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We have studied the magnetic interaction of circular magnetic islands with a dipole character on a

square lattice. The square pattern consists of lithographically prepared polycrystalline PdFe islands,

150 nm in diameter and a periodicity of 300 nm. Below the Curie temperature at 260 K, the islands are in a

single domain state with isotropic in-plane magnetization. Below 160 K, there is an onset of interisland

interaction that leads to a change of the shape of the hysteresis, an increase of coercivity, and a

development of in-plane anisotropy. Photoemission electron microscopy with circularly polarized incident

x rays tuned to the L3 edge of Fe confirms the increasing correlation of the magnetic islands and the

formation of elongated chains, as predicted by Vedmedenko et al. [Phys. Rev. Lett. 95, 207202 (2005)] for

contributions from pole interactions of higher order than the dipolar one. Neighboring chains are found to

be irregularly oriented either parallel or antiparallel.

DOI: 10.1103/PhysRevLett.110.177209 PACS numbers: 75.75.�c, 75.10.�b, 75.70.Ak

Fluctuations, orderings, and phase transitions of mag-
netic dipoles on a two-dimensional square lattice remain
an interesting and challenging problem in statistical physics.
Although theory predicts a noncollinear antiferromagnetic
ground state for a square lattice [1], the exact nature depends
on details of the interaction and boundary conditions [2–7].
Pointlike magnetic dipoles are only available in the form of
condensed atoms. But usually the interaction is too weak for
forming an ordered ground state. To remedy this problem,
extended single-domain magnetic islands can artificially be
fabricated carrying a macrospin with sufficiently high
magnetic stray fields. However, these islands cannot solely
be considered as pure magnetic dipoles. Instead, higher pole
interactions need to be taken into account [2,8]. While
each individual dipole can be designed as to display a
continuous in-plane symmetry with essentially zero coer-
civity, turning on dipolar interactions creates for itself an
effective anisotropy and increases the coercivity [5,6].
While lithographic methods permit fabrication of magnetic
materials into square lattices decorated by circular islands
[9–11], experimental verification of their phase transitions
and concomitant ground states are missing so far.

The expected scenario of the sequence of phase transi-
tions from high to low temperatures can be described as
follows, starting with an array of paramagnetic circular
islands placed in close proximity on a square lattice
[see Fig. 1 (left panel)]. Each individual island has a
critical temperature TC1, which is determined by the local
exchange interaction and the finiteness of the island. Below
TC1 the islands enter a ferromagnetic single-domain state
with a dominant dipolar character but without any in-plane
anisotropy of the individual dots. Because of the low
magnetization, the dipolar stray fields are weak and

thermal fluctuations overcome interisland ordering. In
this temperature regime the islands form a superferromag-
netic state [12], while the intraisland order is ferromag-
netic [Fig. 1 (middle panel)]. As the temperature is lowered
further, the magnetization increases and so does the dipolar
field of all islands.
For kBTC2 � Edipole, where

Edipole ¼ �0

8�

X
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with mi and mj the magnetic moments of two islands and

ri;j the distance vector between the centers of the islands, the

dipolar interaction becomes sufficiently strong as to cause

FIG. 1 (color online). Schematics of phase transitions in a
magnetic nanodot array. Left: Above TC1 the islands are in a
paramagnetic state. Middle: For TC1 > T > TC2 the islands are
in a single-domain ferromagnetic state and act predominately as
magnetic dipoles without long range order. Right: For TC2 > T
the dipolar stray fields of the individual islands are sufficiently
strong as to cause a dipolar ordering determined by the symme-
try of the pattern.
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long range order. The two phase transitions are decoupled,
since the exchange interaction is local and limited to the
island size, whereas the magnetic dipole interaction is long
range. The main question is the following: what is the
ground state that results from both interactions below TC2?
This is what we try to answer in this Letter.

