magnetic coherent x-ray scattering[I§],
which makes this technique a revealing tool to character-
ize large-scale magnetic structures in an ASI. Our results
suggest that the dimension, topology, and field history of
an ASI can be varied to tailor ordered arrays of magnetic
charge defects.

In a 2D square ASI the four islands that form a vertex
can adopt 16 distinct local spin configurations which can
be assigned to one of four energy states, called T1, T2, T3
and T4. (See Supplementary Material.[19]) Analogous to
the “two-in/two-out” ice rules for the atomic moments in
a tetrahedral spin ice structure, T1 states, with one pair
of opposing magnetic moments pointing inward and one
pointing outward from a vertex, have the lowest mag-
netostatic energy at zero applied field. T2 states also
have two-in/two-out local spin textures but with pairs of
opposing inward and outward moments. T2 states have
higher energies than T1 states because of the inequiva-
lent distance between the four nanobars which introduces
asymmetry in the interaction energy between the four el-
ements of a vertex. States having three (T3) or four
(T4) spins pointing in or out, respectively, exhibit higher
magnetostatic energies and net magnetic flux (i.e., local
magnetic monopoles). Generally, after multiple field cy-
cling, 2D square ASIs attain states that are primarily
mixtures of T1 and T2 configurations with sporadic T3
vertices. [20]

The sensitivity of resonant coherent x-ray scattering
to magnetic domain morphology [21] 22] means that the
scattered signal will significantly change depending on
whether the beam encounters magnetic charges in the
sample. Using formalism of resonant x-ray magnetic scat-
tering we performed model scattering calculations for dif-



FIG. 1.

(a) Four magnetic unit cells, each containing two
rectangular Ising spin islands with moments mi and ma,
which can be tiled to form a T2 spin ice lattice. Ising spins
m,; attain values of +1 according to their moment direction.
Unit cell colors correspond to particular (mi,m2) combina-
tions. The x-ray scattering process is sensitive only to the
component of magnetization that is collinear to the incident
beam direction (ko). We have shaded nanoislands to which
the x-ray scattering is not sensitive with light gray. (b)-(e)
Different T2 superdomain textures and their corresponding
scattering patterns. Depending on the superdomain inter-
faces, either single Bragg peaks (b), split Bragg peaks (c, d),
or a Bragg peak split into four spots (e) can obtain.

ferent T2 domain structures in 2D square ASIs. For a T2
spin texture, we can build magnetic structures using a set
of four square AST unit cells, each containing two rectan-
gular Ising spin islands (see Fig. 1(a)). The rectangular
islands are labelled by terms m; and ms, which can be
assigned values of +1 according to their Ising moment di-
rections. Taking all possible combinations, we have four
different magnetic unit cells with four different T2 bases,
which we identify by four colors in Fig. 1(a). Each kind
of unit cells can be tiled to create specific T2 superdo-
main structures, and the complete set of square magnetic
unit cells allow us to generate mixtures of all possible T2
superdomain structures.

Figs. 1(b)-1(e) schematically show simple represen-
tative T2 domain textures, with Ising island m, along
to the incident beam (kg), and their corresponding cal-
culated scattering profiles. In the calculation we have
neglected the spins that lie transverse to the beam prop-
agation direction (colored grey in Fig. 1) because res-
onant x-ray scattering is not sensitive to magnetization
components transverse to Eo.

Scattering from T2 superdomains is modelled by unit
cell structure factors, Sy, m,(7).JI9 T2 superdomains
in the illuminated area are treated as sums over the
lattice points 7 ; encompassed by each superdomain:
i €073 8,1 m,(q). For cases in which the trans-
verse magnetization, mq, can be neglected, we obtain a

T2 unit cell magnetic structure factor of:

Smi.m (q) o< sinc <tq;> eitaz/2Hiwlasta,)/2y
my cos(6)evsinc (Ig, /2) sinc (wqy /2) ,

where 6 is the incidence angle; [ and w are, respectively,
the width and length of an Ising nanoisland; and ¢; is
a momentum transfer component along the ASI lattice
vector @;. The scattering intensity is proportional to
122a (S ma,d (DX D5 €'@7i3.4)|2. The sum over d runs
over different regions of the ASI, such as superdomains;
the sum over lattice points 7} ; 4 are within region d.

