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We present a direct magnetic imaging study on the thermal macrospin ordering of artificial kagome

spin ice building blocks. Using photoemission electron microscopy, employing x-ray magnetic

circular dichroism, we are able to resolve the single domain magnetic nature of the macrospins and

determine the states of the combined building block structures. The nano-patterning and material

selection allows thermally activated magnetization reversal for the macrospins to occur. The

ordering of the macrospins is dominated by the ground state, consistent with a thermal ground state

ordering. This work paves the way for the realization of extended artificial spin ice structures

exhibiting experimentally accessible thermal behavior. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4751844]

Artificial spin ice systems,1 composed of arrays of litho-

graphically defined elongated ferromagnetic islands, have

proven to be an interesting analog to bulk spin ice,2–4 which

has a large set of nearly identical low-lying energy states

with intricate thermodynamic properties.4 In artificial spin

ice, it is possible to image directly the magnetic configura-

tions using magnetically sensitive imaging techniques, such

as magnetic force microscopy (MFM) and photoemission

electron microscopy (PEEM).1,5 Using such techniques, the

state of individual macrospins and vertices can be deter-

mined, which has resulted in the confirmation of the Bernal-

Fowler ice rules6 in artificial square spin ice1 and in the ob-

servation of emergent magnetic monopoles in artificial

kagome spin ice.5

Studies on artificial spin ice have mostly focused on pat-

terned structures composed of magnetic materials with a high

Curie temperature such as permalloy ðNi81Fe19Þ and cobalt.

The high Curie temperature of these materials means that the

spin ice systems are quasi-static at and below room tempera-

ture and, as a consequence, the manipulation of the magnetic

ordering is limited to the use of external fields.1,5,7–9 Thermal

behavior of artificial spin ice systems relies on the thermally

activated reversal of the magnetization direction, where the

energy barrier is defined by the shape anisotropy of the ele-

ments. Such reversal has been shown to be in accordance with

the N�eel-Brown model.10–13 The possibility for a thermally

obtained ground state, as well as thermal excitations, therefore

exists for artificial spin ice. The presence of long range order-

ing has already been observed in a square spin ice system in

which the thermalization took place during the growth of the

sample.14 Thermally driven order-disorder transitions of artifi-

cial spin ice have been studied theoretically15 and recently

such a transition was reported experimentally in an artificial

square spin ice.16

Here, we report on the observation of the thermally

obtained ground state of dipole coupled nanomagnetic

islands. We focus our study on hexagonal ring structures

(see Fig. 1) composed of 6 macrospins, extending on to

linked structures composed of two and three rings. These

structures can be considered as the building blocks of artifi-

cial kagome spin ice.17,18 We investigate the magnetic order-

ing using PEEM, employing x-ray magnetic circular

dichroism (XMCD). This enables us to spatially resolve the

magnetic states of the individual islands and the magnetic

arrangement of each combined structure.

The islands are fabricated from d-doped Pd(Fe) films, in

which the Curie temperature can be controlled by the Fe

layer thickness.19,20 The Fe layer thickness was chosen to be

1.8 monolayers (ML), embedded in Pd layers as illustrated

in Fig. 1. For these films, the remanent magnetization collap-

ses at a temperature of 347K while the saturation magnetiza-

tion extends up to 374K. The films were patterned by

electron beam lithography into one, two, and three ring

kagome building block structures with a lattice parameter of

a¼ 560 nm (Fig. 1). The magnetic moment of the individual

islands can be determined from their area and the magnetiza-

tion of the continuous film, determined by superconducting

quantum interference device (SQUID) magnetometer meas-

urements. For the islands described here, of length 470 nm

FIG. 1. Scanning electron microscope images (recorded at a tilt angle of

45�) showing the one, two, and three ring structures. The lateral dimensions

of the individual islands are W¼ 170 nm and L¼ 470 nm and the lattice pa-

rameter of the arrangement is a¼ 560 nm. The structures are spaced 3 lm

apart to minimize dipolar coupling. A schematic illustration of the inner

structure of the islands is also included.
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and width 170 nm, the resulting 0K moment is m0 ¼
7:2� 10�17 Am2 (7:8� 106 lB).

The dipole energy of each state of the combined struc-

tures, En, can be calculated by summing up the dipole inter-

actions between macrospins for all possible configurations.

For the one ring structure, composed of 6 macrospins, the

number of possible configurations is 26. Due to the symmetry

of the ring structure, the possible states can be classified into

8 different energy levels El, each with a degeneracy dl.
17

The dipolar energy is minimized when neighboring macro-

spins are aligned head to tail. This corresponds to a lowest

energy vortex state, of twofold degeneracy, in which the

moments all point in a circular arrangement of either a clock-

wise or counterclockwise direction.

