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Abstract:

Development of perpendicular magnetic anisotropy (PMA) thin films is a requisite for
many applications. In this work, we have illustrated the enhancement of the PMA of Hard
(Co)/ Soft (Permalloy, Py) ferromagnetic bilayers by depositing them onto nanoporous
anodic alumina membranes with different hole diameters varying in the range between
30 nm and 95 nm. A dramatic change in the hysteresis loops behaviour with hole size, D,
and magnetic surface cover ratio parameters has been observed: (1) for samples with
small antidot hole diameters, the in-plane (INP) hysteresis loops show single-step
magnetic behaviour; (2) for D = 75 nm, the hysteresis loops of Co/Py and Py samples
exhibit a multistep magnetic behaviour; (3) a decreasing coercivity in the INP hysteresis
loops for antidot arrays samples with D > 75 nm has been detected as a consequence of
the reduction of the in-plane magnetic anisotropy and the rising of the out-of-plane
component. A crossover of magnetic anisotropy from the in-plane to out-of-plane for
bilayer antidot samples has been observed for Co/Py ferromagnetic bilayers, favoured by
the interfacial exchange coupling between the two ferromagnetic materials. These
findings can be of high interest for the development of novel magnetic sensors and for
perpendicular-magnetic recording patterned media based on template-assisted deposition

techniques.
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Introduction:

Recently, thin film heterostructures that consist of hard magnetic anisotropy layers
coupled with soft magnetic layers (hard/soft bilayer exchange coupling) have been widely
studied because of their potential for perpendicular magnetic recording media [1], spin-
transfer torque switching [2], and nano-oscillator devices [3]. It has been reported that the
exchange interaction and the spin-orbit interaction between hard and soft magnetic phases
lead to a significant modification of the magnetization reversal mechanism and an
enhanced perpendicular magnetic anisotropy [1,4].

The inclusion of artificial defects in the bilayers thin film has been demonstrated as a
powerful approach to engineer their magnetic properties in multiple ways. In particular,
the antidot arrays nanostructured thin films represent nowadays an important tool for
modifying the static and dynamic magnetic properties of host material by changing its
geometrical parameters [5-7]. In this regard, it has been recently found that the magnetic
anisotropy can be reoriented from in-plane to out-of-plane by only modifying the hole
size for a single layer of ferromagnetic materials [6,8]. The existence of arrays of
nanoholes can induce a demagnetization field distribution, which modifies the magnetic
properties of the nonpattern thin films such as its magnetization reversal mechanism, the
coercive field, and the intrinsic magnetic anisotropy [9]. The ability to control the strength
and orientation of magnetic anisotropy becomes essential in advanced applications such
as innovative electronic devices [10], spintronic devices [11], or perpendicular bit pattern
magnetic recording media [12], especially for improving the thermal stability and

switching reliability of magnetic bits [8].
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In this work, we pay special attention to the enhancement of the perpendicular magnetic
anisotropy of Co/Py bilayers antidot arrays by studying the effect of the geometrical
parameters, namely shape and size of nanohole on their magnetic properties. The effect
of layer thickness in the magnetic anisotropy of Co/Py bilayer thin film has been studied
by Béron et al. [20]; they concluded that the thinner Co/Py (15 nm) induced a localized
perpendicular anisotropy, meanwhile the thicker samples do not show such localized
perpendicular magnetic anisotropy around the nanoholes. Therefore, we focus our study
on the effect of antidot hole diameter on the magnetic anisotropy of the Co/Py bilayer
antidot arrays samples with layer thickness 15 nm. In addition, we study the same

parameters for Co and Py single layer for better comparison and understanding.

