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Abstract.

Nanoscale artificially engineered spintronic materials could be used to
enlarge the storage density of magnetic recording media. For this purpose,
magnetic nanostructures such as‘antidot. argays exhibiting high uniaxial
magnetic anisotropy are new contestants in the field of ultrahigh density
magnetic data storage devices. In this.context, we focus on the synthesis
of nanostructured magnetic materials consisting of Dy-Fe alloyed antidot
thin films, deposited.onto the surface of nanoporous alumina membranes
served as patterned templates: Noticeable variations of in the in-plane
magnetic anisotropy have been observed by modifying the layer thickness
at both microseopic and macroscopic scales. The microscopic magnetic
properties have'been locally studied by Nano-MOKE magnetometry. For
thinner antidot samples with 15, 20 and 25 nm in thickness, a tri-axial in-
plane magnetic anisotropy has been detected. Meanwhile, for thicker
antidot samples (40-60 nm of layer thickness), an in-plane uniaxial
magnetic anisotropy has been noted. We attribute these changes in the
magneticianisotropy to the strong correlation between the edge-to-edge
distance among adjacent nanoholes, W, and the local magnetic anisotropy
of. antidot samples. The effective magnetic anisotropy exhibits an
unexpected crossover from the in-plane to out-of-plane direction due to the
increasing of the effective perpendicular magnetic anisotropy with varying
thedayer thickness of antidot thin films. Therefore, we detected a critical
layer thickness, t = 25 nm for the Dy-Fe alloy antidot arrays, at which the
appearance of the perpendicular magnetization is observed. Furthermore,
an enhancement in the Curie temperature of the antidot arrays compared
to the continuous thin films has been obtained. We attribute these effects
to the complex magnetization reversal processes and the high thermal
stability of the hexagonal structure of antidot arrays. These findings can be
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of high interest for the development of novel magnetic sensors and for

thermo-magnetic recording patterned media based on template-assisted
deposition techniques.

Keywords: nanoporous alumina templates; antidot arrays; Kerr
effect; perpendicular magnetic anisotropy; Curie temperature;
spintronics.
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1. Introduction

Highly spatially ordered nanohole arrays embedded in magnetic thin films, called
antidot arrays, have been investigated recently for various materials. In the dynamic
regime, these antidots can act as magnon crystals providing an improved«control of.spin
waves propagation [1,2]. On the other hand, antidot arrays have been suggested-as,novel
prototypes of bit-patterned storage media that can exceed the superparamagnetic limit, as
there are not isolated islands due to they are usually found in isolated magnetic dots [3].

~
Therefore, thin films of antidot arrays are being intensely studied-as candidates for many
applications such as in high-density magnetic data storage, [4,5] magnetically active
plasmonics, [6] microwave devices, [7] artificial spin ice, magneto-optic perpendicular
recording patterned media [8] and magnetic biosensor.applications [9]. Actually, the
nanoholes can act as pinning centres for the magnetic doma;] walls, DW, and hinder their
propagation through magnetic thin film. They:also induce a local shape anisotropy that
tends to align the magnetization parallel;to the hole’s edges [10]. This effect is widely
used to tailor the magnetic properties of these thin films such as their magnetic anisotropy,
[8, 11] coercive field, remanence and switching mode of the magnetization reversal
process [12]. This can be«donesthrough the control of the geometrical parameters of the
antidot arrays, such as the.nanometric size and shape of the holes, interdistance between

them, periodic spatial ordering of their geometrical arrangement and the film thickness

[13-18].

Both, ferrimagnetic amorphous and crystalline rare earth-transition metal (RE-
TM) compounds and their alloys, in either the bulk material or thin films, have attracted
great attention in the past as a potential medium for thermo-magnetic recording and
applications in modern ultrafast storage [19-23]. The importance nowadays of

amorphous materials (RE-TM), is found mainly in the research field of partial exchange
31|30
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heterostructures [23], giving place to the research fields of giant exchange bias [24], all-
optical switching, magnetic data storage applications and spintronics due to the fact that
they meet all the requirements for an effective magneto-optical material [21-23. 25]. The
materials most commonly used for these applications are based on RE-TM alloys, (RE =
Th, Gd, Dy) and (TM = Fe, Co, Ni) [26]. Magnetic studies of amorphous REx-Fe00x)
thin films indicate that, for the heavier rare-earth metals, these films show a ferromagnetic
behaviour [24,27]. Recently, RE-TM nanostructures based on antidots have shown a
strong potential for energy-assisted recording on nanometre-scale”'magnetic media,
magneto-optic perpendicular recording patterned media based, on“template-assisted

deposition techniques and ultrafast spintronic technology.[8,28-30]

