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Abstract

We investigated the magnetization reversal of magnetic vortex structures in a two-dimensional
lattice. The structures were formed by permalloy (Py) film deposition onto large arrays of self-
assembled spherical SiO,-particles with a diameter of 330 nm. In particular, we present the
dependence of the nucleation and annihilation field of the vortex structures as a function of the
Py layer thickness (aspect ratio) and temperature. By increasing the Py thickness up to 90 nm or
alternatively by lowering the temperature the vortex structure becomes more stable as expected.
However, the increase of the Py thickness results in the onset of strong exchange coupling
between neighboring Py caps due to the emergence of Py bridges connecting them. We studied
the influence of magnetic coupling locally by in-field scanning magneto-resistive microscopy and
full-field magnetic soft x-ray microscopy, revealing a domain-like propagation process of vortex

states with reducing in-plane magnetic field.
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Introduction

Magnetic nanostructures have attracted large interest due to their unique properties. In this
regard, as the size of a magnetic structure is reduced, the multi-domain state becomes energetically
unfavorable and either a single domain or an inhomogeneous magnetization configuration is formed.
In particular, for soft ferromagnetic disks in the micron size range a so called vortex state is favored,
where the magnetization is forming an in-plane flux closure structure to minimize the magnetostatic
energy [1-6]. This magnetic in-plane configuration can rotate clockwise (CW) or counter-clockwise
(CCW). In addition, in the center, a vortex core occurs where the magnetization is pointing
perpendicular to the disk plane as a result of minimizing the exchange energy [3, 7]. In general, the
magnetic hysteresis curve of a magnetic vortex structure is characterized by two transitions in
magnetization. Starting from a positive in-plane saturated state, the first transition occurs when a
vortex is nucleated at the edge of the disk at a critical field called nucleation field (H,,). By reducing
further the field, the vortex core shifts perpendicular to the applied field from the edge to the center of
the disk resulting in a zero net in-plane magnetization [8]. The movement of the core, up or down
perpendicular to the applied field, depends on the sense of rotation of the in plane flux closure
(circulation). At a certain negative field, a second transition occurs where the vortex vanishes
accompanied by a sudden increase in magnetization. This critical field is called annihilation field
(Han). Recent studies have shown that the temperature has a large impact on the reversal process of
individual disk structures [9-11]. In particular, for low temperatures the reversal process is guided by
thermal activation [9], whereas for higher temperatures the reversal is implied by the temperature
dependence of the saturation magnetization [9, 11]. Furthermore, the dynamics of both vortex core
motion by means of rf-magnetic fields [12-16] and vortex switching by spin-polarized electric current [17-20] or
by local fields [21-25] were studied experimentally and theoretically. Moreover, vortex oscillations have been
studied in pair-coupled vortices [26-29], in one-dimensional vortex chains [30], and larger two
dimensional vortex arrays [31-36]. In this regard, dipolar coupling will occur in particular when the
center-to-center distance of a pair of vortices is less than twice the diameter of the disks [37, 38],

which give rise to the appearance of these collective excitation modes [34, 36, 39].

In this study, a two dimensional vortex lattice was prepared by magnetic film deposition onto
self-assembled densely packed particle arrays forming magnetic cap structures [25, 40-45]. Strong
coupling is induced by deposition of thick Py films, where neighboring caps will be interconnected at
the contact areas, resulting in direct magnetic exchange coupling. Here, we report on the influence of
magnetic coupling on the reversal behavior and the in-plane circulation orientation of neighboring
caps, which can lead to frustration in a hexagonal cap array [44, 45] or even to unexpected

magnetization configurations.