Theory and Monte Carlo simulations predict that in the
case of freely rotating dipoles on a square lattice, several
degenerate ground states can be realized. Two sublattices A
and B may, for instance, be arranged in a noncollinear
antiferromagnetic order as depicted in Fig. 1 (right panel)
[1,7,13]. For finite arrays with real dipolar particles, higher
pole interactions need to be taken into account. In this case,
theory predicts an increasing anisotropy, an opening of the
magnetic hysteresis, and a ground state that consists of
chains of interacting dipoles arranged parallel or antipar-
allel, forming irregular domains [2].

The scenario which we discuss here should be distin-
guished from free dipoles on a triangular lattice, where the
ground state is a vortex state [14]. It should also be dis-
tinguished from square spin ice patterns, where magnetic
dipoles are fixed in position but are allowed to flip their
orientation [15–18]. In our present case, the aim is to
design a magnetic dipole array where the anisotropy is
solely introduced by interaction, not by shape.

In order to study a system as outlined above we need a
material which provides experimental access to both tran-
sition temperatures TC1 and TC2. It should have a Curie
temperature close to room temperature, be magnetically
very soft, and with negligible magnetic anisotropy. A
material which fulfills these requirements is a Pd1�xFex
alloy. The Curie temperature scales roughly linearly with
the Fe concentration [19,20]. For the present experiments
we have chosen an Fe concentration of 13 at. %, resulting
in a Curie temperature of 290 K [21]. A system with such a
critical temperature has the additional advantage that it can
be reset easily by temperature cycling above TC1. The
choice of a higher Fe concentration for enhanced interac-
tion is prohibited because of an increasing tendency for
perpendicular anisotropy [21–23].

Pd0:87Fe0:13 films were prepared by ion beam sputtering
at room temperature on a Si substrate with a 1.5 nm thick
Ta buffer layer for reducing the roughness and enhancing
the adhesion of the PdFe film. This procedure generates
polycrystalline films, which eliminates effectively any mag-
netic anisotropy in case there was one remaining. Finally, all
samples were capped with a 5 nmAl2O3 layer for oxidation
protection. The roughness of the films was on the order of
0.3 nm as determined by atomic force microscopy.

The magnetic characterization of the PdFe film was
performed using a superconducting quantum interference
device and a low temperature azimuthally dependent
longitudinal magneto-optic Kerr effect (MOKE). From
the magnetization MðTÞ of the continuous film, a Curie
temperature of 290 K is estimated. Magnetic hysteresis
curves taken at 80 K confirm the soft magnetic character of
the Pd0:87Fe0:13 alloy film with a coercive field of only

2.3 Oe, an in-plane easy axis, and no azimuthal magnetic
anisotropy.
Before patterning the alloy film into a square lattice of

circular islands, we have performed micromagnetic simu-
lations of the expected magnetic ground state of an indi-
vidual dot as a function of diameter d and thickness b,
using the OOMMF package [24]. The resulting phase dia-
gram shows two states: a vortex state for bigger islands and
a single-domain state for smaller islands. For the fabrica-
tion of magnetic islands we have chosen parameters which
lie safely in the parameter space where a single-domain
state is expected. Those require a diameter of d ¼ 150 nm
and a thickness of b ¼ 10 nm. Nanostructuring was per-
formed by electron beam lithography [17]. After e-beam
exposure and the developing of a negative photo resist, the
structures were transferred into the metallic layer by ion
beam etching. The dots are arranged on a square lattice
with a periodicity of 300� 300 nm2. Each writing field
has a lateral size of 50� 50 �m2 and 15� 15 writing
fields are placed on one sample. Figure 2 shows a scanning
electron microscope image of the nanostructured and
etched sample. This image confirms the circular shape of
the islands required for an isotropic in-plane anisotropy
and a highly regular square pattern.
Each individual island contains about 106 Fe atoms.