Specific Bragg peak structures in our calculations are
associated with particular superdomain structures and
the presence of magnetic charge at interfaces between
these superdomains. For example, when all the spins are
aligned (i.e., a saturation state with a global T2 domain
and no magnetic charges), a well defined Bragg peak is
obtained, as in Fig. 1(b). Figs. 1(c) and 1(d) show
two types of superdomain interfaces; along (Fig. 1(c))
and transverse (Fig. 1(d)) to the beam direction. Mag-
netic charges, represented by red dots, form in the case of
Fig. 1(d). Even though our calculation shows the Bragg
peak forming a split structure in both cases, a split along
the beam propagation direction indicates that magnetic
charges at the superdomain interface. On the other hand,
a split transverse to the beam direction indicates the lack
of magnetic charges. In addition, a four-fold intensity
pattern associated with an ASI shown in Fig. 1(e), in
which the corners of blue and green superdomains meet,
have a mix of positive and negative magnetic charges
(green and red dots). It is important to note that the
geometry shown (x-ray beam along a principal axis) per-
mits us to detect magnetic charges but limits informa-
tion about which charges are positive or negative. (The
charge assignment in Fig. 1(e) is arbitrary.) Neverthe-
less, Bragg peak profiles in coherent x-ray scattering are
indicators of the presence of magnetic charges and their
distribution in the ASI.

Using this framework, we examined the magnetic tex-
ture of a 2D square ASI made of Permalloy (Nig.g1Feg.19)
nanoislands on a silicon wafer. The nanoislands were fab-
ricated using electron beam lithography and had a thick-
ness t = 25 nm, width w = 50 nm, length ¢ = 150 nm, and
with a lattice constant d = 300 nm. Details of sample
fabrication are given in the Supplementary Material.[19]

Resonant coherent soft x-ray scattering was performed
at Beamline 12.0.2.2 at the Advanced Light Source,
Lawrence Berkeley National Laboratory. To make 120 as
near to coplanar as possible with the nanoisland magne-
tizations, we used a reflection geometry at a low grazing
incidence angle of 9°. The coherent x-ray beam was ob-
tained by placing a 10 pm pinhole at the monochromator
focus, located 5 mm upstream from the ASI. We used a
charge-coupled device camera placed 0.5 m downstream



FIG. 2. (a) Resonant coherent x-ray diffraction (top) and a
scanning electron micrograph (bottom) from the square ASI.
The row of Bragg peaks is slanted because of a = 5° misalign-
ment between ko and (10) directions. Parts (b), (d), and (f)
show complex Bragg peak structure while magnetic fields of
strengths B=7.9mT, B =24.9 mT, B =50 mT, respectively,
were applied, becoming two intensity arcs. This general shape
persists till B & 80 mT, though the arcs subtly change as the
field is increased. Parts (c), (e), and (g) show approximately
Gaussian Bragg peaks after the magnetic field is turned off.

of the ASI to record diffraction patterns at several applied
magnetic fields. Our coherent o polarized incident x-ray
beam was resonantly tuned to the Fe Lz edge (707 eV)
to enhance the magnetic contrast. Since on resonance
o polarized soft x-rays are sensitive to the component
of magnetization along the beam direction (i.e., ko[ M)
[23], we applied magnetic fields along the beam direction
to manipulate the magnetization of the ASI.

Fig. a) shows a series of Bragg peaks recorded in zero
field conditions from the 2D ASI. Well formed, nearly
Gaussian Bragg peaks can be seen, accompanied by dif-
fuse Airy fringes caused by diffraction from the circular
pinhole. The Gaussian Bragg peaks indicate that there
is no contrasting pattern to the nanoisland magnetic mo-
ments that could cause fine structure to form in the Bragg
peaks in zero field. Moreover, the diffraction pattern in-
dicates that the magnetic texture has the same period as
the lattice of Permalloy nanoislands.

Figs. P[(b)2(g) illustrate what happens when magnetic
fields are applied to the ASI. Before recording the applied
magnetic field dependent data, we saturated the sample
in the direction opposite to the beam propagation direc-
tion and then turned off the field. The intensity pat-
tern is remarkably different when a magnetic field is ap-
plied (Figs. P|b), 2(d), 2(f)). Instead of single Gaussian
peaks, we observe areas of low intensity surrounded by a
higher intensity ring forming at the Bragg peak positions.

FIG. 3.

