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Abstract

Spin chains are the most elementary entities in the study of magnetic ordering
behaviour. In this letter, we describe a route toward the realization of artificial
XY spin chains. Using thin-film deposition and e-beam lithography, 300 and
550 nm diameter pillars consisting of alternating discs of permalloy and Al,O;
have been made. Shape anisotropy forces the magnetization in plane, creating a
chain of two-dimensional magnetic moments S;. The discs couple to each other
by their dipolar stray fields, resulting in an interaction of the form J;;S; - S;,
with J;; the coupling between discs i and j. This form closely resembles a
chain of xy spins, coupled by effective interactions J;;. We present a magnetic
characterization of the pillars, and compare the results with model calculations.
Also, spin dynamics and ordering phenomena are addressed.

Spin chains are the most basic elements in the description of magnetic ordering phenomena.
Due to their relative simplicity, the properties of such chains are well known from theory. So
far, approximations of this idealized configuration have only been obtained experimentally in
long molecules [1] and in bulk compounds that, by their crystallographic structure, show chains
of magnetic moments [2-4]. Only very recently, ordering in an ‘artificial’ chain structure has
been investigated [5]. In the latter work, monatomic magnetic chains were formed by Co atoms
decorating step edges of a Pt substrate. Potential advantages of the use of artificial spin chains
lie in a better control of chain length, a larger freedom in the choice of magnetic materials, and
a greater flexibility in tuning of the coupling interactions.
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Figure 1. Schematic picture of the pillar structures. The bright discs represent Al,O3 (1.8 nm
thick), the dark discs permalloy (3.0 nm thick). The total structure consists of 10 permalloy/Al, O3
repeats, resulting in a total height of ~50 nm.

In this letter we describe the fabrication and characterization of lithographically defined
spin chains. Using lithography, stacks of permalloy (Nig;Fe;9) discs with diameters of 300
and 550 nm have been created. The permalloy discs are separated by non-magnetic spacers,
thus forming isolated magnetic entities or ‘spins’, cf figure 1. Choosing Al O3 as an insulating
spacer material, the coupling between the discs is fully mediated by the dipolar stray field.
Therefore, the (vertical) chains are expected to show an anti-ferromagnetic (AF) ground-state.
Alternatively, one can use a metallic spacer. This introduces an RKKY type of coupling, also
allowing for a ferromagnetic ground state.

In the following, we describe the fabrication and structural characterization of the
elements. Next, their magnetic properties are presented and compared with a theoretical model.
Finally, we present preliminary results on their spin-dynamics behaviour and comment on the
applicability of this type of structures to the study of ordering phenomena.

The spin-chain structures were fabricated from a uniform Al,O3/Nig;Fe;9 multilayered
film, using electron-beam lithography and ion-beam milling. The multilayer film was
deposited in an Ar environment (2 x 1073 Torr) on an oxidized Si(001) substrate using dc and
rf magnetron sputtering of permalloy and Al,O; targets, respectively. The structural properties
of the prepared film were checked ex situ by x-ray diffraction (XRD) and transmission electron
microscopy (TEM), allowing for a precise determination of the thickness and interface quality
of the constituent layers. Next, the uniform film was patterned using e-beam lithography,
writing in 1 x 1 mm? areas of resist. After exposure and development, excess material was
removed by ion-beam (Ar*) milling, resulting in structures with well defined lateral geometry
and high aspect ratio. Using the above procedure, arrays of 300 and 550 nm diameter pillars
have been created, with a centre-to-centre distance of 0.6 and 1.0 um, respectively. Every
pillar consists of ten repeats of Nig;Fe9(3.0 nm) and Al,O3(1.8 nm) alternating layers, starting
and ending with an amorphous Al,O; layer to ensure a polycrystalline growth and to prevent
oxidation.

The magnetic properties of the films and structures were characterized using magnetic
force microscopy (MFM) and the magneto-optic Kerr effect (MOKE). In figure 2(a) results
of measurements on the unpatterned multilayer are presented. The unpatterned films show a
high remanence and a very low coercivity of 0.1 mT, as is characteristic for polycrystalline
permalloy. Surprisingly, a relatively strong uniaxial anisotropy is present, resulting in a hard
axis showing a 1 mT saturation field. As the sample was rotated during growth, a field-induced
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Figure 2. Magnetization loops on the unpatterned (panel (a)) and patterned (panel (b)) films. The
unpatterned films are saturated in a 0.1 mT (easy axis) or I mT (hard axis) field. After patterning,
fields of 60 and 43 mT are needed to saturate the 300 and 550 nm diameter structures, respectively.
The dotted lines in panel (b) represent calculated curves.

Figure 3. MEM scans of the 300 nm diameter array. (a) Remanent state; the horizontal bands are
a scanning artifact. (b) ~30 mT in-plane field. The induced dipole moment in each pillar results
in a black—white contrast.

anisotropy can be excluded. More likely, strain and magnetoelastic effects are responsible for
the observed anisotropy. Although bulk permalloy shows a very small magnetostriction, it has
been shown that for thin films (<7 nm) strong magnetostriction effects can occur [10].