Experimental

We use a simple bottom-up approach to realize arrays of magnetic vortex structures. This
approach is based on self-assembly of spherical silica particles [46] with a diameter of 330 nm
followed by deposition of a magnetic permalloy (Py: Nig,Fesq) thin film onto the particle array forming
Py cap structures [41-44]. Here we focus on the influence of magnetic coupling on the magnetic
properties induced by varying the Py film thickness between 20 - 130 nm. All films were deposited by
dc-magnetron sputter deposition in a chamber with a base pressure of about 5 x 107 mbar. During
deposition the Ar pressure was adjusted to 3.5 x10™ mbar and the thickness was monitored using a
guartz balance crystal. The Py layer was grown on a 5-nm-thick Ta layer to benefit the growing
conditions and covered by a further Ta layer to prevent oxidation.

The morphology and the structure of the samples were characterized by scanning electron
microscopy (SEM) and by cross section transmission electron microscopy (TEM). In order to probe
the magnetic properties of the Py caps, magneto-optical Kerr effect (MOKE) magnetometry in
longitudinal configuration was used to measure in-plane magnetic hysteresis loops. In this case,
focusing optics were employed to reduce the diameter of the diode laser (A = 670 nm) beam spot to
about 3 pum on the sample thus the signal is averaged over about 100 Py caps. For temperature
dependent measurements additionally a liquid nitrogen cryogenic sample stage was used, which
allows measurements in the temperature range between 77 K and 500 K. Furthermore, direct
observation of vortex structures was carried out using full-field magnetic transmission soft x-ray
microscopy (MTXM) at the Advanced Light Source (beamline 6.1.2.) in Berkeley (USA), enabling
real-space magnetic images with high-spatial resolution down to 20 nm [47]. In MTXM, magnetic
contrast is given by x-ray magnetic circular dichroism, arising from the dependence of the x-ray
absorption coefficients on the orientation between magnetization and photon helicity [47]. Magnetic
imaging of Py caps was performed at a photon energy corresponding to the Fe Lz (707 eV) x-ray
absorption edge. To record images of in-plane magnetizations, specifically the circulation in the Py
caps, the sample was mounted at 60° angles with respect to the x-ray propagation direction. In order to
reduce non-magnetic background for the in-plane images, images taken at certain fields were
normalized to an image recorded in the fully saturated state. Within an exposure time of a few
seconds, an area of 30x30 caps can be imaged. In a further study, the vortex cores were investigated
by an in-field scanning magnetoresistive microscope (SMRM) [25, 48]. This device uses a state-of-
the-art magnetic recording head of a hard disk drive, which contains a tunneling magnetoresistive
(TMR) read element, which is sensitive to the perpendicular component of the magnetic stray field
above a vortex structure. Please note that this method allows magnetic imaging without influencing
the magnetization state of the specimen. Thus individual vortex cores can be investigated and their

lateral displacement when an in-plane field is applied can be evaluated.



Results

A typical SEM and a cross section TEM image of an array of particles covered by a 70-nm-thick Py
film is shown in Fig. 1. As can be seen from the TEM image, neighboring film caps are clearly
interconnected at the contact areas, resulting in direct magnetic exchange coupling. The coupling
strength, however, will strongly depend on the Py thickness. It is expected that this coupling might
influence the in-plane circulation orientation of connected caps, leading to frustration in a hexagonal
cap array [44, 45] or even to the formation of anti-vortices [49, 50] at the contact area when the
circulations are contra-rotating. Please note that due to the curved particle surface, the thickness of the
deposited Py layer in radial direction decreases from the top center of the film cap towards the rim,

thus the vortex core area is expected to be enlarged compared to planar vortex structures.

Figure 1:(a) SEM image of an array of densely packed silica particles with diameters of 330 nm covered by a
70-nm-thick Py layer . The image was taken under an angle of 30° with respect to the sample normal. (b)

Corresponding cross section TEM image.

For all samples in-plane MOKE hysteresis loops were recorded at room temperature as presented in
Fig. 2. Interestingly, only caps with a Py thickness smaller than 100 nm show the typical vortex
characteristics, whereas for the 100-nm-thick structures a clear transition to a different magnetic

configuration appears, which will be discussed later.