In this work, we pay special attention to thesbasie.magnetic properties such as the
magnetic anisotropy, Curie temperature, effective m;gnetic anisotropy energy,
remanence and coercivity angular dependence, of Dy-Fe alloy antidot arrays by studying
the effect of the geometrical parameters,as.they are, shape and size of nanohole, holes
spatial ordering and antidot film thickness,.on their magnetic properties. In addition, the

influence of hexagonal ordering symmetry of nanoholes arrangement on the magneto-

thermal behaviour as comparedkto.the‘continuous thin film samples has been investigated.

2. Experimental procedure
2.1. Fabrication of Dy-Fe alloyed antidot thin films

Two series of hexagonally ordered (HAD) and disordered (DAD) antidot arrays
of Dy.Fesalloy thin films having an interhole distance Dint = 105nm, hole diameter, d =
80+3nm and film thickness varying between 15 nm <t < 60 nm (with increasing steps of

each 5 nm), were grown by high-vacuum thermal evaporation technique. The continuous

4|30

Page 4 of 30



Page 5 of 30

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-121501.R1

Influence of nanoholes array geometrical parameters

Dy-Fe thin films, CTF, were deposited also on a glass substrate, with the same thicknesses

than for the antidots samples, to compare the obtained results.

In order to prepare hexagonally ordered antidot arrays, nanoporous alumina
membranes were produced through the two-step anodization process [31,32]. High purity
Al foils (99.999%, Goodfellow, Huntingdon, UK), with 0.5 mm of thickness;. were
cleaned by sonication in ethanol and isopropyl alcohols, then they wereelectrepolished
at 20 V in perchloric acid and ethanol solution (1:3 vol., 5 °C) for 5imin. The polished Al

~
foils were employed as starting specimen for the anodic synthesis.ef nanoporous alumina
templates. The two steps electrochemical anodization procedure wasdone in 0.3 M oxalic
acid, at a temperature ranging between 1-3°C and under a potentiostatic applied voltage
of 40 V, measured versus a Pt counter electrode. Te-obtain the highly ordered nanoporous
alumina templates, the samples were immersed in 0.2 M Crz)g and 0.6 M H3PO4 aqueous
solution. This selective chemical etching step leads to the selective removal of the first
grown anodic alumina layer, which contained randomly disordered nanopores at its top
surface as show in figure 1a. For the aluminatemplates with hexagonal lattice, the second
anodization step has been performed during 5 h., allowing the nanopores growth by
following a highly self-ordered. hexagonal symmetry. In contrast, the disordered
nanoporous alumina samples were only submitted to a single anodization step, and

therefore the sample surface remains with randomly distributed nanopores grown during

the first stages of the anadization procedure (figure 1a).

Finally, nanoporous alumina samples were chemically etched in 5 wt. %
orthophosphoric acid at 30 °C, for 35 minutes. This procedure allowed us to obtain
nanoporous alumina templates with pore diameter of 80+3 nm and keeping the interpore
distance constant, Diy, at 105+3 nm, as show in figure 1b. Finally, the controlled

deposition of the metallic Dy-Fe alloy film formed by highly pure metal pieces of Fe
5130
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(Goodfellow Limited, England, 99.9% purity) and Dy (Ventron GMBH, Germany,
99.99% purity) was completed by a high vacuum thermal evaporation technique using an
E306A thermal vacuum coating unit (Edwards, Crawley, UK), with an ultimate vacuum
better than 5.2x10~" mbar, having a diffusion pump backed by rotary pumpingstogether
with a liquid nitrogen trap [33]. The pure element metal pieces were placed ‘inside water
cooled copper crucible and have been heated by magnetically focused electron beam, 3.1
kV for Fe (cruciblel) and 4.5 kV for Dy (crucible2) and electric energy 2.7 KW (Fe) and
2.5 kW for (Dy). The evaporated target metals were deposited on the top-surface of both,
the hexagonally ordered and randomly disordered nanoporous,alumina membranes,
which play the role as templates to obtain the thin films of antidot arrays [13,34]. The
control of the film thickness was achieved by using two independent quartz crystal
controllers that monitored simultaneously the deposition ratés of each evaporation source.
The source to substrate distances were maintained’constant at about 18 cm. The
deposition rate of the Dy-Fe alloy was around 0.1-0.15 nm s™%. The experimental details

about the deposition conditions have been already reported elsewhere [8,35].

