The Open Surface Science Journal, 2012, 4, (Suppl 1: M6) 65-70 65

Studies of the Magnetization Reversal Processes in Co Dot and Antidot
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Abstract: Co dot and antidot arrays with hexagonal symmetry have been prepared by combined electrochemical and
sputtering techniques with significantly reduced nanoscale dimensions. Their magnetization reversal process has been
analyzed on a macroscopic scale with Vibrating Sample Magnetometry (VSM) and on a microscopic scale by high spatial
resolution Magnetic Transmission Soft X-ray Microscopy (MTXM). We observe for the antidot arrays a nucleation and
propagation mode driven reversal mechanism induced by the in-plane anisotropy starting with nucleated clusters
following the hexagonal configuration, and the magnetic hardness (i.e., coercivity) depending on the geometry
parameters. Contrary, for arrays of short dots, a significant longitudinal anisotropy is deduced with large coercivity, where
magnetostatic interactions gives rise to a more complex reversal process and significantly reduced remanence and

susceptibility.
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1. INTRODUCTION

Recently, advances in novel generations of magnetic
recording media of enhanced storage density and magnetic
logic [1,2] have triggered increased interest in the study of
magnetic behavior and particularly in the reversal process of
networks of magnetic nanoelements. Arrays of dots and
antidots (porous thin films) are among the most interesting
alternatives due to their great potential in storage capacity
where each dot or domain wall pinning centre in antidot
arrays can be considered as a single bit [3, 4].

Such arrays are generally synthesized by various
lithography techniques. Typical periodicities in the range of
400-500 nm with square or hexagonal symmetry
arrangement and circular, square or triangular shaped dots
and antidots with lateral dimensions down to around 200 nm
have been achieved [5-7]. Alternative methods include an
electrochemical route to prepare magnetic nanowires by
filling self-assembled pores in anodic alumina membranes
[8-10], or magnetic porous thin films (arrays of antidots) by
sputtering onto such membranes [11-13]. In this case, self-
ordering processes allow for hexagonal symmetry with
periodicity down to around 65 nm, and pore diameter of 20
to 40 nm.

A fundamental understanding of the magnetization
reversal mechanisms in these magnetic dot and antidot arrays
on a microscopic length scale is scientifically very
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interesting, but moreover mandatory to determine their
actual potentials for technological applications. In fact,
geometrical characteristics play a dominant role here. Three
main types of magnetic configurations occur for cylindrical
elements depending on the length-to-diameter ratio of the
individual dots. This ratio determines e.g. whether the
magnetic configuration exhibits in-plane or out-of-plane
magnetization easy axis, or whether a vortex-like magnetic
structure forms [14]. Particularly, it includes the knowledge
of intrinsic magnetization reversal mechanism of individual
dots/antidots as well as of the role of existing magnetostatic
interactions [15].

So far, to characterize such systems experimentally, most
studies have been performed by Superconducting Quantum
Interference Devices, SQUID, or Vibrating Sample
Magnetometry, VSM, which provide macroscopic informat-
ion on the magnetization reversal process averaged over a
macroscopic ensemble of dots or antidots arrays. However,

theoretical models suggest the impact of magnetic
interactions  considering dipolar or more complex
magnetostatic coupling among such elements on a

microscopic scale [16, 17]. Alternative techniques include
MOKE measurements on a periodically perforated films
[18], but particularly magnetic imaging techniques with high
spatial resolution, e.g., magnetic force microscopy, MFM,
provide microscopic, i.e. local information of magnetization
reversal processes of nanostructured samples [19, 20].
Unfortunately, for soft magnetic materials such as Co dots
and antidots the stray field of the MFM probes interacting
with the specimen is disadvantageous and yields quite often
ambiguous results [21]. This can be overcome by Magnetic
Transmission Soft X-ray Microscopy, MTXM [22, 23],

2012 Bentham Open



66 The Open Surface Science Journal, 2012, Volume 4

which is one of the most advanced and powerful techniques
to experimentally visualize and quantitatively determine in-
situ magnetization processes. Element specific magnetic
contrast is provided by X-ray magnetic circular dichroism,
XMCD, utilizing the strong dependence in X-ray absorption
on the relative orientation between photon helicity and the
projection of the local magnetization component along the
propagation direction of the X-rays. Since the X-ray images
can be recorded in varying external magnetic fields, MTXM
can be used as quantitative and local magnetometry tool
[24].

