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Abstract- Anodic alumina with surface of hexagonal patterned 

nanodots was prepared by a two-step anodizing procedure. SEM 

and AFM results clearly showed the formation of self-organized 

hexagonal patterned nanostructure. Diameters of the nanodots 

were controlled by choosing different anodization voltage and 

types of electrolyte acids. Co/Pt multilayers deposited on the 

nanodots with different diameters of 20, 70 and 100 nm lead to the 

formation of magnetic nanostructures with perpendicular 

anisotropy. Magnetometry and the first order reversal curve 

(FORC) method were used to study the magnetic properties of 

Co/Pt nanostructures. An out-of-plane magnetic easy axis was 

observed for the continuous films and the nanodots with the 

diameter of 100 and 70 nm. The magnetic multilayers deposited 

on 20 nm nanodots appeared to have taken on a “hard axis” type 

behavior. The curvature of nanodot arrays induces strong 

modifications on the magnetic properties of the nanostructures.  

Index Terms—hexagonal patterned nanodots, magnetic 

multilayers, perpendicular magnetic anisotropy, first-order 

reversal curves 

 

I. INTRODUCTION 

xtensive and increasing interest has been paid to the 

fabrication and investigation of materials at nanoscale 

[1-4]. Compared with their bulk counterparts, nanomaterials 

usually exhibit unique properties stemming from their 

nanoscale dimensions. Many of the functional nanomaterials 

have been demonstrated to have tremendous technological 

applications in the field of catalysts, sensors, biology, and 

magnetic recording devices [5-9]. Among them, potentials for 

ultrahigh-density magnetic recording media have excited much 

interests in patterned magnetic nanostructures [10-12]. 

Although lithographic techniques have been commonly 

employed to achieve arrays of isolated magnetic nanostructures, 

simple and inexpensive non-lithographic method of fabricating 

magnetic nanostructures has become increasingly important. 

Recently, a new class of nanomaterial has been developed by 

using curved surfaces as substrate [13]. Magnetic multilayers 

deposited on self-organized pattern formed of spherical 

polystyrene (PS) nanoparticles results in tilted nanostructure 

material. There have been extensive studies on deposition of 

thin films on such colloidal nanosphere arrays [14-18]. 

However, like all organic compounds, polystyrene cannot be 

used for the deposition of materials under high temperature or 

for the post-annealing of the nanomaterials, which limits the 

variety of nanomaterials that can be fabricated. On the other 

hand, the self-organized formation of ordered hexagonal 

structures in anodic alumina has been used for the fabrication of 

various one-dimensional nanostructures such as nanowires, 

nanorods and nanotubes [19-21]. Porous magnetic 

nanostructures obtained by depositing magnetic thin films on 

porous anodized aluminum oxide (AAO) templates, commonly 

known as ‘antidots’, have also attracted a great deal of attention 

due to their potential applications as high-density magnetic data 

storage media [22-25]. Nonetheless the protuberant dot arrays 

at the bottom have long been ignored. 

In this work, we report on the study of magnetic multilayers 

on self-organized hexagonal patterned nanodots. The 

semi-spherical nanodots were formed during electrochemical 

anodization of the ultra-pure aluminum foil.  It can serve as 

another important alternative curved substrate for the 

exploration of nanomaterials.  

II. EXPERIMENTAL METHOD 

High purity (~99.999%) aluminum foils purchased from 

General Research Institute for Nonferrous Metals were used for 

electrochemical anodization. Prior to anodizing, they were first 

electropolished in 4:1 ratio by volume mixture of C2H5OH and 

HClO4 to reduce the surface roughness. Standard two-step 

anodizing procedure in 0.3M oxalic acid solution at 0 C was 

performed to get the aluminum oxide with a hexagonal 

patterned nanodots surface. Though the oxide barrier layer that 

closes the bottom ends of the pores was usually unwanted, after 

removal of the aluminum at the bottom, self-ordered 

nanoporous AAO templates were obtained. Here, the 

semi-spherical shaped barrier layer was used as curved 

substrate for the deposition of magnetic multilayers.  

Magnetic multilayers with a structure of Pt (5 nm)/ [Co (0.5 

nm)/Pt (1 nm)]4/Co (0.5 nm)/Pt (5 nm) were deposited on the 

nanodots with diameters of 20, 70 and 100 nm by 

magnetron-sputtering. The angle between the direction of 

deposition and the substrate is about 30°. The deposition rate of 

Co and Pt is 0.059 nm/s and 0.01 nm/s. The substrate was 

rotated during deposition. Continuous thin films with the same 

structure were deposited on the thermally oxidized Si wafer for 

comparison.  

