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Building blocks of an artificial kagome spin ice: Photoemission electron microscopy

of arrays of ferromagnetic islands
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Arrays of dipolar coupled ferromagnetic islands arranged in specific geometries provide ideal systems to
directly study frustration. We have examined with photoemission electron microscopy the magnetic configu-
rations in three basic building blocks of an artificial kagome spin ice consisting of one, two, and three rings.
The kagome spin ice arrangement is particularly interesting because it is highly frustrated and the three
interactions at a vertex are equivalent. Employing dipolar energy calculations, we are able to make a full
characterization of the magnetic states and therefore identify the lowest energy states. Experimentally we find
that the ice rule is always obeyed even at low dipolar coupling strengths. However, as the number of rings
increases there is a drastic decrease in the ability to achieve the low-energy states via demagnetization, a
behavior also identified in the magnetization reversal. This carries the implication that the ground state will
never be achieved in the infinite system. Finally, we show that at low coupling, the applied field direction
governs the resulting states. This work opens the door to a novel class of systems for future spintronic

applications.
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I. INTRODUCTION

Frustration governs the properties of many different
physical systems and, due to its unfathomable character, has
captured the fascination of scientists working in several dif-
ferent research fields. This is a universal phenomenon which
occurs when not all interactions in a system can be satisfied
at the same time, for example underpinning the configuration
of microdomains in diblock copolymers,' the phase behavior
of liquid crystal structures,” the coexistence of ferroelectric-
ity and magnetism in some multiferroic materials,? and the
behavior of bulk magnetic spin systems, a notable example
being the pyrochlore spin ice,* so-called because of the simi-
larity to proton ordering in water ice.’ For all of these frus-
trated systems, a great deal of knowledge could be gained if
a direct observation of the frustrated configurations were
available, which is why recent research has been directed to
the study of dipolar coupled ferromagnetic island arrays ar-
ranged in two-dimensional frustrated geometries.®% These
are created by state-of-the art lithography techniques and,
employing various imaging techniques, the magnetic states
can be directly observed. A striking example of an artificially
created frustrated system is the spin ice consisting of elon-
gated ferromagnetic islands placed on a square lattice.® The
shape and size of the islands is chosen to ensure that they
each have a single magnetic domain state and this system
was found to exhibit short-range correlations, displaying the
characteristics of the bulk spin ice.

In the current work, we focus our attention on another
artificially created frustrated geometry: the kagome spin
ice,”!0 where the elongated ferromagnetic islands are placed
on the sites of a kagome lattice, so forming the links of a
honeycomb [see Fig. 1(a)]. The kagome system is not only
highly frustrated but has the advantage over the square-
lattice spin ice that the interactions between the three islands
at a vertex are equivalent.” The so-called ice rule dictates that
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FIG. 1. (Color online) The artificial kagome spin ice building
blocks. (a) The three basic building blocks consisting of one, two,
and three rings extracted from the infinite array. The three-island
vertices are highlighted with red disks and an example of one of the
one-in/two-out spin ice moment configurations is given. (b) SEM
image of a three-ring kagome structure fabricated from a 20 nm-
thick permalloy sample with island type III (W=200 nm,
L=470 nm, a=500 nm).
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FIG. 2. (Color online) XMCD images of the ground states of the
artificial kagome spin ice building blocks. The single contrast asso-
ciated with each island indicates that they are monodomain with the
magnetic moment aligned parallel to the island long axis. The x-ray
propagation direction is indicated (horizontal). Islands with mo-
ments parallel (antiparallel) to the x-ray direction, i.e., pointing to
the right (left), have a black (white) contrast. Islands with moments
at =60° or +120° to the x-ray polarization direction have one of
two intermediate contrasts: dark gray or light gray, respectively. The
four contrast levels in a single XMCD image allow the unequivocal
determination of the magnetic states given schematically below
each image.