2.2. Morphological characterization
2.2.1 Scanning Electron/Micrescopy analysis

The morphelogical characterization of samples was performed by means of
Scanning Electron Migroscopy technique (SEM) (JSM 5600, JEOL, Akishima, Tokyo,
Japan). Figure.1(c.to h).shows SEM images for sample surfaces of Dy-Fe antidot arrays
with same hexagonal symmetry and starting values of lattice parameters (d, Dint), but
varying the thickness layer. We should point out that as the thickness of the film increases,
the apparent diameter of the nanoholes reduces due to the deposition of magnetic material

in‘the.top of the hole until it totally collapses for layer thickness above 60 nm (figure 1h).

6130
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Figure 1: a) and b) show SEM images for the first anodization the second anodization to obtain the showing
only ahalo that corresponds to the starting alumina membrane with disordered nanopores and b) illustrating
59 the hexagonal ordering of nanopores). ¢) to h) SEM images of series from Dy-Fe antidot arrays with layer
60 thickness varying from 15 nm up to 60 nm.
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Figure 2: Dependence of the apparent nanoholes diameteryd, and.the edge-to-edge antidot distance, W, of
the Dy-Fe antidot arrays with the film thickness grown between 15 nm‘and 55 nm.

Figure 2 shows the correlation between the.apparent nanoholes diameter, d, and
the edge-to-edge antidot distance, W =y(Dint — d), with the antidot layer thickness, t, of the
Dy-Fe alloy antidots. This change in the apparent nanohole diameter is due to the
deposition of magnetic material in the upper part of the wall of the pore. From figure 2,
it can be distinguished two re;mes depending on the value of the edge-to-edge antidot
distance. First one corresponds to the case when W is smaller than the antidot hole

diameter i.e. (thinner samples), and later when W is bigger than the antidot diameter i.e.

(thicker films):

Microscopically, the nanoporous alumina templates show a well-defined
hexagonal lattice which geometrical properties have been characterized by SEM
measurements, as shown in Figure 1. The hexagonal geometry of the antidot arrays allows

distinguishing some characteristic main directions in the samples surface. Firstly,

8| 30
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choosing any particular antidot as the origin, the direction from the origin to the nearest
neighbouring antidot, (NN), and secondly, the direction from the antidot of origin to the
second nearest neighbour, (NNN), as shown in Figure 3 a. These directions alternate
every 30° all around, with symmetry of 60°. Thus, it can be detected an angular.magnetic
anisotropy dependence in the plane of the antidot arrays films, related to these:two main

directions, as it will be discussed in section 3.2.1, and also reported elsewhere, [36].
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Figure 3: a) SEM images of antidot substrateillustrating the near neighbour, NN, (double arrow continuous
yellow line) and its parallel line (dashed yellow line) along the edges of nanoholes and a next near
neighbour, NNN, direction (doublesarrow continuous red line) and its parallel line (dashed red line). b)
SEM image of the surface of an antidots:thin film with low magnification.

Macroscopically; at Iov? magnification the nanoporous alumina templates present
a hexagonal order of circularheles, divided into geometric hexagonal domains separated
by dislocation-like boundaries as shown in figure 3b. The typical size of the hexagonally
ordered pore.domains isiin the range of 4-6 micrometers, as highlighted in different colors
in Figure 3b.4n addition, this figure represents two NN directions, one in each domain,
showing the different orientation of the hexagonal ordering in them. Both NN directions
differ in 25°, while if they belonged to the same hexagonal order should match or differ
in 60°s0r 120°. When comparing the lithographed antidot arrays [15] with the ones

obtained using anodic alumina membranes, the latter displays smaller holes sizes and
9|30
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lattice parameters. However, the main drawback relies on the presence of geometric

hexagonal domains, while lithographed arrays are mono-domain.

2.2.2 Chemical composition

The chemical composition of Dy-Fe antidots thin films and theircorresponding
continuous thin film are initially calculated from the measurements provided by the
controls of crystal quartz balance at the end of the film deposition, usedto calculate the
ratio RE/TM in the alloy. To confirm the nominal composition of:the aloy, we perform
a subsequent analysis by energy dispersive x-ray spectroscopy (EDX). The analysis of

the spectra of three of these films shows a Dy13Fes7 averaged compasition as summarized

in the table 1 and the measurements agree with which/obtained by crystal quartz balance.