Materials and methods

The pre-patterned masks for the Co, Py, and Co/Py bilayers antidot arrays, consisting of
hexagonally ordered nanoporous alumina membranes, were produced through the
conventional two-step mild anodization process [13,14]. High purity Al foils (99.999 %)
with a 0.5 mm thickness and area (1.5%1.5 cm?) was electropolished with a mixture of
H3PO4 and H>SO4 to improve the surface smoothness. These Al foils were cleaned and
electropolished at 50 V in perchloric acid and ethanol solution (1:3 vol., 9 °C) for 8 min,
then the two-step electrochemical anodization was carried out as described elsewhere
[14]. During the 2" anodization step, which lasted for 5 h, the nanopores grew following
the highly self-ordered hexagonal symmetry pre-patterned engineering during the first
anodization process. To obtain the porous anodic alumina, PAA, templates with different
pore size, the masks were chemically etched in 6 wt.% orthophosphoric acid at 40 °C for
different etching times, Tetching, between 25 and 75 minutes. This technique allowed us to

obtain a series of PAA templates with a wide range of different pore diameters, Dp,
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varying between 34 + 3 to 96 £ 3 nm but keeping constant the interpore distance, P, to

the value of 105 + 4 nm and hole depth around 40 mm, as listed in table 1.

Antidot and continuous thin films samples were deposited onto PAA templates and 0.5
mm thick glass substrates at room temperature by means of the ultra-high vacuum thermal
evaporation technique using an E306A thermal vacuum coating unit (Edwards,
Crawleyx), respectively, with an ultimate vacuum around 3.7 x 10~ mbar (see [6,15] for
details). Metallic Al, Co, Ni, and Fe targets were used as source materials (purity
99.99%). Co-deposition of Fe and Ni resulted in the deposition of Fe21Nizg (Permalloy)
thin films, as determined by the EDX measurements carried out ina MEB JEOL-6610LV
scanning electron microscopy (SEM). The control of the film thickness was achieved by
using two independent quartz crystal controllers that monitored simultaneously the
deposition rates of each evaporation source [15]. The layer thickness of Co and Py
samples is 10 nm and 5 nm respectively; Co/Py bilayers were deposited with the same
layer thickness (total thickness of the magnetic materials is 15 nm). The continuous Co,
Py, and Co/Py bilayer thin films were also deposited with the same thicknesses as for the
antidots samples to compare the magnetic properties. All specimens were covered with a
capping Al film (3 nm) to avoid the oxidation. The chemical composition of Co/Py bilayer

antidot arrays thin films was confirmed with EDX, as indicated in the figure 1.

The surface magneto-optic properties of the antidot array and continuous layers were
measured making use of a scanning laser Magneto-Optical Kerr Effect (MOKE)
magnetometer set up; details of measurements are reported elsewhere [6,8,15]. The
measurements have been done at room temperature in a direction parallel to the film plane
(In-Plane, INP) using transversal MOKE. Complementary bulk magnetic measurements
of Co, Py, and Co/Py bilayer antidot array thin films and their corresponding non-pattern

thin films were carried out by using a vibrating sample magnetometer, VSM, with applied
4
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magnetic fields up to + 2 T, measured at room temperature and in both in-plane and out-

of-plane directions to the film plane, respectively.

Results and discussion

After the thermal layer evaporation process, all samples have been analysed by SEM to
measure the nanohole diameter, the magnetic cover ratio, and the edge-to-edge distance,
as summarized in table 2. Figure 2(a) shows the top view image Co/Py bilayer continuous
thin films with thickness 15 nm, while five selected images of Co/Py bilayer antidot
samples having different hole diameters values are plotted in figure 2(b-f). For all antidot
samples, well-ordered hexagonal arrangements of nanoholes with a constant lattice
parameter P ~ 105 + 4 nm have been observed, in good agreement with what is commonly
obtained in the patterned alumina substrate after the two-step anodizing procedure in

0.3M Oxalic acid at 50 V [14,16].

Table 1. Pore diameter Dy, the centre-centre distance P, and edge-to-edge separation W

(W = P- Dp) of the nanoporous alumina templates as a function of the time etching.