In the present work, we have focused our study on the
magnetization reversal process of Co dot and antidot arrays
with particularly small-scale geometry characteristics. We
have combined MTXM imaging and VSM magnetometry to
provide complementary microscopic and macroscopically
averaged information, respectively. From the analysis of data
supplied by both techniques, we conclude similar
magnetization processes which are largely determined by the
particular magnetic anisotropy distribution of each sample.

2. SAMPLE PREPARATION

A hexagonal ordering of the pore arrays is achieved by
self-assembling during double anodization of the aluminum
substrates [8-10]. Thus, an anodic porous alumina membrane
with pore diameter of 35 nm and lattice parameter of 105 nm
is obtained. To match the limited penetration depth of soft
X-rays the alumina membrane thickness was kept well below
1 pm. With the attenuation length of soft X-rays at the Co L3
edge (778eV) being 0.53 um, MTXM studies in those
systems are very challenging in terms of signal/noise ratio.

Optimizing the preparation parameters was mandatory
for a controlled fabrication of dot arrays by filling the pores
via electroplating. Particularly, the oxide barrier at the
bottom of the anodic alumina pores was reduced down to 5
nm by using voltage steps. Then, the pores were filled up to
reach homogeneous Co dots 35 nm in diameter and a very
short height of 150 nm. The width of the height distribution
is about 15%. We want to note, that the short wires (dots) are
buried under the membrane since its height is much lower
than the length of the alumina pores. In the following such
an array of Co dots is labeled as D150.
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On the other hand, antidot arrays were obtained by
sputtering deposition of Co onto anodic alumina used as
substrate [25]. The thickness of investigated arrays was 30
and 50 nm, samples which are labeled as AD30 and ADS50,
respectively. After the deposition, a 2 nm thick Cu capping
layer was deposited to protect the film. It should be
mentioned that upon sputtering a small magnetic mass enters
the alumina pores and reduces the diameter of antidots [11,
26]. Final diameters of antidots were about 35 nm and 32 nm
for AD30 and AD50, respectively.

The actual periodicities of the Co arrays as well as the
dot and antidot diameters were determined from careful
analysis of Scanning Electron Microscopy (SEM) imaging.
In all cases, a narrow diameter distribution was achieved,
with a variation of = 2 nm. As an example, Fig. (1) shows
the hexagonal ordering of both types of samples.

3. STUDIES OF MAGNETIZATION PROCESSES

Magnetic full field transmission soft X-ray microscope at
the beamline 6.1.2 at Advanced Light Source in Berkeley,
CA using circularly polarized X-rays emitted off-orbit from
a bending magnet was utilized to image the magnetic
structures of the arrays throughout their hysteresis cycles.
Standard Fresnel zone plates used for this experiment
provided a spatial resolution of about 25 nm. Since the
magnetic contrast scales with the scalar product between
photon helicity and sample magnetization it is possible to
image either in-plane (antidots) or out-of-plane (nanodots)
magnetization by tilting the specimen at an axis
perpendicular to the X-ray beam. Magnetic fields up to 1
kOe with the field direction pointing either along the plane
or out-of-plane were applied during the image recording to
follow the magnetization reversal process. Magnetic domain
imaging is obtained by tuning the X-ray energy to the Co
L3-edge (778 eV) thereby utilizing the strong X-ray
magnetic circular dichroism effect around the Co absorption
edge. To enhance the magnetic contrast and to reduce non-
magnetic background, every image corresponding to a given
applied magnetic field is normalized to a reference image
taken under saturating magnetic field. Particularly, WSxM
free software commonly devoted to analyze SPM images has
been used to improve the MTXM contrast. Since the XMCD
effect constitutes a direct measure of the local element-

Fig. (1). SEM images of Co AD50 antidot sample (a) and dot arrays (b) reproducing the pores self-ordering of precursor anodic alumina.



Studies of the Magnetization Reversal Processes

specific magnetization, an analysis of the MTXM images
allowed us to deduce element specific hysteresis loops in the
various samples.

3.1. Magnetic Antidots

The magnetization reversal process of antidot arrays has
been studied by VSM and MTXM analysis. The normalized
magnetization value under a given in-plane applied magnetic
field is obtained by quantitative analysis of the contrast in
the MTXM images. Fig. (2) shows the in-plane hysteresis
loops for AD30 and AD50 Co antidot arrays derived from
VSM (a) and VSM and MTXM (b) measurements. A in-
plane anisotropy can be assumed in both samples as deduced
from the high remanence to saturated magnetization ratio.
The small differences in the magnetization values between
MTXM and VSM loops at identical values of applied
magnetic fields are indicative of variations of magnetization
in local regions (10 micrometer diameter) that can be
identified by MTXM imaging, while the VSM data represent
an average over the whole sample.