Assuming a local magnetic moment of 2:2 �Bohr for Fe
as in bulk Fe, the total moment of each island is on the
order of 2� 106 �Bohr. From this we estimate within the
dipole approximation a magnetic field of 740 Oewhich one
island exerts on the other at a distance of 300 nm and at a
temperature T ¼ 0 K. As the dipole field scales with the
magnetization, it will be much weaker just below TC1, but
at TC2 < TC1 the dipole field will be sufficiently strong to
induce order.
For exploring the magnetic properties and the phase

diagram of the circular dot pattern, magnetic hysteresis
measurements are most useful. However, because of the
dilute magnetic alloy and the small total amount of

FIG. 2 (color online). Scanning electron microscopy image of
a PdFe dot array placed on a 300� 300 nm2 square lattice by
e-beam lithographic means. The zoomed in dot shows the shape
and a diameter of 150 nm. The white rim is due to edge effects
and residual resist.
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magnetic material, neither a superconducting quantum
interference device nor resonant magnetic soft x-ray scat-
tering turned out to be sensitive enough to resolve a mag-
netic hysteresis with acceptable statistics. Therefore we

performed low temperature MOKE measurements in the
longitudinal configuration using Helmholtz coils to avoid
residual fields at remanence and to compensate the earth
magnetic field. Hysteresis loops were taken in a range from

FIG. 3 (color online). Hysteresis measurements recorded with the magneto-optic Kerr effect in longitudinal configuration for
different temperatures. The top 3 rows reproduce the hysteresis loops for the [10] orientation of the dot array. In the last panel of this
sequence the coercive field is plotted as a function of temperature. The bottom two rows show the hysteresis for the [11] orientation,
i.e., after rotation by 45�. All hysteresis curves are normalized by the saturation value. Note that the range on the y axis varies
according to the noise level in saturation.
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room temperature down to 80 K and were averaged over
about 260 field cycles. The results of the hysteresis curves
are shown in Fig. 3 for the [10] and [11] orientations of the
pattern.

At T ¼ 256 K we notice an onset of a ferromagnetic
state, a clear hysteresis becomes visible with a very small
coercivity of about 1 Oe. We take this as an indication for
an onset of an intraisland ferromagnetic state with negli-
gible interisland dipole interaction. The onset temperature
TC1 is lower than the critical temperature Tc of the con-
tinuous film, which is to be expected due to finite size
scaling. At lower temperatures the shape of the hysteresis
curves changes drastically. At 185 K the hysteresis curve
opens up before reaching saturation while the coercivity
remains small. This is even more pronounced at 160 K and
is usually a sign for some s- or c-type buckling spin state
within the islands [25,26]. Below 160 K the shape of the
hysteresis changes again significantly. In the [10] orienta-
tion the shape of the hysteresis resembles a parallelogram
with increasing coercivity of up to 33 Oe at 100 K and a
100% remanence. The coercivity versus temperature is
plotted in Fig. 3, the last panel of the third row. The
increasing coercivity and the slanting of the hysteresis
with decreasing temperature is indicative for an increasing
interisland interaction with decreasing temperature below
160 K. In contrast, the hysteresis loops in [11] orientation
show low remanence and a high saturation field, which is
typical for a hard axis behavior. Thus, at low temperatures
the PdFe-nanodot array clearly develops features of
magnetic anisotropy. The anisotropy in addition to the
increasing coercivity are strong indications for interisland
pole interaction with contributions of higher order than the
dipolar one.

To confirm the interisland interaction and possible
ordering of the square magnetic dot array below 160 K
we have performed magnetic imaging experiments using
magnetically sensitive x-ray photoemission electron mi-
croscopy (X-PEEM) at the BESSY II of the Helmholtz-
Zentrum Berlin [27]. X-PEEM measurements were
performed at various temperatures below Tc1 in magnetic
remanence. Images were taken with right (�þ) and left
(��) circular polarized incident x rays tuned to the
resonant energy of the Fe L3 edge. Magnetic contrast is
achieved by evaluating the so-called magnetic asymmetry,
i.e., A ¼ ð�þ � ��Þ=ð�þ þ ��Þ. In Fig. 4 the asymmetry
is plotted, where the colors encode the orientation of the in-
plane magnetization as indicated by arrows in the top
panel. The rows of islands are aligned parallel to the
incident light propagation direction, where the magnetic
asymmetry, hence, the magnetic contrast, is largest. It is
important to note that the images show the ground state of
the sample after cooling down from the paramagnetic state
without applying any magnetic field. Above 220 K no
magnetic asymmetry is observed. At 180 K some dots
attain a magnetic contrast, but without any discernable
correlation. At T ¼ 160 K the dots clearly show magnetic
contrast and start to become correlated in the form of