Time etching Pore diameter  centre-centre distance Edge-to-edge separation
(min) (Dp) nm P (nm) W =P- Dp (nm)
25 34+3 107 £ 2 733
34 64 +3 104 £5 40+ 3
48 78+2 102+ 3 24+ 3
65 87 x4 108 £ 2 23+3
75 96 +3 107 £ 3 11+3
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The magnetic surface coverage ratio, C, is a parameter that describes the amount of the
magnetic materials for each antidot arrays sample and is usually estimated by the
following relation [17]:

D2

C=1—2\/§132

* 100 (1)

The values derived from equation (1) for Co, Py, and Co/Py bilayer antidot arrays samples
with different geometric parameters (hole diameter, centre- centre distance and edge-to-
edge separation) are summarized in table 2. The lowest value of the magnetic surface
coverage ratio about 28.5-31.4 % has been obtained for Co, Py, and Co/Py bilayer antidot
arrays samples with hole diameter 93 nm, 94 nm, and 95 nm, respectively, and interhole
distance P =107 = 3 nm, being lower than the ones reported in ref. [18-20]. The wide
variation of hole diameter, W, and C has enabled us to study the full possible geometric
parameters of Co, Py, and Co/Py bilayer antidot films deposited on nanoporous alumina

membrane and their effect on the magnetic properties, especially the magnetic anisotropy.

Table 2. The geometrical parameters and magnetic surface coverage ratio percentage, C,
of Co, Py, and Co/Py antidot arrays thin film with different hole diameter, D, and their

corresponding non-pattern samples.

Co Py Co/Py
~D ~C ~W ~D ~C ~W ~D ~C ~W
Sample
(nm) % (nm) (nm) % (nm) (nm) % (nm)
Str - 100 - - 100 - - 100 -

S1 30+2 92.9 77+2 | 31+3 92.4 76+3 | 32+1 92.0 75+ 2

S2 60+3 698 44+3|59+1 708 45+4 |61+£3 690 434
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Figure 1. The EDX spectrum analysis of Co/Py bilayer antidot arrays thin films that

proves the existence of Co and Py elements. The presence of Al and O in the spectrum

comes from the nanoporous alumina template and the capped layer of samples.

Figure 3 shows representative INP MOKE hysteresis loops of Co (15 nm), NiFe (Py) (15

nm), and Co (10 nm)/Py (5 nm) antidot arrays thin films with different geometric

parameters, i.e., different magnetic cover ratio percentage, with labels S1, S2, S4, and S5,
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as listed in table 2. In addition, the corresponding unpatterned thin films of the same
thickness have been employed as a reference and labelled as Str. In previous studies
about magnetic antidot arrays thin films, a striking increase of INP coercivity, Hcy, with
respect to the non-patterned thin films is commonly reported from a few Oe to several
tens of Oe, depending on the material, magnetic surface coverage ratio, and relative
orientation of the magnetic field and the magnetic anisotropy easy axis [6,17]. In our
current study, the maximum INP coercivity has raised by a factor of 22 for Py antidot
arrays with label S3 compared to the non-patterned thin films, and it is 7 times larger for
S4 and S3 Co and Co/Py bilayer antidot samples, respectively, compared to their
corresponding reference samples Str. Besides, several differences have been found in the
INP magnetic properties of Co, Py, and Co/Py bilayer antidots when compared to their
corresponding continuous thin films. Firstly, the INP hysteresis loop loses its squareness,
especially for samples S2 to S5 for all antidot samples. Secondly, a light multistep
magnetization behaviour has been observed for S3 Py and S3 and S5 Co/Py bilayer
antidot samples, as shown in figure 3. This multistep magnetic behaviour in S3 Py
specimen is characteristic of a contribution of the OOP magnetic anisotropy component
that comes from the magnetic signal of the inner wall of nanoholes (see figure 2(h)) and
the strong interfacial exchange coupling between the two ferromagnetic materials, as
reported in [6,8,21-23]. For the Co/Py specimens, it is also present a hard/soft interfacial
coupling accompanied by a complex magnetization reversal process and a strong pinning
of magnetic domains wall movement [4,23,24]. Meanwhile, the hysteresis loops of Py
and Co/Py bilayer antidot samples with the smallest hole size -equivalently, the highest
magnetic surface coverage ratio- and Co antidot samples exhibit a single-step