(a) Detailed view of a measured Bragg peak. (b)
Calculated Bragg peak based on the real space model shown
in (c), the real space model with T2 superdomains. Consider-
ing the spin texture as shown in Fig. 1(a), magnetic charges of
opposite polarity form along the superdomain interface trans-
verse to beam direction indicated by l;o.

The rings are not uniformly circular: two strong inten-
sity regions form along the scattering plane, connected
by weaker arcs of intensity. We also note that all the
Bragg peaks have similar structures, the sizes of which
do not increase with diffraction order. This Bragg peak
structure is observed over the measured field range of 10
mT < pgH, < 80 mT. As discussed above and shown in
Fig. the Bragg peak splitting along the beam direc-
tion indicates that the x-rays interacted with magneti-
cally charged superdomain walls. Further, on switching
off the magnetic field, we again observe Gaussian Bragg
peaks (Figs. 2(c), (e), (g)) which means that the magnet-
ically charged walls are stable when the field is applied
but the spin texture changes as soon as the field is re-
moved.

Creation of a new long range ordered magnetic struc-
ture with a different period than the nanoisland lattice
can be excluded since that would produce new peaks ei-
ther between existing Bragg peaks or distinct satellites
around the Bragg peaks, rather than the observed scat-
tering pattern. This therefore suggests that there is ar-
rangement of charged interfaces between superdomains
that causes Bragg peak to form a specific fine structure.

While the zero field ground state of square ASIs is
one with solely T1 vertices, macroscopic T1 states rarely
form due to thermalization issues. Coexistence of super-
domains made of T1 and T2 states is consistent with the
presence of large energy barriers (= 10° K) that suppress
full equilibration of the micrometer-scale ASI film seg-
ments at room temperature[2, 24], which is far below the
ferromagnetic phase transition of a 25 nm-thick permal-
loy film.[25] Moreover, a moderate in-plane applied mag-
netic field breaks the ideal zero-moment T1 symmetry
and favors T2 states with net moments aligned along
the field, as observed in PEEM.[20] The magnetic field
history will therefore largely determine the degree of or-
der and the energy of the magnetic texture attained by
the square ASI samples studied here. During our experi-
ments, we drove the ASI through hysteresis loop between
maximum fields of +0.4 T that likely introduced a het-



erogeneous texture composed of T1 and T2 states. We
expect that a square ASI with partial in-plane magneti-
zation to have an increasing fraction of T2 states after
saturating the ASI with greater applied fields. This ten-
dency will play a key role in the degree of local magnetic
ordering and magnetic superdomain formation.

To ascertain which T2 structures are consistent with
the observed diffraction pattern, we created model scat-
tering structure factors corresponding to partially mag-
netized square ASI lattice. Candidate magnetic struc-
tures were built of unit cells like those shown in Fig.
1(a). The unit cell and two rectangular Ising nanoislands
within it have the same nominal dimensions as those of
the sample ASI. We considered magnetic structures that
reside in the illuminated area of the sample. Due to the
9° incidence angle, the illuminated area resembles an el-
lipse with its major axis parallel to the beam propaga-
tion direction that illuminates ~ 600 ASI unit cells (Figs.
2(b) and 2(c)). We note that due to non-sensitivity to-
wards transverse spins, the green (red) unit cell shown
in Fig. 1(a) is indistinguishable from orange (blue) unit
cell. Thus, it is sufficient to consider only the case with
blue/orange or blue/green unit cell mixtures, as these
two combinations yield identical scattering patterns.

The superdomain structures shown in the ellipse in
Fig. 3(c) produce the calculated scattering pattern in
Fig. 3(b)). Although simple, our calculated intensity
profile captures the important features of the data (Fig.
3(a)). We have reproduced the intensity arcs as well as
the two higher intensity lobes. In addition the calculated
intensity pattern follows the same pixel numbers as in the
data (the ring in Fig. 3(a) and (b) show equal pixel con-
tours), which points to a statistically correct distribution
of superdomains with magnetically charged interfaces.

Detailed views of the superdomain interface is shown
to the right side of the ellipse in Fig. 3(c). Recalling
the spin configuration for the green and blue unit cell
(Fig. 1(a)), the superdomain interface transverse to ko
has magnetic charges. No magnetic charges are present
in the superdomain wall along the beam direction.