The morphologies of the nanodot arrays were characterized 

by scanning electron microscope (SEM) and atomic force 

microscopy (AFM). Magnetic properties of the Co/Pt 

nanostructures have been measured by a vibrating sample 

magnetometer (VSM) at room temperature. 

III. RESULTS AND DISCUSSION 
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Fig. 1 shows the synthesis procedure of anodic alumina 

with protuberant dot arrays at the bottom schematically. 

Ordered semi-spherical nanopits surface was formed after the 

first step anodization. These nanopits led to the formation of 

hexagonal pore arrays in anodic alumina. It should be noted that 

the nanopits may be used to create novel nanostructure arrays 

as well. The leftover aluminum after the second anodization 

step was removed, and hexagonal patterned nanodot arrays 

were obtained. Oxalic, sulfuric and phosphoric acids can be 

used to fabricate AAO template with different pore diameters 

[26, 27]. However, oxalic acid is the most common choice. 

Thus the anodization voltage becomes the primary controllable 

factor for the diameter of the nanostructures. The relationship 

between the pore diameter and the anodization voltage is 

correlated with a voltage dependence of the volume expansion 

of the aluminum during oxidation and the current efficiency for 

oxide formation. In this work, nanodots with diameters of 20, 

70 and 100 nm were used for further investigation.  

   Magnetic multilayers with the same structure of Pt (5 nm)/ 

[Co (0.5 nm)/Pt (1 nm)]4/Co (0.5 nm) was coated on the 

nanodots and the thermally oxidized Si wafer by 

magnetron-sputtering method. An additional 5 nm Pt layer was 

deposited to avoid oxidation. The structure and morphology of 

typical nanodot arrays with different diameters after sputtering 

are illustrated in Fig. 2. The AFM images clearly show that all 

of the three samples still maintain a hexagonal patterned 

nanostructure. The cross section analysis before and after 

deposition of Co/Pt multilayers shows the geometry of the dots. 

The depth between dots increases slightly after deposition of 

the multilayers. It should be pointed out that the total thickness 

of the magnetic stack is comparable to the height of the 20 nm 

nanodots. The formation of ordered magnetic caps was 

attributed to the deposition conditions in our sputtering system. 

The Co and Pt targets were off axis and tilted, and the substrate 

was rotating during deposition resulting in a strong shadowing 

effect. Thus only very little material is deposited around the 

edges of the nanodots. 

Magnetic properties of Co/Pt multilayers deposited on the 

hexagonal patterned nanodots were also characterized. 

Magnetometry and the first-order reversal curves (FORC’s) 

were measured with the field perpendicular to the substrate 

surface. The observed square shaped loops when the magnetic 

field was perpendicular to the films show an out-of-plane 

magnetic easy axis for the continuous films. Compared with the 

hysteresis loop of the continuous film, hysteresis loops of the 

exchange bias nanostructures were much more sheared due to 

the increase of disorder disrupting reversal as the size of the 

nanodots become smaller. 

The FORC method has proven to be a powerful method to 

provide detailed information on the magnetization reversal of a 

large variety of magnetic systems [28-31]. For each FORC, the 

sample is brought from positive saturation to a reversal field Hr, 

then the magnetization is measured under increasing applied 

field Ha. A FORC-distribution is then extracted according to 
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The FORC distribution eliminates purely reversible 

components of the magnetization switching [28, 32]. It maps 

the reversal events in terms of local coercive field Hc= (Ha- 

Hr)/2 and interaction field Hb= (Ha+Hr)/2. In the case of 

continuous flat thin films, magnetization reversal usually 

proceeds by domain nucleation and propagation [28]. For the 

multilayers deposited on the nanodots, since exchange coupling 

across individual nanocaps is somewhat impeded, each 

nanocap will reverse its magnetization almost independently, 

more so for the smaller nanodot sizes. An enhancement in Hc 

values respect the continuous film was observed for the 70 nm 

and 100 nm nanodots. Similar results have been studies by 

depositing on the nanoparticles with different diameter [33]. 