Kerr intensity (normalized)

Figure 2: In-plane MOKE hysteresis loops of Py caps with different thicknesses measured at room temperature.

From the hysteresis loops the nucleation and annihilation fields were extracted for samples
with Py thicknesses below 100 nm. As summarized in Fig. 3, it is apparent that a transition from a
negative to a positive nucleation field occurs for a Py thickness between 50 nm and 60 nm, while the
annihilation field only shows a slight variation. The increase of the nucleation field can be explained
by the increasing magnetic moment of the caps with Py thickness, which is the driving force of the
vortex formation. However, intercap dipolar interactions opposing vortex nucleation [38] and

exchange coupling between neighboring caps promoting vortex nucleation as will be shown later need

to be taken into account as well
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Figure 3: Dependence of H,, and H,, for Py caps with different thicknesses measured at room temperature.

Furthermore, the temperature dependence of the annihilation and nucleation field was

investigated by MOKE magnetometry for the 70-nm-thick Py cap array. In Fig. 4a the temperature
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dependence of the nucleation field is shown for temperatures between 100 K and 500 K. It is apparent
that by decreasing the temperature a slight increase of the nucleation field is observed. Please note that
the values obtained at room temperature shows a slight difference in comparison with the thickness
series presented in Fig. 3 as these measurements were performed on a different but comparable

sample.
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Figure 4: Temperature dependence of (a) H, and (b) Ha, for Py caps with a thickness of 70 nm.

On the other hand, the annihilation field, shown in Fig. 4b, increases with decreasing temperature.
Please note that both fields reveal a similar relative change with temperature, indicating the
stabilization of a vortex state at lower temperatures. As H,, and H,, are proportional to the saturation
magnetization [9, 51, 52], the temperature dependence can be simulated using the following
relationship: Hannu(T) = Hanngo (1-0an, o, T72). The corresponding fits are included in Fig. 4 (dashed
lines) using the following parameters, a.,= (2.35 + 0.35) x10° K*? and o,,= (2.18 + 0.29) x10° K2,

A similar behavior was also reported for planar Py disk structures with a diameter of 526 nm [9].

Due to the expected strong exchange coupling of the vortex states in the two-dimensional lattice, a
correlation of the circulation sense between neighboring Py caps might be expected. To tackle this
guestion and to follow the reversal behavior of the vortex lattice, in particular the in-plane circulation,
high resolution MTXM imaging was performed. The magnetization-reversal process of 50-nm-thick
Py caps was imaged with varying magnetic in-plane fields. Please note that instead of SiO particles,
polystyrene particles of comparable size (300 nm) have been used, which were prepared on a 100-nm-
thick silicon-nitride membrane to allow for sufficient transmission of soft x-rays. A sequence of
typical domain structures starting from in-plane saturation (at magnetic field of 130 Oe) and lowering
the fields down to 90 Oe are shown in Fig. 5a. By slightly reducing the magnetic field to 120 Oe, we
were able to see the onset of vortex nucleation. In this geometry, the dark/bright contrast on the caps
indicates the projection of the local Fe magnetization along the photon propagation direction of
circularly polarized photons. Consequently, the curling in-plane domain structure, which rotates either
clockwise or counter-clockwise, is clearly visible. By further reducing the field, the nucleation
proceeds, but surprisingly, via domain wall propagation and not by individual and randomly
distributed nucleation events. By analyzing the rotation sense of the reversed areas, it turned out that
6



large connected areas exist with the same circulation sense as shown in Fig. 5. This behavior clearly

confirms the presence of direct exchange coupling between neighboring caps.

Figure 5: MTXM image of a two dimensional vortex lattice formed on 300 nm polystyrene particles covered by a
50-nm thick Py film. In the right image, which is an enlargement of the MTXM image taken at 90 Oe, the
rotation sense of the in-plane circulations are color coded, revealing clearly large domains with same

circulation.