The formation of superdomain walls in a Permalloy
thin film and the homogeneity of the magnetization near
the sharper ends of the ASI segments are affected by the
size of the film thickness. In addition, the T2 superdo-
main morphology will vary from sample to sample, and
perhaps from position to position on a single sample. We
therefore investigated if emergent magnetic charges ap-
pear in other square ASI of different thickness, or are
unique to the sample that we studied. We repeated the
scattering experiment with a square ASI with film seg-
ments of 3 nm thickness, and the resulting scattering
pattern, which is remarkably different than what we ob-
served for 25 nm thick film, is shown in Fig. 4(a).

The Bragg peak profile is a central bright spot that is
surrounded by a ring of intensity spots. The scattering
pattern in Fig. 4(b) that closely resembles the experi-

FIG. 4.
grown square ASI with 3 nm thick Ising islands.
central peak is surrounded by a ring of spots. (b) Calculated
coherent x-ray scattering pattern: a central peak surrounded
by a ring of intensity spots. The circular lines in (a) and

(a) Coherent x-ray scattering profile from an as
A sharp

(b) are equal-pixel distance contours. Calculated intensity
patterns agree well with the observed pattern. (c) Real space
model corresponding to the scattering pattern in (b).

mental data arises from the T2 superdomain structure
in Fig. 4(c). The superdomains in the thinner AST are
smaller in size and are dispersed through out the lattice.
Interfaces with head-to-head (or tail-to-tail) Ising spin
textures will give rise to local divergences in the magne-
tization and corresponding magnetic charges.

Extended superdomain wall structures containing
emergent magnetic charges could plausibly be used to
create magnetic charge circuits,[26], [27] using the super-
domain walls as magnetic charge paths and the ASI ge-
ometry tuned to determine the circuit topology. ASIs
with thin nanoislands, in which we have seen signs of
spontaneous charge motion, may be amenable to this.
Among other properties, the characteristics of magnetic
charge motion in ASIs can be measured by studying the
time evolution of Bragg peak structure.
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Supplemental Material

Magnetic vertices in square artificial spin ices

In a 2D square ASI the four islands that form a ver-
tex can adopt 16 distinct local spin configurations which
can be assigned to one of four energy states, called T1,
T2, T3 and T4. Analogous to the “two-in/two-out” ice
rules for the atomic moments in a tetrahedral spin ice
structure, T1 states, with one pair of opposing mag-
netic moments pointing inward and one pointing outward
from a vertex, have the lowest magnetostatic energy at
zero applied field. T2 states also have two-in/two-out lo-
cal spin textures but with pairs of opposing inward and
outward moments. T2 states have higher energies than
T1 states because of the inequivalent distance between
the four nanobars which introduces asymmetry in the in-
teraction energy between the four elements of a vertex.
States having three (T3) or four (T4) spins pointing in or
out, respectively, exhibit higher magnetostatic energies
and net magnetic flux (i.e., local magnetic monopoles).
Generally, after multiple field cycling, 2D square ASIs
attain states that are primarily mixtures of T1 and T2
configurations with sporadic T3 vertices.

(@

(b)

=

{
{

= =

© @

== == == == | ==
=0= =0= =0= =0= | ==
FIG. S1. The Ising spin textures associated with (a) T1,

(b) T2, (c) T3, and (d) T4 energy states of square ASIs. The
two lowest energy configurations, T1 and T2, have two of
four magnetic moments oriented toward the vertex and two
oriented away from the vertex, analogous to the “two in/two
out” ice rules for tetrahedral water ice. The two highest en-
ergy configurations, T3 and T4, display magnetic charges at
their vertices, shown by green and red dots.
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Sample growth procedure

We have used electron beam lithography to pattern
square lattices of Permalloy dots of thickness ¢ = 25 nm,
width w = 50 nm, length [ = 150 nm, and lattice constant
a = 300 nm. ZEP positive resist was spin-coated on
a Si wafer prior to electron beam exposure. After the
e-beam exposure and development, a Permalloy film of
thickness 25 nm was then deposited using electron beam
evaporation, with a base pressure of 107 Torr. Final
lift-off of resist was done using N-Methyl-2-pyrrolidone
(NMP). Our sample had a 2 x 2 mm overall dimension.
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FIG. S2. Scanning electron micrograph of a square array of
Permalloy dots of thickness ¢ = 25 nm, width w = 50 nm,
length ¢ = 150 nm, lattice constant ¢ = 300 nm, and total
dimension of the array is 2 mm x 2 mm.