magnetization process, as shown in figure 3. Therefore, the geometric parameters of
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nanoporous alumina and the hosting magnetic materials can play an effective role in

tailoring the magnetization reversal process.
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Figure 2. (a—f) SEM images of the Co/Py bilayer deposited on the top surface of (a) glass
substrate to obtain the continuous thin films samples as a reference, and (b-f) on the top
surface of the PAA templates after being submitted to the pore widening process under
different chemical etching times. (g) and (h) represent the 3D sketch of antidot arrays thin
films, which illustrates the geometrical parameters on top of nanoporous alumina

template.
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Figure 3. In-plane transversal MOKE hysteresis loops of Co/Py bilayer antidot arrays
and corresponding non-patterned film, Str. The layer thickness of magnetic materials for
all samples is fixed at 15 nm.

Figure 4 summarises the estimation of in-plane coercivity, Hcy, and the reduced in-plane
remanence, my, of Co, Py, and Co/Py bilayer antidot arrays thin films with respect to the
hole diameter. Hcy and my; present a dramatic change with D. First, the monotonic Hcy
increment with the hole diameter values reaches the maximum value for antidot samples
with D ~75nm (i.e., C ~ 52 % and W ~ 24 nm), being Hc, = 578 Oe and 866 Oe for Py,
and Co/Py bilayer antidot arrays thin films, respectively. Meanwhile, the maximum value
of the Hcyy = 648 Oe for Co antidot arrays thin film has been detected for antidot samples
with D ~ 84 nm (i.e., C ~ 45 % and W ~ 28 nm). Secondly, a further increase of D leads
the Hcy to decrease until reaching the minimum values of 400 Oe, 435 Oe, and 220 Oe

for Co, Py, and Co/Py bilayer antidot arrays thin films, respectively, as indicated in figure

10
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4(a). The Co and Py antidot arrays samples with D ~ 94 + 1 nm (i.e., C~ 30+ 1 % and
W ~ 13 £ 1 nm) show the minimum reduction of Hcy, as the difference between the
highest and the lowest values of Hcyare 178 Oe and 207 Oe for Co and Py antidot arrays
samples, respectively; a similar behaviour has been observed for Co and Py antidot arrays
thin films in a previous work but by using lithographic techniques [25]. Meanwhile, the
reduction of Hcy of Co/Py bilayer antidot samples is rapid, being the difference between
the highest and the lowest values of Hc; 646 Oe, i.e. more than 3 times that detected in
single layer antidot samples. Therefore, an in-plane critical hole diameter, D¢/, has been
supposed for Co, Py, and Co/Py bilayers antidot samples, where Hcy starts to decrease
with D increasing. For the reduced remanence behaviour with D, all antidot arrays
samples show a noticeable decreasing of my; with antidot hole diameter increment, as
plotted in figure 4(b), where the my; shows its maximum for non-pattern samples (Str)
and the minimum for antidot arrays samples with the largest hole size. In fact, the
reduction of my, with the increase of D is related to the reduction of the edge-to-edge
distance between two holes (i.e., the growth of antidot hole diameter), in which the
magnetization component along the perpendicular direction to the sample surface
becomes higher and stronger [23]. In addition, as W is further decreased, the inter distance
between adjacent holes becomes narrower and the film area that is nucleated is very small,
therefore the magnetization reversal is more favourable via the coherent rotation rather
than domain wall movement, which may lead to a further decrease of Hcyand my [8,25].
Due to the strong interfacial exchange coupling between the two ferromagnetic structures
in Co/Py bilayers, the reduction of Hcy and my is higher than the observed in the single

magnetic layer thin films [22].