After patterning a completely different picture emerges, cf figure 2(b). In zero applied
field, no net magnetic moment is present. Upon applying an external field, the magnetization
increases until it saturates at 60 and 36 mT, respectively, for the 300 and 550 nm diameter
structures. These numbers can be compared with the saturation fields of less than 1 mT of the
unpatterned film. No in-plane anisotropy could be detected. The behaviour of the structured
film can be understood by assuming an anti-ferromagnetic coupling between neighbouring
discs in a pillar. At zero field the magnetic moments of the (even number of) discs completely
compensate, while with increasing the field the discs start to align and give rise to a net magnetic
moment.

In figure 3 MFM scans on the 300 nm diameter array are shown. The scan in panel (a) was
made without external field, i.e. in the remanent state. The observed lack of magnetic contrast
is expected for an AF ground state, as flux closure strongly reduces stray fields. Note that the
MEFM scan also excludes a vortex state. Panel (b) shows a scan in an in-plane field of ~30 mT.
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Figure 4. Spin configuration for the 550 nm diameter structures at selected fields, with the field
applied out of the page. At 0 mT, neighbouring discs align anti-parallel. Increasing the field, the
outer spins are the first to align as they are most weakly coupled.

The external field induces a net moment in each individual pillar, resulting in a typical dipolar
contrast.

This interpretation is supported by results obtained from numerical simulations. In the
calculations it is assumed that inter-pillar coupling is negligible and that the magnetization in
the discs is strictly within the plane, free to rotate and homogeneous. These are reasonable
assumptions for the current structures. The spacing between the pillars is large, and no
in-plane anisotropy was observed for the patterned structures. Shape anisotropy forces the
magnetization in plane since the ‘pillars’ are still much wider (lateral dimensions down to
300 nm) than high (total thickness of 50 nm). Since the magnetic discs consist of polycrystalline
permalloy, showing a very low anisotropy, the magnetization can (almost) freely rotate. The
assumption of a homogeneous magnetization deserves special attention. It is well known that
vortex states can occur in circular microstructures [6]. Their occurrence depends on the ratio
of thickness to diameter and the exchange length [8, 7]. From the phase diagram in [7], and
from our own micromagnetic calculations [9], it can be concluded that each isolated magnetic
disc is already single domain. In the pillar structures, the AF alignment between the discs will
greatly reduce the stray field, and thus remove the drive for vortex formation. Additionally,
no vortices were observed in the MFM scans.

To calculate the stray-field coupling, we decompose the discs in a pillar into small cells
of extension (2 nm)® and replace the (in-plane) magnetic moment of each cell by a point
dipole. Since these dipoles are all parallel within the discs it is easy to calculate the net
dipolar interaction between discs. The resulting interaction between the magnetic moments of
different discs is of the Heisenberg type,

H=Jdj)$; S, (N

so that we finally end up with a chain of spins coupled by effective interactions J(d). Its
ground-state properties have been calculated numerically and the result for the magnetization
component parallel to the external field is shown in figure 2(b) (dotted lines), together with the
experimental data. The calculated magnetization curves show saturation fields of 43 and 55 mT,
for the 300 and 550 nm diameter pillars, respectively. This in excellent agreement with the
experimental values of 36 and 60 mT. Note that the only input to the model is the dimension
of the discs and the magnetization of permalloy, taken to be 732 kA m~'. In figure 4, the
calculated magnetization vectors of the ten discs in the 550 nm diameter structure are depicted
for different fields. At O mT one finds a perfect AF alignment, while for increasing fields the
discs gradually align with the field. Since the outermost discs lack neighbours, they are less
strongly coupled and align more easily with the applied field.
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Figure 5. Precessing magnetization vector in the 300 nm diameter pillars. The open circles
represent the time dependence of the Kerr ellipticity Ae, proportional to the a weighted average
of the out-of-plane magnetization of the permalloy discs. The data are well described by a sum of
two damped sines (solid curve; separate contributions are shown below), with frequencies of 5.7
and 3.8 GHz. During the measurement, a field of 2.5 kG was applied at an angle of ~10° with
respect to the film normal.

The dipolar coupling between the ten discs is also expected to affect the magnetization
dynamics, showing up as a discrete spectrum of spin-wave excitations. These excitations can
be seen as a variant of perpendicular standing spin waves, i.e. standing modes in the thickness
of a film. However, in this case only ten discrete moments contribute. For a spin chain, thermal
population of these modes will break the AF order with increasing temperature. First evidence
for these inter-disc dipolar modes comes from time-resolved magnetization measurements.
Using an all-optical technique described in detail in [12], the precessing magnetic moment
can be followed in time after sudden laser excitation. Since due to absorption both the optical
excitation and the optical detection are non-uniform within the height of the pillar, higher-order
standing modes can be excited and detected. First results are shown in figure 5, where the open
circles represent the measured change in Kerr ellipticity as a function of time after excitation.
Using near-perpendicularincidence, this signal is proportional to a weighed average of the out-
of-plane magnetization of the ten discs in each pillar. The oscillating signal therefore represents
the out-of-plane component of the precessing magnetization in the discs. On closer inspection,
two discrete modes can be discerned with precession frequencies of 5.7 and 3.8 GHz. Although
the results are preliminary, first indications are that the high-frequency mode corresponds to the
uniform precession (acoustical mode), and the low-frequency mode to a higher-order excitation
(optical mode). This is exactly the order that is expected for an AF coupled system.