either two moments point toward and one points away from
the vertex (two-in/one-out), or vice-versa (one-in/two-out).
This results in six possible configurations!® [one of which is
shown in Fig. 1(a)] where a full compensation of the local
stray fields is not possible. By focusing on the building
blocks,'"!? extracting the one-, two-, and three-ring struc-
tures from the infinite kagome system as shown in Fig. 1(a),
we are able to determine the energies of all of the possible
states using a dipolar interaction model. Here we represent
each island with a single magnetic moment, made possible
by the fact that the monodomain islands have a finite size
and are isolated, in contrast to a kagome network where do-
main walls are present.”? Employing x-ray magnetic circular
dichroism (XMCD) in a photoemission electron microscope
(PEEM), we are able to directly observe the magnetic con-
figuration in each individual island and to confirm that they
are single domain (Fig. 2). Following a demagnetization pro-
cess involving rotation of the sample in a magnetic field, we
determine the frequency of states as a function of the dipolar
coupling strength between the islands, which we modify by
varying the lattice parameter, a [see island geometry in Fig.
1(b)]. We find the important result that, as the number of
rings increases, there is a dramatic reduction in the ability to
achieve the low-energy states, which leads us to conclude
that it will be extremely difficult to achieve the ground state
as the number of rings approaches infinity. Finally we show
that this behavior is mirrored by the ability to switch via the
low-energy states in an applied magnetic field observed
in situ in the PEEM, and that at low coupling strength (high
lattice parameter), the field orientation has a high impact on
the resulting kagome spin ice configurations.
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II. EXPERIMENTAL METHODS

In order to fabricate ferromagnetic islands arranged on a
kagome lattice [Fig. 1(b)], the pattern was first exposed in an
80 nm-thick layer of polymethylmethacrylate (PMMA) resist
spin coated on a silicon (100) substrate using a Leica LION
LV1 electron-beam writer. Ferromagnetic cobalt and permal-
loy (Ni80%Fe20%) thin films, with a 1 nm-thick aluminum
capping layer to prevent oxidation, were then deposited on
the patterned resist by dc magnetron sputtering (base
pressure=3 X 107 mbar, sputter pressure=2X 1073 mbar).
The sputter rate for permalloy was 62.5 nm/min and for co-
balt was 53.8 nm/min. Ultrasound assisted lift-off in acetone
was then employed to remove the remaining resist together
with the unwanted magnetic material. We studied ring struc-
tures with the following three island types [W=width and
L=length as shown in Fig. 1(b), and r=thickness]:

Type I: cobalt, W=160 nm, L=470 nm, =10 nm;
Type II: cobalt, W=200 nm, L=470 nm, =10 nm;
Type III: permalloy, W=200 nm, L=470 nm, =20 nm.

Magnetic images were obtained with a PEEM at the SIM
beamline!® of the Swiss Light Source, Paul Scherrer Institut,
employing the XMCD effect at the Fe or Co L;-Edge.'* The
intensity is a measure of the angle between the x-ray circular
polarization vector and the magnetic moments. Ferromag-
netic domains with magnetic moments parallel or antiparallel
to the x-ray polarization vector appear black or white in the
XMCD image, and domains with magnetic moments at an
intermediate angle have an intermediate gray contrast.

For demagnetization, a magnetic field was applied while
the sample rotates about an in-plane axis at a frequency of
~2 Hz. The field was then decreased slowly, at
~5 mT/sec, from a field value of 850 mT, well above the
saturation field of the kagome structures, down to zero. For
each demagnetization run, we measured 100 identical one-
ring, 64 two-ring, and 64 three-ring structures, which were
placed on the same substrate with sufficient center-to-center
distance between the neighboring structures (3.5 wm for the
arrays of one-ring structures and 4.5 wm for the two- and
three-ring structures) so that the stray field interaction be-
tween each structure is negligible. To determine the effect of
the demagnetization geometry, demagnetization runs were
also performed with an out-of-plane rotation axis. The two
geometries for the demagnetization are given in Fig. 7(a).