Table 1: Atomic percentage of Fe and Dy elemental compaosition in Dy‘Fe thin film.

EDX Spectrum Fe (2t. %) Dy (at. %0)

S -\
—
S

Spectrum3 872 ¥
h

N ¥

2.3 Microstructural characterization by Transmission Electron Microscopy

analysis.

The<'microstructure of the samples has been studied by high-resolution
transmission‘electron microscopy (HR-TEM) (JEM 2100, JEOL, Akishima, Tokyo,
Japan) operating at 200 kV, which was employed to obtain high magnification images of
the antidots thin films. For that purpose, the nanoporous alumina membrane that acts as

the template for the fabrication of the antidot arrays was previously and selectively

10 | 30
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dissolved in a 0.5M NaOH solution, thus releasing the free-standing flakes of the
nanostructured thin film, which were then washed with distilled water and ethanol,
deposited into conventional transmission electron microscopy (TEM) copper grid sample
holders and dried in air. Selected area electron diffraction (SAED) spectrum was

performed to study the microstructure of antidot arrays samples.

The TEM micrograph of the Dy-Fe antidots thin film obtained after being released

from the nanoporous alumina membrane is displayed in Figure 4swhich demonstrates
~

that the nanometric holes successfully replicated the structure ‘ofthe highly hexagonal

ordered nanoporous alumina template, in agreement with the findings revealed by the

SEM images. Also, the SAED spectrum, shown as the inset in Figure 4a, indicates the

amorphous structure of the Dy-Fe alloy, evidenced:by the presence of diffused rings and

4
the absence of clear spots in the electron diffraction spectrum.

Figure 4: HR-TEM images of Fe-Dy antidot arrays with 15 nm in layer thickness taken at low (a) and high
(b) magnification. The inset in (a) shows the SAED spectrum.

2.4 Characterization of magnetic properties

1130
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Magnetic properties of Dy-Fe alloy antidot arrays and their corresponding CTF
have been determined from the hysteresis loops measured at room temperature on
samples surface by the magneto-optical Kerr effect (MOKE), with applied magnetic field
of up to £ 5 kOe, using the NanoMOKE-3 magnetometer, (Durham Magneto Optics Ltd.).
In addition, we have also measured the bulk hysteresis loops of the samples by using a
vibrating sample magnetometer, (VSM-QD-Versalab) with applied magnetie fields up to
+30 kOe. In both cases, the magnetic field is applied in the plane of the film, INP, and
perpendicular to the film plane (out of plane), OOP, difections.” NanoMOKE-3
magnetometer allows obtaining local measurements of the magnetization of the sample
by employing a focused laser beam covering an area smallerthan 2 microns of diameter,
as show in figure 3b. Alternatively, a defocusing lens can be employed in order to widen
the laser beam, covering an area of about 0.5 mm radiu$, thus widening the area of
measurement. Therefore, it is possible to obtain information from the magnetization of

the sample at the microscopic or macroscopic level.

First, we choose the local, microscopic, settings for NanoMOKE-3 magnetometer.
The magneto-optical measurements were also performed for different orientations of the
INP applied field. Hysteresis loops. were obtained for both types of samples, CTF and
antidot arrays films. The angular. dependence of the magnetic properties was studied by
rotating the samples.every.5 degrees in the plane of the sample. To avoid the translational
movement dué to.the sample rotation, we firstly localized a specific feature of the sample
surface by using the'scanning laser microscopy option of Nano-MOKE. Then we start the
measurement at a'well-controlled position located at fixed distance, which is about 10 um
from ' this.point. Therefore, we correct the sample translation displacement that happens

because of stage rotation for every measurement angle by using the same procedure.