Calculation of magnetic structure factor

The sensitivity of resonant coherent x-ray scattering to
magnetic domain morphology means that the scattered
signal will significantly change when the beam illumi-
nates magnetic charges in the ASI. The magnetic struc-
ture factor, being proportional to the scattered field, is
necessary to understand how the resonant scattering from
superdomains of the ASI will interfere with each other.
This interference results in a far field scattered intensity
that, as shown in Fig. 1 of the main text, is dependent
on the magnetic state of the ASI. In this section, we will
explain how we arrived at the structure factor used in
the main text (Equation 1).

As discussed in the text, we assume that a moder-
ate in-plane applied magnetic field breaks the ideal zero-
moment T1 symmetry and favors T2 states with net mo-
ments aligned along the field. Based on this reasoning,
the square ASI will be dominated by T2 superdomains

(2)

(b)
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7 e

FIG. S3. Real space diagrams of the unit cell types of square
ASIs. (a) Unit cells containing each of the four possible mag-
netic bases for T2 square ASI (reproduced from Fig. 1(a) in
main text) and (b) the charge unit cell. Both the charge and
magnetic unit cells are squares with sides as long as the lat-
tice constant, a. This unit cell contains orthogonally oriented
Ising nanoislands with dimensions / and w. The nanoislands
are treated as sharp edged rectangular prisms in the structure
factor calculation.

and the relevant magnetic structure factors are those of
T2 states.

Four Ising bases, shown in four different colored square
unit cells in Fig. S3(a), span all possible T2 states. The
magnetic form factors of the nanoislands will differ in the
resonant magnetic scattering process due to their differ-
ent magnetization directions. Thus, there are four dis-
tinct magnetic form factors, one for each of the T2 Ising
bases. Our calculation reflects this and the general ex-
pression of the structure factor explicit depend on both
my and mg. Ultimately, due to the scattering geometry,
only the ms dependent term will matter.

A lattice of like T2 unit cells shares the same transla-
tional symmetry and lattice constant as the charge lattice
of the square ASI, which makes the charge and magnetic
unit cells and lattice vectors identical. However, the mag-
netic form factors of the nanoislands will differ in the res-
onant magnetic scattering process due to their different
magnetization directions.

In setting up the calculation, we treated the nanois-
lands as rectangular prisms of uniform density with the
same nominal dimensions of nanoislands in the ASI, as
displayed in Fig. S3(b). Their magnetizations are la-
belled by terms m; and mso which can be assigned values
of +1 according to their Ising moment directions (posi-
tive if my and my were, respectively, along either the x or
y axes, and negative otherwise). Multiplying the nanois-
land density function with the magnetic vector m; gives
the nanoisland an Ising magnetization.

Calculating the magnetic structure factor, Sy, m,(q),
amounts to calculating the ¢ Fourier component of the



unit cell charge density, p;(Z):

2\ % 27
SmhmZ(q_’) X <a> TX

/ kg - (madpy(F) + magpa(T)) dE.
cell
(S1)

The vector ]Aﬂo is the incident beam direction and the pro-
jection along it is a consequence of the resonant magnetic
scattering process.

Treating the nanoislands as having uniform and identi-
cal charge densites, pg, defined by a product of unit step
functions, ©(x), the density functions for the nanoislands
are:
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A lattice of like T2 unit cells shares the same transla-
tional symmetry and lattice constant as the nonmagnetic
charge lattice of the square ASI, which makes the charge
and magnetic unit cells identical. With this in mind and
using the density functions of Eq. Eq. [ST] reads:
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Evaluating this integral (noting that we set pg = 1) we
obtain:

t
S () o sime ( 1z ) 020 (0o 0,) 2

(M2 cos(6) cos(¢)esinc (lg, /2) sinc (wg, /2)
— my cos(6) sin(¢)e" % sinc (lg, /2) sinc (wg, /2) ),

in which ¢ = 2r(£z + £y + L2) and ko =
Zsin(¢) cos(f) + g cos(¢) cos(f) + Zsin(d). The angle 0
is the incident angle and ¢ takes into account any mis-
alignment between the y-axis of the ASI and the scat-
tering plane. Since ¢ &~ —5° in the present case, the my
term is negligible and cos(¢) & 1, leading to Eq. 1 in the
text:

Sm1,m2 (q_j o sinc (tq;> eitqz/2+iw(qz+qy)/2x

ma cos(0)e' W sinc (Ig, /2) sinc (wq, /2) . (S3)
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