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Fig. 2: Predicted magnetic phase diagram for the triangular Ising-like lattice [2].

Fig. 2: Schematic two-step anodization process.

Fig. 5: Calculated scattering patterns [2].

contact: petai.pip@empa.ch

Frustration in artificial spin systems arises as a result of competing magnetostatic interactions that cannot be satisfied simultaneously, and thus exhibit rich physics such as a multi-degenerate ground-states,
unconventional spin-ordering and interesting phase transitions.
Here we study a prototypical frustrated spin model based on the triangular lattice with out-of-plane magnetization. By controlling the geometry, one can tailor both the nature and temperature of the phase
transition. In this work, we aim to observe the emerging stripe-ordered ground state from the spin liquid phase by tailoring the geometry of magnetic nanowires on a triangular lattice. First arrays of densely
packed magnetic nanowires were be fabricated by electrodeposition of NiFe into porous alumina templates. In order to improve structural coherence and fabricate distorted lattices, the influence of the
anodization process on aluminum with different patterns will be studied. This work will provide insight into both the nature of the phase transition and how to tailor it, and will provide significant advances in
fabrication of nanowire arrays.
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• antiferromagnetic coupling
(coupling const. J)

• magnetic frustration due to
geometry leads to extensive
ground-state degeneracy [1]

• Distortion parameter δ

• For δ=0 equal coupling for all 3
Ising-like spins

• stripe-ordered ground state

• spin-liquid phase at high temperatures

• first-order phase transition for small
distortion

• second-order Kasteleyn transition for
large distortion

• domain wall density denoted by colour



Nanowires can be manufactured to very small dimensions so that they possess a single domain magnetic
state . In addition the large shape-anisotropy leads to an Ising-like behaviour, which manifests itself by
macroscopic out-of-plane spins pointing either up or down .

Anodic Aluminum Oxide (AAO)

The anodization of aluminum leads to self-organized, periodic pore templates in a hexagonal arrangement
(fig.5). The ordering of the pores can be improved by a two-step anodization (fig. 4).

The oxidation is carried out by immersing the aluminum in an electrolyte and applying a potential. By the
usage of different electrolytes and potentials diverse pore diameters and interpore distances can be
achieved [3].

Fig. 7: Alumina templates after 2nd anodization step with different pore diameters and interpore
distances.

Fig. 8: Patterning process (top left). Transferred pattern
on Aluminum (bottom left). Alumina templates after
anodization of pre-patterned aluminum, adapted from
[3] (right).

Pre-Patterning

By texturing the aluminum (fig. 6) before the anodization
the structural long-range coherence can be further
improved [4].

For the fabrication of highly-ordered and distorted
lattices, molds will be manufactured by electron beam
lithography and the anodization process on aluminum
with different patterns will be optimized.

Electrodeposition

The magnetic nanowires were fabricated by electrodeposition into porous
alumina templates. In order to get a conductive layer, gold were sputtered on
one side of the templates.

Grazing incidence small angle scattering with polarization analysis (GISANS) experiments
will be carried out to determine the nature of the phase transition and thus validating the
predicted behavior of the triangular Ising-like lattice. The structure factors for different
phases were calculated with Monte-Carlo simulations [2] (fig. 3).
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Fig. 1: Triangular spin lattice with unit cell.
Fig. 6: Two-step aluminum anodization oxidation process.

spin direction

Fig. 9: Electrodeposition of
a nanowire in a pore.

Fig. 10: NiFe nanowires fabricated by galvanostatic pulsed
deposition in a porous AAO template.

By changing the applied
potential, the composition
and morphology of the
deposition can be controlled.
Varying the deposition time
leads to different lengths of
the nanowires.

Easy Axis Magnetic Hysteresis by SQUID

Fig. 3: Easy axis magnetic hysteresis for NiFe nanowires in self-organized porous AAO with different parameters,
measured by SQUID-VSM at 300K.

Easy Axis Magnetic Hysteresis by SQUID-VSM

Small angle neutron
scattering (SANS) was
performed at the SANS-I
beamline at PSI, Villigen,
Switzerland.

Fig.:5 Difference of opposite polarized neutron signals for
NiFe nanowires with a length of ~250nm, electrodeposited
in AAO with a pore diameter of 21nm and lattice constant
of 42nm for different magnetic field strengths, filled up
with a mixture of H2O and D2O and measured at 300K.

Fig.:4 Scattering image of NiFe nanowires,
electrodeposited in AAO with a pore diameter of
51nm and lattice constant of 68nm, filled up with a
mixture of H2O and D2O. Measured with polarized
neutrons at 300K.




• Magnetic properties of the system
tunable by AAO parameters

• Higher magnetic coupling for smaller
lattice constants, indicated by higher
coercivity
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