12 | 30
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3. Magnetic behaviour of Dy-Fe continuous thin films and antidots arrays.
3.1 Magnetic properties of continuous thin films

The INP MOKE hysteresis loop of selected Dy-Fe alloy CTF with thickness
ranging between 15 nm and 60 nm are shown in figure 5 (a, ¢ and e). A clear in-plane
uniaxial anisotropy has been observed for all CTF samples, where the angular dependence
of the in-plane coercivity, Hc (6), shows a two-fold symmetry. Actually, amorphous RE-
TM alloys exhibit an anisotropic microstructure when prepared by=physical vapor
deposition onto room-temperature substrate that is called as columnar structure [37,38].
Usually, this columnar micromagnetic structure induces anwin-plane uniaxial magnetic
anisotropy in the thin films [38]. Therefore, we called this anisotropy as “deposition
intrinsic anisotropy” of CTF, which is induced during the filpn deposition. Its values range
from 3x10° to 8x10° (erg/cm?®). Also, this.in-plane intrinsic anisotropy is found for all
continuous thin films with thickness ranging.from:15 to 60 nm and it follows a two-fold
order symmetry. It has been observed that increasing the layer thickness of Dy-Fe CTF
the coercivity multiplied with the film thickness, Hcxt, increase from 0.75 kOe nm up to
22 kOe nm for samples withilayer thickness of 15 nm and 60 nm, respectively. Actually,
the parameter Hex tis reIatedE) the local domain wall pinning force within the alloy and

this observed change. with film thickness may well indicate the onset of associated

changes in the film marphology [39].
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Figure 5: In-plane hysteresis loops of\Dy-Fe alloy continuous thin film and related INP angular coercivity
dependence for samples with/different thickness: a) and b) 15 nm, c¢) and d) 30 nm and e) and f) 50 nm,
respectively.

3.2 Antidot arrays thin films

3.2.1 Antidots with hexagonal symmetry

The in-plane surface magnetic properties of Dy-Fe antidot arrays samples with
different layer thickness are plotted in the Figure 6. Several differences in the in-plane
magnetic properties of Dy-Fe antidots have been found comparing to their corresponding

CTF. Firstly; the in-plane hysteresis loop loses its squareness and becomes wider. Also,

14 | 30
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the INP loops show multi-step magnetization behaviour which indicates a strong pinning
effect and complex magnetization reversal process as shown in figure 6(a, ¢). This multi-
stepped magnetic behaviour indicates that there is a contribution of the out of plane
component in the magnetization reversal mechanism [40,41]. Meanwhile, the hysteresis
loops of the thicker samples exhibit a single magnetic behaviour as shown in figure 6(e;
and g). Secondly, a sharp increase in the Hc for the INP and OOP directions.is observed
for the antidot thin film comparing to the CTF. The maximum Hc value of 848 Oe has
been obtained for antidot samples with layer thickness of 15 nm Thiswalue of coercivity
is approximately 17 times larger than the corresponding one for CTF:These differences
between CTF and HAD can be explained because of.a change/in the magnetization
reversal mechanism from domain wall movement:to super domain wall pinning, as

reported in [42], which induced by the nano-holes arrangement, respectively [15, 16, 32].

For a best understanding of the magnetic properties of Dy-Fe antidot arrays, we
study the angular dependence of thewin-plane coercivity and remanence that can be
extracted from the INP hysteresis curves.:Figure 6(b, d, and f) represents the angular
dependence of Hc (6) for antidots arrays thin films with 15, 20, 30 and 50 nm in thickness.
We observe for the sample with lower film thicknesses (15 and 20 nm) a six-fold order
symmetry of Hc (6), wherethe easy anisotropy axis, E. A., (highest values of Hc) repeated
every 60° and thedifference between the E.A. and hard anisotropy axis, H.A., is 30° as it
has been reportedalso in the case of lithographed antidot arrays [15]. For antidot samples
with layer thickness of 30 nm and 35 nm they exhibit an out-of-plane anisotropy, but
when we restrict the study to the in-plane magnetization hysteresis loops a four-fold
symmetry of the Hc (6) has been detected, where the E.A repeated every 90° and the
difference between the E.A and the H.A is 45° as show in (figure 6 f). Finally, for thicker

antidot samples (50 nm), two-fold symmetry of Hc (6) was observed, where the E. A.
15 | 30
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repeated every 180° and the difference between the E. A. and the H.A. is 90° i.e. the same
behaviour of CTF as show in (figure 6 h) and figure 5. Consequently, we can deduce that
there is a critical geometric parameter where the six-fold order symmetry for the Dy-Fe
antidot thin film can be affected. For HAD samples which size of lattice parameters are
below this critical value of the geometrical parameter, the effective INP localimagnetic
anisotropy, induced by holes, is dominating and causes the local six-fold order anisotropy
for the antidot arrays with hexagonal symmetry. Whereas, for antidot samples with W >
d, i.e. higher than the critical point of the geometrical parameter, the'effective in-plane
local magnetic anisotropy becomes weaker because of the increasing contribution of
intrinsic magnetic anisotropy of the continuous thin film.area between the adjacent holes.
Therefore, different magnetic anisotropy contribution and symmetry appeared. It is
known, that the coercivity of the antidot arrays thin filny is determined as a balance
between the intrinsic magnetic anisotropy of.thin filmrand the shape anisotropy induced

by the arrays of holes [35, 36, 38].