chains, as seen in the image Fig. 4 (top panel). At the lower
temperature of 140 K [Fig. 4 (bottom panel)], the mag-
netization of the individual dots has increased, as seen by
an increase in the contrast of the asymmetry images.
Moreover, the number of dots with a large magnetization
pointing either parallel or antiparallel to the incoming
beam direction has increased dramatically and they form
chains. These chains are preferably oriented parallel to the
[10] and [01] perpendicular lattice directions, the latter
ones appear white because of a lack of contrast in the
perpendicular direction. The chain length is observed to
increase with a decreasing temperature (see inset in the top
panel of Fig. 4) as a result of an increasing dipolar inter-
action. Very few dots exhibit two colors. We take this as an
indication for thermal fluctuations of the magnetization
orientation in the stray field of a neighboring island during
the integration time of about one hour. Deflections of the

FIG. 4 (color online). Space resolved images of the magneti-
zation of PdFe islands taken with polarized photoemission
electron microscopy using right and left circular polarized
synchrotron radiation tuned to the L3 edge of Fe. Shown is the
asymmetry of the images for different temperatures. The orienta-
tional dependence of the magnetic sensitivity is color coded
according to the color circle shown in the inset. The inset in the
top panel shows the number of dots per chain for different
temperatures.
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electron yield of those particular dots by local field
fluctuations result in a slightly broadened two color image.
In the scanned area the frequency of blue chains is highest.
This changes for different areas scanned and also after
repeated cooling cycles. The predominance of one color,
i.e., one particular domain, is a sign for higher pole inter-
acting islands.

For pure dipole-dipole interaction, theory predicts a
canted antiferromagnetic state as shown schematically in
the right panel of Fig. 1 [2,3,5–7]. Translated into PEEM
contrast, the canted antiferromagnetic state would manifest
itself in a regular pattern of antiparallel red and blue chains.
However, here we observe an ordering in form of parallel
blue chains interrupted by red chains without forming a
regular pattern. This type of ordering is completely sup-
ported by theory, if in addition to the dipole-dipole inter-
action, higher pole interactions are also taken into account
[2]. Furthermore, in the case of pure dipolar interaction
on a square lattice, the magnetization versus the applied
field should not show any appreciable hysteresis. But for
dipole plus higher pole interaction, a real hysteresis with a
finite coercivity and increasing squareness is expected. The
simulated hysteresis by Vedmedenko et al. agrees very
well in shape with our experimental MOKE results for
the easy axis [2]. In particular, the parallelogram-like shape
is very well reproduced. According to Vedmedenko et al. it
is mainly the octopolar term which is responsible for the
antiparallel but irregular chain formation and for the open-
ing of the magnetic hysteresis. Although magnetic inter-
action on square dot arrays was studied in the past [28], the
detailed features of chain formation, elongation, and devel-
opment of hysteretic behavior with increasing coercivity
and squareness with decreasing temperature is seen here
for the first time.

In conclusion, by combining MOKE and PEEM experi-
ments, we have shown that on a square lattice decorated
with circular islands each island contains a single-domain
magnetic dipole below the Curie temperature TC1¼260K
of the Pd0:87Fe0:13 alloy. Below a second characteristic
temperature TC2 at about 160 K, the pole interaction is
strong enough to induce order in the form of interacting
chains with increasing length at decreasing temperature.
Simultaneously the increasing anisotropy yields an open-
ing of the magnetic hysteresis with increasing coercivity
and squareness. If the interaction of the islands on a square
lattice were purely dipolar, such a situation would not
occur. Instead a regular antiparallel array of canted chains
and no magnetic hysteresis is expected. Thus, our present
findings are hallmarks for higher pole interaction and, in
particular, for a strong admixture of octopolar to the dipo-
lar interaction as predicted byMonte Carlo simulations [2].
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