MTXM images of the local domain structure recorded at
selected applied fields are additionally shown in Fig. (3).
Circular images (10 um in diameter) show the domain
configuration of the sample at certain magnetic fields. With
the chosen polarization of the X-rays, the magnetic images
exhibit bright contrast after saturating under a positive
magnetic field. With decreasing magnetic field, dark contrast
appears in some regions indicating the reversal of the
magnetic moment locally. Domains containing a given
amount of antidots are nucleated with preferred orientation
parallel to the applied field in the sample plane and locally,
the domain walls go along the interhole lines, following the
hexagonal ordering. These regions widen with increasing
field strength, which suggests that the low-field
magnetization process is irreversibly driven by multiple
nucleation and propagation of domain walls.

In very good agreement with VSM measurement, the
analysis of the MTXM images confirms in the AD30 sample
a switching field of around 100 Oe. Nevertheless,
quantitative magnetization data to reproduce the full
hysteresis loop are difficult to obtain due to the weak
magnetic contrast associated with the small amount of the
magnetic component (Co) in the sample. Hence, only VSM
data are presented in Fig. (2a). In turn, for the AD50 sample,
the stronger contrast allows to determine a full hysteresis
loop from the MTXM images by evaluating the XMCD
contrast of the images. Again, in good agreement with VSM
data, a coercivity of 130 Oe is found.

A comparative analysis of the shape of hysteresis loops
and MTXM images for both the AD30 and the ADS50
samples indicates that the overall magnetization processes
are similar. Magnetization reversal occurs seemingly by
domain wall motion generated at low fields below around
200 Oe indicating a moderate soft magnetic character. At
higher fields magnetization approaches saturation by nearly-
reversible mechanism. However, some difference can be
observed. Particularly, a magnetically softer behavior is
deduced for the AD30 sample, with slightly lower coercivity.

A comparison of the domain sizes indicated that the
domains in the ADS5O0 are significantly smaller than for
AD30 under identical applied magnetic fields. For instance,
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the domain size near the coercive field in AD30 and AD50
samples is about 130 nm and 70 nm, respectively. In
addition, the density of nucleation of reversed domains in the
ADS50 sample is about a factor two higher than for the AD30
sample. That indicates that the energy required to nucleate
walls in the AD30 is higher than in the AD50 sample or
alternatively, that the wall energy density is stronger reduced
for the sample ADS50. That indicates a stronger in-plane
magnetic anisotropy in the AD30 sample. However, the
slightly higher in-plane coercivity and smaller remanence
observed for ADS50 is consistent with the existence of an out-
of-plane anisotropy component.
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Fig. (2). In-plane hysteresis loops of AD30 (a) and AD50 (b)
samples determined by MTXM and VSM.
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The modest differences of magnetic behavior in the two
samples can be explained by the particular sample
geometries. As measured from SEM images the final
diameters of holes in both AD30 and AD50 are very similar
(less than 10% difference). However, the AD50 sample is
significantly thicker than AD30 sample so that, its in-plane
shape magnetic anisotropy is expected to be smaller.

In order to study the magnetization process in more
detail, we present the changes in the magnetic moment
distribution between two values of magnetic field applied in
the horizontal direction of the images. Fig. (4) shows clearly
individual antidots which are hexagonally arranged. The
bright contrast in Fig. (4a) -marked in red in Fig (4c¢)- and
the corresponding dark contrast in Fig. (4b) -marked in red
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in Fig (4d)- denotes regions where magnetization has
reversed magnetization under the given applied field
increment.

(a)

Fig. (3). MTXM series of images corresponding to AD30 (a) and
ADS50 (b) samples obtained at representative selected applied fields
marked in Fig. (2). The magnetic field is applied in the horizontal
direction of the images. Diameter of the images is 10pm.

For AD30 sample, the image shows the change when the
magnetic field varies from 200 Oe to 220 Oe. We observe
that local regions where magnetization reverses extend along
nearly the orientation of the applied field, and correlate with
the local hexagonal arrangement of the antidots, which
points to the relationship with the antidot pinning effect. In
the same way, the discrete increment of magnetic field in
sample ADS50 (from -290 Oe to -310 Oe) allows us to
visualize the detailed reversal process. In this latter case, the
movement of the walls again correlates with the morphology
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of the nanoporous magnetic film, i.e., pinning effects can be
deduced.