11
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Figure 4. a) Coercivity and b) reduced remanence dependence for the INP directions of

the Co, Py, and Co/Py bilayer antidot array samples as a function of (a) antidot hole.

To determine the effect of the antidot hole on the magnetic anisotropy easy axis direction
in the Co/Py thin films, we have measured the INP and OOP loops for Co/Py bilayers
antidots with hole diameter by using VSM magnetometer (see figure 5). For Str, S1, S2,
and S3 Co/Py bilayers samples, the magnetization is, initially, INP oriented, as indicated
by the large my, and large values of the coercivity. In contrast, we have detected a near-
zero remanence magnetization and a high saturating magnetic field measured along the
OOP orientation (Figure 5(a-d) red loop).

Regarding the INP coercive field, the antidot samples exhibit larger values comparing to
the Str, which has been observed also in [8,24] and ascribed to the pinning effect of the
holes. By increasing the antidot hole diameter, the in-plane coercivity increment reaches
the maximum for S3 antidot arrays samples, in concordance with the results obtained
from MOKE measurements (see figure 3 and figure 5(d)). A sudden decrease in the in-
plane magnetic coercivity and an increase in the out-of-plane coercivity have been
observed for S4 Co/Py bilayers antidots sample, as depicted in figure 3 and figure 5(e).
The same behaviour has been detected for Co and Py single layer antidot arrays samples.
Finally, a dominant magnetization component perpendicular to the plane of the sample

surface has been detected only for S5 Co/Py bilayers antidot arrays samples, as can be
12
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seen in figure 5(f). Meanwhile, the S5 antidot samples of Co and Py have not shown a
dominant perpendicular magnetic anisotropy. Therefore, the transition from the INP to
OOP magnetic anisotropy for Co/Py bilayer antidot samples can be ascribed to a strong
interfacial exchange coupling between the two FM materials. In fact, antidot thin films
deposited on the top-surface of nanoporous alumina membrane templates reproduce the
intrinsic surface roughness of the patterned templates [26,27] and develop a crescent
shape during the thin film deposition process, as indicated at figure 2(h) and reported in
ref. [6,21,23]. These two morphological features can determine the magnetic anisotropy
of the material. In this regard, the magnetic moments between nanoholes remain aligned
parallel within the film plane, while magnetic moments along the inner walls of the
nanoholes of antidot films are perpendicularly aligned to the film plane [6,28]. The
contribution of the magnetization component along the perpendicular direction to the
sample surface becomes higher as the nanoholes diameter increases (i.e., magnetic
surface coverage decreases) [19], but the magnetostatic energy associated with the antidot
array raises with the antidot hole diameter. Therefore, when the hole diameter is large
enough to counterbalance the energy associated with the magnetic poles on the film
surface, the preferred direction of magnetization should change from the INP to the OOP
direction, as detected in Co/Py bilayers antidot arrays thin films and also reported for

magnetic antidot arrays thin films with large hole diameter [6,12,15].

13
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Figure 5. The INP (black color) and OOP (red color) VSM hysteresis loops of Co/Py
bilayer a) for continuous thin film and b) to f) antidot arrays thin films with a 15 nm layer
thickness and different hole diameters. Insert the low scale magnetic field from 2 kOe to

-2 kOe loops.