If we now choose thesmacroscopic, er non-local configuration for the laser beam
of the NanoMOKE-3 magnetameter, the area of sample surface covered by the laser beam
has a diameter of the orderof 8.5.mm. Under these measurement conditions, the MOKE
signal is not proportional te the magnetization of only one single domain of antidots with
hexagonal ordering;butiit.is the result of the sum of the MOKE response in multitude of

hexagonally ordered domains of antidots.
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49
50
g; Since the orientation of the hexagonal ordering of antidots will change from one
53 : . . . .
54 domain to another, the six-fold order symmetry observed in the magnetic properties, i.e.
55
56 angular dependence of Hc or my, of a single domain of hexagonal order is not found when
57
gg using the macroscopic configuration of the laser beam for studying bigger sample surface
60
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areas, as shown in Figure 7(a, b). These results fit better within a two-fold order

symmetry, likely due to an in-plane uniaxial anisotropy.

105 90 75 105 90 75
1000 a) 120.'/_‘# T 60 0.9 b 120/ T ‘“r.m_,\ﬁﬂ
0 950
Q
o 900/
I
850-

HAD t=15nm HAD <t=15nm

Figure 7: In-plane angular dependence of, a) Hc and b) my, for an antidot array thinfilm with 15 nmin layer
thickness, when using the macroscopic configuration of the laser beam of NanoMOKE-3 magnetometer.

3.2.2 Antidot arrays with disordered nanoholes arrangement.
@

In the case of a DAD array with ne.hexagonal ordering of nanoholes and therefore
no geometric configuration of hexagonal domains of antidot arrays, the local six-fold
order anisotropy is lost. As previously mentioned in the experimental section, the
nanopores arrangement obtained at the sample surface after the first anodization process
is randomly disordered. The/dislocations are inexistent in this kind of nanoholes arrays,
and the sample can be comp?red to an amorphous packing of antidots with a broad
distribution of holes diameter. Figure 8(a, c) represents the surface magnetic
characterization/of two DAD samples with layer thickness of 15 nm and 20 nm,
respectively. Firstly, the hysteresis loops of DAD show single step magnetic behaviour
in contrast to the multistep magnetic behaviour exhibited by the HAD with the same layer
thickness, as show in figure 8 a, c. Also, the Hc value of DAD is lower than the Hc of the
antidot with hexagonal ordering, but still larger than the corresponding value for a CTF
withssame thickness. This should be due to the domain wall pinning from disordered

nanoholes. Secondly, the angular dependence of Hc shows a random distribution as
18 | 30
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shown in figure 8b, because there is not any spatial ordering symmetry in the antidot
structure, as shown in figure 1a. However, the Hc angular dependence for the DAD
samples with 20 nm shows a two-fold order, such as in the case of the symmetry of CTF
as show in figure 8d. This means that the induced shape anisotropy by disordered arrays

of holes isn’t big enough to overcome the intrinsic magnetic anisotropy of CTEF.

15
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0.0
=
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Figure 8: a) The in-plane hysteresis loops of Dy-Fe alloy disordered antidot array thin film with different

thickness and related INP angular coercivity dependence for a) and b) 15 nm, ¢) and d) 20 nm, respectively.

3.3 Effective magnetic.anisotropy for HAD and CTF

An accurate calculation of the domain wall width for the antidot thin films can be
derived from the local magnetic anisotropy. However, it is not possible to calculate the
local stray fields that are responsible for the domain wall pinning in antidot thin films

[44,45]. Therefore, a macroscopic model of the effective anisotropy would be used
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instead to calculate the effective anisotropy coefficient, Kerr, from the shape,
magnetostatic and demagnetizing anisotropies, because of the inclusion of the arrays of
nano-holes into the CTF [44].Thereby, it is possible to obtain an approximation of the
anisotropy of the antidot arrays by using a simple and straightforward method,sand thus
easily infer on the magnetic properties of the material. Experimentally, the Kess can be
obtained from the in-plane and out-of-plane loops, by considering all the macroscopic
effects, such as the defects and the dislocations between the hexagonal domains of

antidots [8,44] -

Kefr = fMS

Mg
0-00P HdM — fO—INP HdM

Where M is the magnetization, Ms is the saturation magnetization and H is the

applied magnetic field. .