3.2. Magnetic Dots

Fig. (5a) shows the out-of-plane (parallel to dots axis)
VSM hysteresis loop and the corresponding MTXM
magnetic domain images for the D150 Co dot array. The in-
plane VSM hysteresis loop (not shown here) shows a much
more reduced susceptibility, and a larger anisotropy field of
around 3300 Oe. A comparative analysis of these loops
confirms the existence of a net out-of-plane anisotropy, with
an effective magnetization easy axis parallel to the nanodot
axis.

That conclusion confirms data very recently reported for
arrays of short Co nanowires [27]. X-ray diffraction patterns
of short Co nanowires (i.e., up to about 300 nm in length),
prepared in off-equilibrium electrodeposition, show a major
presence of fcc crystallites [28]. The balance between
magnetocrystalline anisotropy of that polycrystalline
structure and the longitudinal shape anisotropy generates a
resultant magnetization easy axis parallel to the wires axis
with a coercive field of 1300 Oe. It should be mentioned that
arrays of long Co nanowires (several um in length) exhibit
mainly /cp crystalline structure with ¢ axis oriented nearly
transversely to the wires axis [29-31]. Therefore, in that case
transverse magnetocrystalline anisotropy nearly compensates
the axial shape anisotropy and results in a reduced coercivity
(i.e., typically in the order of a few hundreds of Oe).

On the other hand and in spite of such effective
longitudinal anisotropy, the hysteresis loop in Fig. (5a)
shows relatively reduced remanence which is ascribed to the
noticeable role played by the magnetostatic interactions
among neighboring nanodots.

A more detailed image of the magnetization process can
be visualized in Fig. (Sb). The dark contrast regions show
the magnetization reversal process between two magnetic
fields values (3250 Oe and 4250 Oe). Note that several
clusters of nanowires reverse simultaneously and randomly
as can also be observed in Fig. (5¢) an (5d). Such images
reminds one of the complex structures observed in previous
study that denote the presence of relevant magnetic dipolar-

Fig. (4). Magnetization reversal process in AD30 (a and ¢) and AD50 (b and d) samples. The images correspond to the changes in the
magnetic configuration when the field applied along the X direction changes as indicated in the text. The size of the images is 5 pum x2,3um.
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like interactions [32].
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Fig. (5). (a) Out-of-plane VSM hysteresis loop for the D150
sample. (b) MTXM image (8um in diameter) corresponding to the
change in the magnetization configuration between 3250 Oe and
4250 Oe magnetic fields. (¢) and (d) MTXM images corresponding
to the magnetic configurations at -1000 Oe and + 1000 Oe, the size
of the images is 3,2 um x2 pm. Red circles are drawn to locate the
same regions of the sample in both images.
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According to micromagnetic simulations [14, 33],
magnetic anisotropy with a easy axis along the nanopillar is
expected owing to the ratio of length to diameter in dots.
That should yield a squared out-of-plane hysteresis loop with
remanence close to saturation magnetization, and a
coercivity of about 2 kOe given by the switching field
required to propagate a domain wall [34]. In the present case,
in addition to the mentioned axial anisotropy, magnetostatic
interactions are expected to occur [17], since the separation
among dots is of the same order as their diameter and length.
As has been previously shown, such interactions are
reflected in reduction of low-field susceptibility, and
remanence.

4. CONCLUSIONS

In summary, we have investigated the magnetization
reversal process of Co antidot and dot arrays with low-scale
geometry. Analysis of magnetic soft X-ray microscopy
providing a spatial resolution of 25 nm allows us to visualize
local reversal of magnetization and obtain local
(microscopic) hysteresis loops whereas VSM magnetometry
provides complementary (macroscopic) and laterally
averaged loops of the samples.

Detailed analysis of MTXM images allows us to directly
observe the evolution of the overall magnetic domain
structure under stepped changes of the applied field. An in-
plane magnetic anisotropy is deduced for the antidot arrays
with moderate differences in the studied samples. Images
under different applied field correlate well with the
hexagonal ordering imposed by the template and indicate a
magnetization process which is governed by nucleation and
propagation domain wall mechanisms. Arrays of very short
Co dots exhibit a longitudinal magnetic anisotropy with large
axial coercivity, where magnetic interactions play a
noticeable role to reduce remanence.
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