III. ENERGY STATES

First we turn to the energy calculations of the different
possible states which set the groundwork for interpreting the
experimental observations. The elongated ferromagnetic is-
lands investigated here are single domain (see Fig. 2) and
can therefore be approximated by a single macroscopic spin.
The dipolar energy between two islands is then given by

- 3 . -
my = z(ml r)(my 1) |,

I7]
where m, and m, are the magnetic moments of two interact-
ing islands and 7 is the distance vector between the centers of
the islands. The moment of each island in our experiment is

I 1.
E(’”l,'”z,ml,mz):w my -
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FIG. 3. (Color online) Energy characterization of the one-ring
kagome structure. (a) Calculated dipolar energies of the 64 possible
configurations. The energy values refer to 10 nm-thick cobalt is-
lands with a=500 nm, W=200 nm, L=470 nm (island type II).
(b) Schematic representation of one degenerate state for each en-
ergy level. The states are ordered as a function of increasing energy
and labeled (n-m), where n refers to the highest number of neigh-
boring magnetic moments pointing in the same direction around the
structure, and m is the number of neighboring magnetic moments
pointing in the opposite direction, running clockwise from the start-
ing point indicated with a dot and arrow. For higher states we use
the nomenclature k-/-m-n to indicate the number of neighboring
moments aligned in the same direction.

of the order of 1 X 108 Bohr magnetons. This gives an inter-
action energy between nearest neighbors of 107'% J (equiva-
lent to 7.2 X 10* K) for a lattice parameter a=500 nm, cor-
responding to a high coupling strength in the experiment.
Taking into account the shape anisotropy, the moment is set
in one of two directions parallel to the long axis of the island.
For each of the 2V possible configurations, where N is the
number of islands in the structure, the energy value, which
corresponds to the sum of all terms divided by N, is calcu-
lated and plotted in Figs. 3-5. The states with the same en-
ergy are grouped together and ordered with increasing en-
ergy from left to right.

For the one-ring kagome structure, six islands are present
resulting in 2°=64 possible states and the energy levels are
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FIG. 4. (Color online) Energy characterization of the two-ring
kagome structure. (a) Calculated dipolar energies of the lowest 70
energy states of the two-ring structure with the same parameters
used in Fig. 3 (type II islands, =500 nm). The energies of all of
the 2048 possible states are shown in the inset. (b) Schematic rep-
resentation of one of the degenerate states for each level up to level
12. In the first energy band, the islands in the double-vortex state
(Ievel 1) are colored in blue, and for the external-flux-closure state
(level 2), the islands are colored green. The next highest energy
states can be derived from these two configurations by simply flip-
ping moments (colored in red) in the individual islands, which are
shown in green or blue depending on the source configuration.

grouped in four bands [Fig. 3(a)]. Each pair of neighboring
islands is oriented at 120° to each other and the minimum
(maximum) dipolar energy occurs when neighboring mo-
ments are aligned head-to-tail (head-to-head or tail-to-tail).
Therefore the ground state of a single ring consists of mo-
ments circulating either clockwise or anticlockwise. We refer
to this energy state as the vortex state due to the similarity
with equivalent states in ferromagnetic disks!® and rings.'®
With its twofold degeneracy, the vortex state corresponds to
the lowest energy level of the energy plot, labeled level 1,
which is simply the first band. Here there is no frustration
and the neighbor, the next-nearest-neighbor, and the next-
next-nearest neighbor interactions are all satisfied. We label
the levels 1 to 8 in order of increasing energy and we intro-
duce the terminology of the (n-m) state, where n refers to the
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FIG. 5. (Color online) Energy characterization of the three-ring
kagome structure. Calculated dipolar energies of the lowest 204
energy states of the three-ring structure with the same parameters
used in Fig. 3 (type II islands, a=500 nm). The energies of all of
the 32 768 possible states are shown in the inset. The lowest two
energy states, which belong to the first energy band, are schemati-
cally shown at the top of the figure: the islands in the ground state
are colored in blue, while the islands in external-flux-closure state
are green.

highest number of neighboring magnetic moments pointing
in the same direction around the structure, and m is the num-
ber of neighboring magnetic moments pointing in the oppo-
site direction. For each energy level, a characteristic configu-
ration, together with the energy value and the degree of
degeneracy, is given in Fig. 3(b). For the single ring
n+m=6, and the vortex state is simply the 6-0 state. In the
next highest band, which is split into three levels (2, 3 and
4), there are 30 possible configurations. The states in this
energy band are characterized by having two of the six ver-
tices not in the head-to-tail configuration. Indeed one vertex
is in the head-to-head and one is in the tail-to-tail configura-
tion. These levels contain the 5-1, 4-2, and 3-3 states as
shown in Fig. 3(b). We refer to the 3-3 state as the “onion
state,” which is equivalent to the state found in ferromag-
netic rings with two domain walls.'® The next highest band,
including levels 5 to 7, contains states with two head-to-head
vertices and two tail-to-tail vertices. In the highest band
(Ievel 8), all vertices have the unfavorable head-to-head or
tail-to-tail configuration.