Note that coupling between the discs is not the only mechanism resulting in a discrete
spectrum. Alternatively, one can have standing spin waves inside a single disc. Since the
individual discs are only 3 nm thick, perpendicular standing spin waves should have much
higher frequencies than the ~6 GHz observed. Lateral standing waves can also result in a
discrete spectrum; see e.g. [11]. However, in the current experiments a laterally extended
(10 pum) laser spot is used. The 300 nm diameter pillars will therefore be both uniformly
excited and uniformly probed in the lateral dimensions, suppressing the excitation and detection
of lateral modes.

The motivation behind this work is the creation of a model system in the study of magnetic
ordering phenomena: a spin chain. The structures created thus far do indeed closely resemble
a chain of coupled xy moments; see e.g. equation (1). However, to truly approach the model
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Figure 6. 6—26 scan on the 300 nm diameter pillar structure using 853 eV (Ni L3-edge) synchroton
radiaton. The four peaks labelled ¢; to g4 correspond to the structural Bragg peaks (# in the inset).
No features are observed near the dotted lines indicating the expected positions of the AF Bragg
peaks, i.e. corresponding to the AF unit cell #,, = 2¢. Inset: g, scan at the first Bragg peak,
showing the interference due to the 0.6 «m spacing between the pillars.

system and to be able to study the thermodynamics of the order—disorder transitions in a
spin chain, the individual discs should behave as macro-spins. This condition is met in the
superparamagnetic limit: when the volume of a magnetic element is sufficiently small, thermal
excitations can overcome the barrier for switching of the magnetization. For soft-magnetic
materials, this volume can be reached with current lithography techniques. In [13], the onset
of superparamagnetism in nanostructures is studied as a function of shape, size and thickness.
Using supermalloy, a soft-magnetic alloy, 3 nm thick hexagonal structures showed the onset
of (room-temperature) superparamagnetism for a lateral dimension of 200 nm. Apart from a
decrease in lateral dimension, an increase in magnetic softness can also trigger a transition to
a superparamagnetic state. Possible routes to the realization of a true thermodynamic model
system therefore include a further reduction of the lateral dimensions, and the use of extremely
soft magnetic materials, e.g. amorphous alloys.

To study the magnetic order in the stack, experimental techniques are required that can
measure the AF order parameter,

2

10
=12 (=D"Sui| )
n=1

with S,; the x component of the magnetization of disc i. For this purpose, spin-resolved
neutron scattering and resonant x-ray reflectivity are candidates. However, due to the low
effective coverage of only 0.3 mm?, the signal-to-noise ratio in neutron experiments will be
insufficient. Using intense synchrotron radiation, satisfactory measurements can be made.
Figure 6 shows a theta—two theta scan on the 300 nm diameter structure using circularly
polarized synchroton radiation at the Ni L3 edge (853 eV). At this edge, magneto-optic effects
are strongly enhanced, allowing one to probe the magnetic order. The structural Bragg peaks,
labelled ¢g; to g4 and corresponding to a repetition length t; & 5 nm, are clearly visible in the
figure. For an AF ordered stack, the magnetic repetition length 7, is twice the structural one.
However, no features can be discerned at the positions in ¢ space corresponding to #,,, indicated
by the dotted lines. This is most likely caused by the large coherence area of the synchrotron
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radiation, combined with a twofold degeneracy of the lowest-energy state. In a small field
H,, the magnetization of each bottom disk can point in two directions, Sy = £1. Since
there is no way to control this orientation with an external field, S, ; will vary stochastically
between the pillars. Due to the large coherence area of the x-rays, the information on the AF
order is averaged out between the pillars. One should therefore revert to techniques having a
much smaller coherence area, e.g. neutron scattering, or use a pinning layer and thereby lift
the degeneracy. Then, the temperature-dependence of the amplitude of the AF peaks can be
taken as a measure of the AF order in the pillars. Note that the lateral order of the structure
can also be mapped by performing an off-specular scan. In the inset of the figure, a g, scan at
the first Bragg peak is shown, revealing the 0.6 um spacing between the pillars.

Concluding, we have fabricated pillars consisting of alternating discs of permalloy and
Al,O3. Dipolar coupling between the magnetic discs results in an AF ground state, and a
Hamiltonian closely resembling that of an xy spin chain. The AF ground state is confirmed
by model calculations and experimental magnetization loops. At the length-scale used here,
the magnetic discs do not behave as macro-spins. A further reduction of dimensions, or an
increase in magnetic softness, is required to pass the superparamagnetic limit. Experimentally,
the temperature dependence of the AF order can be studied with resonant x-ray reflectivity.
Using the latter technique, the magnetization of the top or bottom spin should be fixed to lift
the twofold degeneracy of the lowest-energy state. Otherwise, stochastic fluctuations in the
configuration of different pillars within the coherence area of the radiation will average out the
AF peak.
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