The distribution of the structures into the different mag-

netic states was determined by PEEM imaging at the SIM

beamline21,22 of the Swiss Light Source, employing XMCD

at the Fe L3 edge.23 No magnetic field was applied prior to

imaging. Imaging at room temperature did not reveal any

magnetic contrast, although the magnetic moment has only

been reduced to �40% of its 0K value. Upon cooling from

room temperature to cryogenic temperatures (�120K) using

a continuous flow of liquid nitrogen, the islands displayed a

distinct magnetic contrast. Figure 2 shows representative

XMCD images of the one, two, and three ring structures. It

should be noted that the magnetic contrast from these ultra-

thin Fe films sitting below a Pd layer is significantly smaller

than that observed in islands manufactured from several

nanometer thick magnetic films.17

An overview of the observed population of each of the

possible levels of the one ring structures is shown in Fig. 3.

The probabilities are determined from XMCD images as

illustrated in Fig. 2. As seen in the graph, the vortex ground

FIG. 2. XMCD images of the magnetic state of

the ring structures recorded at �120K. (a) The

clockwise vortex ground state ordering of a one

ring structure. The schematic below illustrates

the determination of the magnetic state of each

of the islands from the magnetic contrast.

XMCD images showing the lowest energy lev-

els of (b) a two ring structure and (c) a three

ring structure.

FIG. 3. The population of the four lowest energy levels determined from

XMCD images. The ground state displays a higher probability compared to

a random distribution, whereas higher energy levels display a lower proba-

bility. A total of 67 ring arrangements were imaged from which the state of

a total of 54 ring structures could be identified.

FIG. 4. The population of the ground state of the one ring structure and of

the two lowest energy levels for the two and three ring structures (depicted

in the graph). In all cases, the measured probabilities are higher than those

expected from a random distribution. A total of 55 and 54 structures were

imaged for the two and three ring structures, respectively, from which the

state of a total of 39 and 31 structures could be identified.
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state is clearly favored. Full randomization would result in

the probability of observed states given by the degeneracy of

each possible state, divided by the total number of possible

arrangements, 26. However, the high energy states are less

probable than would be expected for a random distribution

and the four highest energy levels were never observed.

Finally, no specific preference for the clockwise or counter-

clockwise direction of the ground state was observed. The

results therefore clearly demonstrate the preferred population

of low energy states, consistent with a thermal ordering

induced by the dipolar interactions between the islands.

As the number of elements, L, is increased, the number

of available configurations, 2L, grows dramatically. For the

two and three ring structures composed of 11 and 15 ele-

ments, respectively, a total of 211 ¼ 2048 and 215 ¼ 32768

different configurations are obtained. A detailed analysis of

the distribution into all the possible arrangements therefore

requires a substantial amount of states to be observed in

order to obtain statistically significant results. We therefore

restrict our analysis to the population of the two lowest

energy levels. For the two ring structure, the lowest energy

level is composed of two circular arrangements of macro-

spins (vortices) of opposite chirality with a 2 fold degener-

acy. The second lowest energy level, of 4 fold degeneracy, is

referred to as an external flux closure state17 and comprises one

full vortex and one in which the magnetization direction of one

macrospin has been reversed. The two lowest energy levels of

the three ring structure can be described in a similar manner

with the ground state composed of two vortices with the third

ring not quite forming a vortex and the second lowest energy

level as an external flux closure state, both of 12 fold degener-

acy (see Figs. 2(b) and 2(c) and schematics in Fig. 4).17

The combined population of the two lowest energy

states of the two and three ring structures, determined from

XMCD images of arrays of the two and three ring structures,

is shown in Fig. 4. The results reveal a significantly higher

population of the lowest energy states than would be

expected given a random distribution (6=211 and 24=215,
respectively). The probability of obtaining the lowest energy

states diminishes with increasing number of rings.

To demonstrate thermally activated behavior in artificial

spin ice systems, the macrospins must exhibit dynamics on

the time scale of the experiment, which would yield sponta-

neous transitions between different states as measured by

changes in PEEM-XMCD contrast of the Pd(Fe) structures

as a function of time. Transitions of this kind were observed

in the experiment by monitoring the magnetic state over an

extended time, verifying the thermal behavior of the building

block structures at �120K. This is illustrated in Fig. 5 which

shows a transition of the arrangement of the macrospins in a

two ring structure, from the lowest energy ground state, to

the second lowest energy state.

In conclusion, we have demonstrated thermal ordering

in dipole coupled macrospin systems using thermal cycling.

At elevated temperatures, the macrospins fluctuate, resulting

in the absence of magnetic contrast at 300K. At low temper-

atures, the macrospins fluctuate with a reduced rate, allowing

for the direct imaging determination of their arrangement

and the observation of thermal transitions between different

states. Given these results, thermal behavior can be obtained

for extended arrays of dipole coupled macrospins in an artifi-

cial spin ice geometry. This opens the door for experimen-

tally determining thermodynamic properties such as entropy

and ground state ordering, and for the observation of thermal

behavior of charge defects that can be investigated in the

context of emergent magnetic monopoles.5,24,25
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