For the two-ring kagome structure, many more states are
present (2''=2048), and frustration is introduced at two ver-
tices with three interacting islands oriented at 120° to each
other [Fig. 1(a)]. Here, 56.25% of the total number of states
(corresponding to 1152 configurations) obeys the ice rule at
both vertices. The energies of all of the 2048 possible states,
given in detail for the lowest 70 energy states, are shown in
Fig. 4(a). The ground state with a twofold degeneracy con-
sists of two vortices (6—-0/6—0) with opposite chirality, which
we refer to as the double-vortex state. This constitutes level 1
and is shown with the islands colored in blue in Fig. 4(b).
The “external-flux-closure” state (6—0/5—1) at level 2 [col-
ored in green in Fig. 4(b)] is very close in energy to the
ground state. Here the outer magnetic moments form a chain
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of moments circulating either clockwise or anticlockwise
around the whole two-ring structure, and the central island
moment falls into one of the two possible directions resulting
in a fourfold degeneracy. Levels 1 and 2 both belong to the
lowest energy band shown in Fig. 4(a). From these two basic
configurations, the next highest energy states can be derived
simply by flipping moments in the individual islands, as in-
dicated by the red arrows in Fig. 4(b).

For the three-ring kagome structure, while two vortices
are allowed, it is no longer possible to have three complete
vortices. Here only ~32% of the total 2'°=32768 states (cor-
responding to 10368 states) have all four three-island verti-
ces [highlighted with red disks in Fig. 1(a)] in a spin ice
configuration. The energies of all of the possible configura-
tions, shown in detail for the lowest 204 energy states, are
shown in Fig. 5. The lowest energy band consists of two
discrete levels. Level 1 corresponds to the ground state
which consists of two vortices with opposite chirality and a
5-1 state for the third ring, and level 2 is the external-flux-
closure state with the outer magnetic moments forming a
chain of moments circulating either clockwise or anticlock-
wise around the whole three-ring structure and the three mo-
ments in the middle of the structure following the ice rule. In
Fig. 5 these states are colored in blue and green, respectively,
and both have a 12-fold degeneracy. The next highest energy
states contain either two or one vortex.

IV. FREQUENCY OF STATES

Now we turn to the experimental observations of the mo-
ment configurations in arrays of kagome ring structures pre-
pared by electron-beam lithography. The observations are
performed employing XMCD in a PEEM. This gives a high
magnetic contrast with four distinct gray levels associated
with the kagome structure, allowing us to determine unam-
biguously the direction of the moments in all islands with a
single image (Fig. 2). The uniform contrast measured in ev-
ery island confirms that they are single domain and allows us
to use a single dipole approximation to calculate the energy
of a given state. We measured the distribution of states in
arrays of kagome structures with three different island types
(I, I1, and III) having different materials and dimensions (see
experimental methods section). First, the frequency of ob-
served states versus the coupling strength, m?/a’, was mea-
sured after the samples were demagnetized with rotation of
the sample about an in-plane axis as described in the experi-
mental methods section.

For the one-ring kagome structures, practically only the
states belonging to the lowest two energy bands [levels 1 to
4 in Fig. 3(a)] were observed following demagnetization and
a representative analysis of these states (island type I), in-
cluding an XMCD image of part of the sample, is given in
Fig. 6. For high dipolar coupling strength (low lattice param-
eter, a), most of the one-ring structures fall into the vortex
ground state, which not only has the lowest energy but also
has a zero total magnetization. As the dipolar coupling
strength is decreased toward zero, i.e., as a is increased to a
high value, we would expect the frequency of a given con-
figuration to reflect the random probability of the moment
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FIG. 6. (Color online) Experimental frequency of states in the
one-ring kagome structure following demagnetization. The geom-
etry of the demagnetization setup with the sample rotating about an
in-plane axis is shown schematically, and an XMCD image of
twenty-five one-ring configurations following demagnetization is
given. Below the frequency of observed states is plotted against a
measure of the coupling strength, m?/a’, where m is the moment of
each island and a is the lattice parameter. This is a representative
result for 100 one-ring kagome structures with island type I, and the
standard deviation of each measurement is represented by the error
bars. The random frequencies for the different configurations ex-
pected at zero coupling, given by the degree of degeneracy divided
by the total number of states, are indicated with arrows to the left.