Figure 9(a, b) represents the Kesr and the effective anisotropy density, Kess % t, for
both the Dy-Fe alloy HAD arrays_and corresponding CTF with varying the layer
thickness. For CTF samples both, the Keand Kest % t exhibit a nonlinear relationship with
the layer thickness. The maximumvalue of Kesrand Kest X t occurred at the thickness value
of 50 nm, and then starts to dg:rease with increasing the layer thickness. This behavior
can be attributed to a growth-induced modification of the microstructure of the
amorphous films, which affects the short-range order [25]. As a result, a more collinear
alignment of the distributed magnetic moments of Dy along the out-of-plane direction
with film gthickness is.obtained [39]. It is worth noting that all CTF samples show a

positive'value of Kerrand Keff X t, i.e. the CTFs have an INP easy magnetization axis.
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Figure 9: a) Effective anisotropy-Kegand b) effective anisotropy density Kes % t for Dy-Fe HAD and their
corresponding CTF, plotted versusicrﬁ film'thickness. Negative values of Kerand Ker X t indicate samples
with perpendicular (OOP) anisotropy. The lines are guides to the eye.

The antidot. samples, display noticeable changes in the effective magnetic
anisotropy. Firstly, Kerr Values sharply decrease for the HAD in comparison to the CTF
due to the competition.between the intrinsic anisotropy and the shape anisotropy of
nanoholes and“the contribution of the out-of-plane magnetic component to the
magnetization reversal process [35-40].Therefore, it can be observed a magnetic
anisotropy crossover from the in-plane to out-of-plane directions for antidot samples with
layer thickness of 30 nm and 35 nm (negative values of Kes and Kes % t). It is worth to

21130



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-121501.R1

Influence of nanoholes array geometrical parameters

mention that the larger values of the effective perpendicular magnetic anisotropy energy
density, (Kert % t = 3.8 erg/cm?), which have been obtained for the material employed in
this work make it as an excellent candidate for magneto-optic perpendicular recording
patterned media based on template-assisted deposition techniques [8]. Finally; for the
thicker HAD samples, the positive values obtained for both, Ket and Kest X't, closest to

that of CTF, indicate an in-plane easy magnetization axis.

3.4. Effect of hexagonal arrangement of Dy-Fe antidots on Curie temperature.
~

The effects of thermal activation on the magnetic properties of the Dy-Fe antidot
arrays and the continuous thin film, have been studied through the measurements of
temperature dependence of the magnetization, M(T), in the temperature range between

the room temperature, RT, and 1000 K. R

Figure 10 shows the normalized magnetization, M(T)/M(RT), as a function of
temperature of Dy-Fe CTF and corresponding antidot arrays film sample with layer
thickness of 15 nm obtained by VSM technique. The magnetization curves for HAD and
CTF have been obtained after subtracting from the measurements the signal of the
corresponding substrates, glass\in case of CTF and alumina for HAD. As show in figure
10, from 300 K to 550 K the'magnetization behaviour for antidot arrays and CTF shows
quite similar trend.<An.increase in the slope of magnetization curve for the CTF sample
with temperature increasing can be observed comparing to HAD sample, ascribed to the
existing hexagonal arrangement of antidots which may increase the thermal stability of
hostingsmagnetic materials compare to CTF[46]. A sharp drop in the magnetization curve
of HAD sample has been observed around 785 K because of damage of the supporting
alumina‘membrane when temperature raises. From 820 K to 860 K the magnetization

curve for HAD and CTF samples reach the lowest value. Further increasing of
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temperature, leads to the HAD sample to show a strong paramagnetic phase due to the

crystallization under the effect of high temperature annealing for T > 860 K.

oNOYTULT D WN =
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Figure 10: Temperature dependence of the magnetization in Dy-Fe alloys for both, CTF and HAD samples
39 with layer thickness of 15 nm, measured at constant applied field of 20 kOe along the INP direction.

41 N
In order toyobtain an accurate value of Curie temperature, Tc, a fitting of the

46 magnetization curvesplotted in figure 10 was performed according to the law [M (T, H) =

T

My ( ;Tc)ﬁ 1447]. The T¢ increases from 669 K for CTF to 710 K in case of antidots array.