By analysing the INP and OOP loops we can estimate the effective magnetic anisotropy
coefficient, Keff -which represents an important parameter in spintronic application- as a
function of the size of holes diameter variation. The effective magnetic anisotropy is
determined from the difference between the areas of the INP and OOP hysteresis loops
and can be calculated by the given expression [12,29]:

14
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Kett =K(0opy — Kaney = Jy_oop(HAM) — [ jp(HAM) (2)

where M is the magnetization, Ms represents the saturation magnetization, and H is the
applied magnetic field. A noticeable tendency of Kesr depending on the antidot hole
diameter can be observed in figure 6; the larger the INP magnetic surface coverage ratio
(i.e., Str and antidot with small D), the greater the effective magnetic anisotropy
coefficient. This trend can be explained by a model based on the influence of nanoholes
edge defects, which reduces the value of the INP magnetic anisotropy locally [6,30,31].
The Co, Py, and Co/Py thin film Str samples show an INP effective magnetic anisotropy
that is mainly due to the shape anisotropy of the sample. For all antidot arrays samples,
the INP Kefr decreases with the increment of antidot hole diameter, which means that the
hard magnetization axis displayed by the continuous unpatterned thin film, pointing along
the out-of-plane direction, becomes softer for the antidot samples with larger holes
diameter [29,32]. Moreover, a dramatic change in the easy magnetization axis of the
Co/Py bilayers antidot arrays sample occurs when the nanohole diameter crossed above
its critical size (for a determined value of D = 85 nm), rotating from the INP direction
(positive values of Kefr) toward OOP direction (negative values of Keff), when the value
of nanoholes diameter equals 94 nm [23,33]. Such a crossover of magnetization from INP
toward OOP direction has not been detected for Co and Py antidot arrays samples, which
suggests that the strong coupling between two ferromagnetic elements plays a key role in
inducing the perpendicular anisotropy. Such enhancement of the PMA in Co/Py bilayer
antidot array structures opens an interesting route for these materials as promising
candidates for spin transfer torque magnetic random-access memories (STTMRAM) and

perpendicular bit patterned magnetic storage media applications [31,32].
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Figure 6. Effective anisotropy, Keft, as a function of antidot hole diameter for Co, Py, and
Co/Py bilayers antidot thin films. Negative values of Kest correspond to antidot samples

with perpendicular (OOP) effective anisotropy.

Conclusions

The magnetic properties of Co, Py, and Co/Py bilayer antidot arrays thin films are
strongly dependent on the geometrical parameters of nanoporous alumina template. All
antidot arrays samples exhibit a sharp increase in the coercivity compared to non-pattern
films due to the strong pinning effect induced by the nanoholes. A dramatic change in the
in-plane coercivity of all antidot arrays samples with variation the magnetic surface
coverage ratio has been detected. Initially, the Hcy monotonically increases with

increasing hole diameter up to D = 75 nm, then decreases with further increment of D. In
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addition, the in-plane hysteresis loops for Str and samples with small hole diameter show
single step magnetic behaviour, meanwhile the in-plane loops of Py and Co/Py bilayers
samples with D =~ 75 nm show multi-step magnetic behaviour due to the strong
contribution of out-of-plane magnetic component that comes from the inner wall of the
nanohole. Special attention must be paid to the Co/Py bilayers antidot arrays samples, as
they exhibit the capacity to transfer the magnetization from the in-plane easy axis (Co/Py
bilayer non-pattern thin films) to out-of-plane easy magnetization axis (Co/Py bilayer
antidot samples with D = 95 nm), mainly due to the interfacial exchange coupling between
the two ferromagnetic materials. In contrast, the strong in-plane magnetic anisotropy for
the single ferromagnetic antidot samples, especially for Co antidot arrays samples, would
shift the magnetic crossover away from our experimental limits. The highest value of the
effective perpendicular magnetic anisotropy observed for the Co/Py bilayers antidot thin
film with D = 95 nm make them excellent candidates for spintronics applications, bit
patterned magneto-optic perpendicular recording media, and magnetic sensors based on
template assisted deposition methods. Finally, the dual behaviour of INP/OOP coercivity
points towards a new nanotechnological strategy of fabrication arrays of magnetic bits,
i.e., basic elements for magneto-optic perpendicular recording patterned media,

embedded into a 2D structural system.
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