configurations. This is simply given by the degree of degen-
eracy of each state divided by the total number of states, and
indicated in Fig. 6 with arrows. We do indeed see a tendency
of the number of ground and 5-1 states to approach the ran-
dom frequency as the coupling decreases. However, the 3-3
and 4-2 states increase to a value significantly higher than
the random expectation. Here the applied field direction gov-
erns the behavior at low coupling strengths, favoring states
with the moments oriented towards the direction of the ap-
plied field (where the majority of islands appear bright or
dark in the XMCD image depending on the last field direc-
tion before the moments freeze in). As a result, we only
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FIG. 7. (Color online) Experimental frequency of low-energy
states (band 1) for strongly coupled islands with increasing number
of rings. (a) Geometries for demagnetization with in-plane and out-
of-plane rotation axes and for in situ switching in the PEEM, (b)
XMCD images of nine of the one-, two-, and three-ring configura-
tions following demagnetization about an in-plane rotation axis, and
(c) the frequency of observed states plotted against the number of
rings. These are three representative results of experimental runs
where the efficiency (number of single rings in the vortex ground
state) was high. The sample and demagnetization geometries for the
three runs are as follows: island type 1 with m?/a’=9.8
X 10712 A2 m following demagnetization about an out-of-plane ro-
tation axis (red), island type IT with m?/a*=1.1x10""" A% m fol-
lowing demagnetization about an in-plane rotation axis (blue) and
island type I with m?/a’=12x10""" A>m during switching
in situ in the PEEM (green).

observe two of the six possible onion states and four of the
twelve 4-2 states.

For the two- and three-ring structures, because of the vast
number of available configurations, we do not present a full
analysis of all the states present. Here it is more informative
to compare the frequencies of low-energy states at high cou-
pling strengths for the different numbers of rings. We mea-
sured a sample with kagome structures with type II islands
and a high coupling strength corresponding to m?/a*=1.1
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X 107" A% m, following demagnetization with rotation of
the sample about an in-plane axis [see Figs. 7(a)-7(c)]. For
the one-ring kagome structures, 94 =2% fall into the vortex
state corresponding to the lowest energy band. For the two-
ring structures, the percentage of states in the first energy
band (including the double-vortex and external-flux-closure
states) is 48 + 8%. For the three-ring structure the percentage
of states in the lowest energy band (ground state with two
vortices and external-flux-closure state) is 31 +6%. Since
the ability to achieve the low-energy states with our demag-
netization method reduces significantly as a function of the
number of rings, it is likely that as the number of rings is
increased to an infinite value the ground state will never be
achieved using this demagnetization method. At low cou-
pling (=820 nm), the percentage of the low-energy states
for the two and three rings was negligible (<0.6%), thus
tending to the random values, but again with a directionality
of the magnetic configurations (preponderance of bright or
dark XMCD contrast) given by the applied field direction
when the moments freeze in. The kagome spin ice rule at the
three-island vertices (two-in/one-out or vice-versa) is practi-
cally always preserved, notably even at low coupling
strengths, with the number of three-island vertices which do
not follow the ice rule on average for both two and three
rings less than 0.2% (i.e., 1 out of the 584 vertices observed).
We have determined the frequency of states for demagne-
tized samples with all of the different island types, and found
that the general behavior was the same. In addition, we de-
magnetized the same sample four times (with island types I
and II) to verify that the distribution of states did not signifi-
cantly change, and found that each structure did not neces-
sarily fall into the same magnetic state during each demag-
netization run.