The dipole-dipole interaction between the neighboring 

nanocaps plays an important role in the enhancement of 

coercivity. Another reason for the increase of the coercivity is 

the pinning effect caused by the morphology of the nanodot 

arrays. High coercivity tail in the FORC distributions is 

apparent for both 70 nm and 20 nm samples (Figs. 3b and 3c), 

also suggesting that domain wall pinning is enhanced as the dot 

size decreases. For 100 nm dots, the vertical ridge in the FORC 

distribution (Fig. 3a) indicates the existence of strong 

demagnetizing dipolar interactions [30, 31], consistent with 

perpendicular anisotropy in the patterned Co/Pt. This vertical 

ridge diminishes in 70nm sized dots (Fig. 3b), as the 

perpendicular anisotropy decreases. Finally in the 20nm sized 

dots, the FORC distribution is much broader (Fig. 3c) due to a 

relatively higher degree of disorders [24, 34]. We also observed 

an abnormal drop in coercivity for the 20 nm sized sample. As 

the thickness of Co/Pt multilayer approaches the nanosphere 

diameter, neighboring nanocaps are interconnected, and the 

multilayer transitions from isolated nanocaps to interconnected 

caps which is similar to the continuous film. 

To further understand the magnetization reversal process of 

Co/Pt nanostructures, magnetic hysteresis loops and angular 

dependence of remanent squareness (SQ) are shown in Fig. 4. 

Series of magnetization hysteresis loops of the Co/Pt 

nanostructures with different angles between the surface of the 

substrate and the external field have been measured. When the 

angle is 0°, the magnetic field is applied parallel to the substrate 

surface; and when the angle is 90°, the external magnetic field 

is perpendicular to the substrate. Fig. 4(a), (b) and (c) show the 

magnetization hysteresis loops of the Co/Pt multilayer 

deposited on 20 nm, 70 nm and 100 nm nanodots respectively. 

For the 70 nm and 100 nm nanostructures, the magnetization 

hysteresis loop becomes more compressed with the decrease of 

the angle. To the contrary, the magnetic multilayers deposited 

on 20 nm nanodots shows an opposite trend. It can be noted 

from Fig 4(d) that squareness (SQ) values for three cases (20 

nm, 70 nm, and 100 nm dots) show different tendency with 

increasing angle. Highest value was detected at 90° for the 70 

nm and 100 nm nanodots which is the magnetic easy axis of the 

arrays. The “hard axis” type behavior for the 20 nm nanodots 

when the magnetic field was applied perpendicular to the 

substrate surface was further confirmed here. 

IV. CONCLUSION 

In summary, the semi-spherical nanodots at the bottom 

formed during electrochemical anodization of the ultra-pure 
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aluminum foil was demonstrated to be another important 

alternative curved substrate for the exploration of 

nanomaterials. Co/Pt multilayers were deposited on the 

self-organized hexagonal patterned nanodots with different 

diameters.  The curved surface still maintains a hexagonal 

patterned nanostructure even when the total thickness of the 

magnetic stack is comparable to the height of the nanodots due 

to the shadowing effect. Increasing coercivity with the decrease 

of the nanodot size was observed compared with the flat films. 

An abnormal drop of coercivity for the multilayers deposited on 

20 nm nanodots was observed. Both the dipole-dipole 

interaction between the neighboring nanocaps and the disorder 

disruption can strongly affect the magnetic reversal process of 

the nanostructures. The curvature of the protuberant dot arrays 

induces strong modifications in the magnetic properties, which 

is interesting both for technical applications and fundamental 

studies. 
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Fig. 1. The synthesis procedure of the anodic alumina with protuberant dot 

arrays: standard two-step anodizing procedure in 0.3M oxalic acid solution at 

0 C. SEM show the formation of semi-spherical nanopits and hexagonal 

patterned nanodot arrays. 
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Fig. 4. Magnetic hysteresis loops and angular dependence of remanent 

squareness (SQ) for Co/Pt deposited on (a) 20nm, (b) 70nm, and (c) 100nm 

nanodots. A summary is shown in (d).  

 
Fig. 3. FORC distributionsof Co/Pt multilayers deposited on different 

substrates: (a) 100 nm dots; (b) 70 nm dots; (c) 20 nm dots; (d) M-H loops 

of continuous film and nanodots with different diameters, which are 
measured with VSM in the out of plane geometry. The inset shows the 

corresponding enlarged M(H) loops. 

 

 
 

Fig. 2. Typical AFM images of the nanodot arrays with different diameters: (a) 
20 nm; (b) 70 nm; (c) 100 nm, after deposited with Co/Pt multilayers with a 

structure of Pt (5 nm)/ [Co (0.5 nm)/Pt (1 nm)]4/Co (0.5 nm)/Pt (5 nm). Cross 

section of the nanodots before and after Co/Pt multilayers deposition shows 

the geometry of the dots 