51 This increase in the Tc is attributed to the strong pinning effect [48,49] induced by the
nanoholes of the HAD sample. In addition, the hexagonal arrays of antidots exhibit high
56 thermal stability due to three-dimensional magnetization profile where, the out-of-plane

58 component plays a more important role due to the misaligned magnetic moments at the
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edge and at the inner wall of the nanoholes [46,50]. Meanwhile, the continuous thin film
has only two-dimensional magnetization in-plane components, so the magnetic moments
will need more thermal energy to overcome the ordered structure in the case of sample

with HAD arrays.

Figure 11: HR-TEM image for DyisFes; antidot arrays shows the Dy and Fe elements distribution for
different regions: 1) at the edge of holes’(green-circles from 1 to 3), 2) areas between two holes (red stars

from 1 to 4), and the area between three holes (blue'triangles from 1 to 3).

Figure 11 shows the HR-TEMimage with elemental analysis for Fe and Dy at
three different places. From thexchemical analysis of the TEM images around the
hexagonal unit cellof the Dy-Fe‘antidot arrays we find that composition of Dy-Fe alloys
differs from place to placesAround the hole’s edges, the analysis of the spectra of three
regions shows.a DysFegs averaged composition, as summarized in Table 2. In contrast,
for the area between two holes, W, which are marked as dotted red rectangles in Figure
11, the chemical analysis of the four regions gives a Dy.gFe72 averaged composition.
Finally, forthe wide area confined between three holes, the Dy-Fe alloy exhibits an
averaged composition of Dy13Feg7, which is very close to the continuous thin film values.

Thus; the existence of iron rich areas with DysFegs alloy composition in case of hexagonal
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1

2

i antidot arrays may lead to the observed increase in Tc for the antidots sample as compared
Z to the CTF, as plotted in FigurelO.

7

g Table 2: Atomic percentage of Fe and Dy elements measured at different zones of the antidot sample.

10

1; Region Area around the holes | Area between two holes | Area between three holes
13 (green dots) (red stars) (blue triangles)

14 Scmitll | Fe(at. %) Dy (at. %) Fe(at. %) Dy (at.%) Fe (at. (V“' Dyw) N
15 W

16 95.0 5.0 76.0 24.0 89.0 1to,

17 4

18 97.0 3.0 77.0 23.0 : 2

o rx’

20 96.5 35 710 20 o875 [ 125

22 N

23 69.0 31.0

24 A

25 Average 96.2 3.8 72.3 2 871 12.9
26 4
27 VN

- 4

31 4. Conclusions

34 The magnetic behaviour ofDy.Fe alloy HAD and corresponding CTF with
36 different layer thickness have been investigated. The dependence of the magnetization
reversal mechanism on their lattice parameters have been analysed through micro-and-
41 macroscopic angular dependence of the in-plane coercivity. The microscopic local
43 measurements of the_in-plane magnetic anisotropy for antidot arrays samples show a
45 noticeable change.withy.increasing the layer thickness, exhibiting a magnetization
48 crossover at the thickness value of 25 nm. For thinner antidot sample, W < d, tri-axial
50 magnetic anisotropy has,been detected. Meanwhile, for thicker antidot arrays samples, W
52 > d, an uniaxial'magnetic anisotropy has been observed. A strong correlation between the
edge-to-edge‘distance and the local magnetic anisotropy of the Dy-Fe alloyed antidot
57 arrays samples has been found. Also, the competition between the intrinsic magnetic
59 anisotropy of CTF and the magnetic shape anisotropy plays the main role on the effective
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magnetic anisotropy behaviour of the antidot arrays samples. The effective magnetic
anisotropy shows a crossover from the in-plane easy magnetization axis to out-of-plane
easy axis by increasing the layer thickness at the critical value of 25 nm. Furthermore, the
thermal magnetization behavior for antidot arrays shows an increase in the Curie
temperature point comparing to that of the CTF due to the high thermal stability induced
by the local hexagonal symmetry of nanoholes arrangement for the HAD sample. Finally,
the strong dependence of magnetic properties of Dy-Fe alloys antidot arrays On the layer
thickness and temperature may advance 2D magnetic logic to'the third dimension not
only at room temperature, but also at high temperature. In addition/these observations
can be of high interest for the development of novel magnetic sensors with high uniaxial
magnetic anisotropy and for thermo-magnetic recording patterned media based on

template-assisted deposition techniques. v
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