To further investigate the vortex structures, in particular the vortex cores, two samples with different
Py thicknesses (45 nm; 130 nm) were imaged by SMRM, which allows imaging the vortex cores
directly. In Fig. 6a the SMRM image of a vortex array with a Py thickness of 45 nm in the
demagnetized state is shown. The light and dark areas located in the cap centers reveal directly the
vortex cores. For a better illustration the boundaries of some particles are marked. Please note that the
cores are distributed randomly and no distinct contrast is seen from the circulation as expected from
the spherical shape of the particles. Afterwards, the vortex core movement was probed by applying an
in-plane magnetic field of 167 Oe, which results in lateral displacements of the vortex cores (not
shown). By comparing carefully both images and extracting the difference in lateral core
displacement, the sense of rotation (circulation) of the in-plane magnetic moment configuration can be
determined as marked by the color coding of the caps in Fig. 6a. In this regard, recent theoretical
calculations suggested that in thin spherical caps a polarity-chirality coupling should occur for
topological reasons [53], which might be expressed in a preferred polarity orientation for vortices
having the same circulation sense. However, at a first glance this was not observed but better statistics

are required to draw a clear conclusion.

Additionally, the absolute core displacements, including its directions, is presented in a polar plot (Fig.
6b), revealing a rather homogeneous distribution perpendicular to the applied field direction. In
contrast, a much broader distribution with larger displacements is observed for the sample with a Py
thickness of 130 nm (Fig. 6d). We believe that this effect is connected to the appearance of strong
exchange coupling between neighboring caps. For instance, for the sample with the thicker Py layer,

indeed a broader distribution is expected as the displacement now depends also on the displacement of
7



neighboring caps affecting each other. In addition, for the thick Py layer the magnetostatic coupling is
increased as well. It is also interesting to note that the cores appear much larger (see Fig. 6¢) in
comparison to the caps with a Py thickness of 45 nm. This lateral expansion of the core area is due to
the curvature of the Py surface and will scale with the Py thickness. In addition, the presence of more
aligned c-states might be indicated in the image as well. Initially, we were not expecting vortex
structures when looking at the corresponding hysteresis loop (Fig. 3). But it seems that the reduction in
in-plane magnetization when lowering the field from saturation is now also initiated by the nucleation
of out-of-plane vortex cores and in combination with the presence of c-states the observed loop shape
can be explained as supported by micromagnetic simulations [45].
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Figure 6: SMRM images of a vortex array with a Py thickness of (a) 45 nm and (c) of 130 nm in the
demagnetized state. The bright and dark spots in the center of the Py caps correspond to the magnetization
orientation of the vortex cores pointing either up or down. By comparing the lateral core positions with and
without an external in-plane field of 16.7 mT, a pole-diagram was created for both samples (b, d), showing the

lateral displacement of the cores mainly perpendicular to the applied field direction (along O degree direction).

In conclusion, the magnetization reversal of magnetic vortices in a two-dimensional lattice
was investigated for various Py thicknesses and as function of temperature up to 500 K. It was shown
that by increasing the Py cap thickness or lowering the temperature, both critical fields, nucleation and
annihilation field, increase. Furthermore, the onset of exchange coupling between neighboring caps
was as well indicated by an increased nucleation field. The nucleation process itself was directly
imaged by full-field magnetic soft x-ray microscopy, which confirmed that nucleation does not occur
by individual and randomly distributed nucleation events but arises via domain wall propagation due
to coupling. By analyzing the rotation sense of the reversed areas, it turned out that large connected
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domains exist with the same circulation sense. In a further study, an in-field scanning
magnetoresistance microscope was employed to image the vortex cores and to probe the lateral core
displacements when an in-plane field is applied, revealing spatially enlarged vortex cores and a
broader distribution with increasing Py layer thickness. In addition, the presence of some mixed states,
vortices and c-states, is indicated for the array with the thickest Py layer.
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