During the demagnetization process the moments in the
ring structures essentially switch back and forth, i.e., be-
tween two opposite onion states, when the applied field is
above the switching field. In order to observe if this switch-
ing occurs via states in the lowest energy band, we directly
examined the magnetization reversal in an applied field
in situ in the PEEM. The orientation of the applied field is
equivalent to that used in the demagnetization with an in-
plane sample rotation axis, and a schematic of the applied
magnetic field geometry for in situ switching is given in Fig.
7(a). Following saturation of the magnetization, we recorded
XMCD snapshots of the switching process on applying a
reverse field, increasing its value from zero in steps of ap-
proximately 6 Oe, and recording images at remanence after
reducing the field between each step back to zero. For this,
we chose islands with a lower coercivity (island type III with
a=540 nm) ensuring that they switch in the PEEM magne-
tizing holder. We followed a full hysteresis loop, applying
the field in both directions, and performed measurements on
50 one-ring structures, 32 two-, and 32 three-ring structures.
We observed that 88% of the one-ring structures switch via
the vortex state, with 26% of the one-ring structures switch-
ing directly via the vortex state without passing through any
other state. For the two-ring structure, the percentage that
switch via an energy state in the lowest energy band (double-
vortex or external-flux-closure) corresponds to 48%, al-
though the simple path double-onion state to low-energy
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state to reverse-double-onion state is never followed and al-
ways includes a few other states. For the three-ring structure
the observed frequency passing through a state belonging to
the lowest energy band, i.e., the ground or external-flux-
closure state, was 14%. Notably, the decrease in frequency of
observed low-energy states for increasing number of rings in
the kagome building blocks is comparable to the decrease in
frequency of low-energy states observed following demagne-
tization with an in-plane sample rotation axis [see Fig. 7(c)].
This implies that the magnetization reversal forms the basis
of the demagnetization process. The oscillation of the ap-
plied field with decreasing amplitude during the demagneti-
zation process simply allows us to collect all of the low-
energy states, which occur at different field values during
switching.

Finally we address the question of whether the geometry
of the demagnetization procedure will affect the frequency of
observed states, specifically if rotation about an out-of-plane
axis in the applied magnetic field will increase the ability to
achieve the ground state. It turns out that the results do not
significantly differ from those found with an in-plane rota-
tion axis, namely, on increasing the number of rings there is
a significant decrease in the number of low-energy states [see
Fig. 7(c)]. At low coupling, again a directionality in the con-
figurations is introduced given by the applied field direction
before the moments freeze in, with a high proportion of on-
ion and 4-2 states in the single ring structure. For example,
in one run with type II islands and a coupling of 2.6
%X 10712 A>m, more than 60% of the one-ring structures
were in the onion or 4-2 state, which is significantly higher
than the random expectation value of 28% and, as before, we
only observe two of the six possible onion states and four of
the twelve 4-2 states.

V. CONCLUSION

By focusing on the building blocks of an artificial kagome
spin ice, we have been able to fully characterize the possible
energy states employing dipolar calculations and, in particu-
lar, we were able to identify the lowest energy states. The
single ring is not frustrated and following demagnetization, a
high percentage fall into the vortex state demonstrating the
high efficiency of the demagnetization procedure. Adding
rings introduces frustration at the ensuing three-island verti-
ces where the ice rule is preserved, even at low coupling
strengths. We find that as the number of rings increases there
is a dramatic decrease in the ability to achieve the low-
energy states, a behavior also identified in the magnetization
reversal. Here the system gets trapped in one of the large
number of available states and at low interisland dipolar cou-
pling strengths, the orientation of the applied field strongly
influences the resulting configurations.'® Extrapolating these
results, we draw the important conclusion that achieving the
ground state will be practically impossible in an infinite sys-
tem using a demagnetization method involving rotation of
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the sample in a magnetic field. Indeed, in contrast to the spin
ice system where the ground state is made up of a series of
local vortices,'” a maximum of two neighboring vortices is
possible, so that only larger flux closure loops will emerge.
The knowledge we have gained about the behavior of the
kagome spin ice building blocks paves the way for future
fascinating studies of these highly frustrated artificial sys-
tems and, armed with the complete knowledge of the energy
states, we open the door for use of these finite multistate
kagome structures in future spintronic devices, either for
memory applications or to perform logic operations.'
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