JMEPEG (2003) 12:584-588

©ASM International

Fabrication and Magnetic
Properties of CoPd Nanowire Arrays

Jing-Bo Ding, Dong-Huan Qin, Yi Huang, Lin Cao, and Hu-Lin Li

(Submitted 21 February 2003; in revised form 10 April 2003)

Highly ordered CoPd nanowire arrays from a co-ordination complex electrolyte solution have been fab-
ricated by alternating current electrodeposition onto nanoporous anodic alumina. Structural and magnetic
properties of the arrays were investigated by scanning electron microscopy (SEM), atomic force micros-
copy (AFM), x-ray diffraction (XRD), and vibrating sample magnetometer (VSM). A coercivity of about
1 kOe and a fair loop squareness has been obtained in the out-of-plane direction, which is promising for

perpendicular magnetic recording.
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1. Introduction

Magnetic patterned arrays have recently received consider-
able attention for their potential in high-density magnetic data
storage device, magneto-electronic, and microwave applica-
tions.""! Due to large aspect ratio and consequent high shape
anisotropy, such materials have a higher perpendicular anisot-
ropy than in bulk state or as thin films, which are suitable for
perpendicular magnetic recording. In patterned array media,
each single-domain nanosized particle (so-called nanomagnet)
could be defined as one bit of binary information. Because one
bit corresponds to a single domain particle, in principle, high
data storage density can be achieved by reducing the size and
the spacing of magnetic particles. In contrast to the conven-
tional longitudinal recording media, magnetic patterned array
media can achieve a higher density and more satisfactory sig-
nal-to-noise ratio with fewer limitations such as thermal in-
stability and superparamagnetic limit of the magnetic par-
ticle. Chou!® achieved 10 nm features with 40 nm period Ti/Cu
dots with nanolithography corresponding to 62 Gdots/cm?.
Many investigations"**! have been undertaken to fabricate
such magnetic nanowire arrays: electron beam lithography, im-
print technology, nuclear track etching, and electro-deposition
methods.

As the pore density is high, the pore distribution is uniform
and the diameter of the pores is easily controlled by anodizing
conditions. Porous anodic alumina (PAO) is an attractive tem-
plate for fabricating nanowires or nanotubes. Up to now, nano-
magnet arrays such as Fe, Co, Ni,’"'! and their alloys are
fabricated based on a PAO template and their magnetic prop-
erties are investigated. Although CoPd nanostructure arrays
have been widely investigated,!'"! few studies have examined
CoPd arrays fabricated by using electrodeposition of Co-Pd salt
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solution in PAO as there is a great difference between the
deposition potential of Co** and that of Pd**, and co-deposition
of Co** and Pd®* cannot be achieved unless some type of
complexing agent is added to pull the deposition potentials
of Pd** and Co** together. In this paper, we report on a new
way to prepare CoPd nanowire arrays. The structure and mag-
netic properties of CoPd nanowire arrays were characterized by
x-ray diffraction (XRD) and vibrating sample magnetometer
(VSM). High perpendicular anisotropy was found in such me-
dia and might be useful in perpendicular magnetic recording.

2. Experimental Procedure

2.1 CoPd/PAO-array Fabrication

Patterned PAO templates were prepared by anodic oxida-
tion of Al foil with purity of 99.999% in oxalic acid solution
under a two-step anodizing process. The whole process can be
seen in our previous works.!'*>'¥ The diameter is about 50 nm
and pore density is about 10'" cm™ in the resulting PAO tem-
plate. As the deposition potential of Co** is much lower than
that of Pd**(E®¢,**/c, = —0.277V, E®p > pg = 0.987V), the
co-deposition of Co®* and Pd** will be impossible unless
the deposition potential of Pd** decreases. In this experiment,
a solution containing Co>* and Pd** ions was prepared as
following: 0.129 g PdCl, was dissolved into 20 ml distilled
water with several drops of hydrochloric acid. Then 0.175 g
CoCl, - 6H,O was added into the solution using a magnetic
stirrer. The resulting solution was added to 20 ml ethylendi-
amine slowly under stirring condition. The complex reactions
between Co>*, Pd**, and ethylendiamine are listed below:

Co** + NH,CH,CH,NH, — [Co(NH,CH,CH,NH,)T**
Pd** + NH,CH,CH,NH, — [Pd(NH,CH,CH,NH,)]**

After the complex reactions the deposition potential of Co**
was almost the same as that of Pd**, thus achieving co-
deposition of Co®* and Pd**. The pH value of electrolyte was
adjusted to 3.6-4.8 with HCIL. CoPd nanowire arrays were fab-
ricated by AC electro-deposition at 25 °C with carbon as the
counter electrode and a PAO template as the working elec-
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Fig. 1 SEM images of CoPd nanowire arrays after partly dissolving
the PAO substrate in mixed acid solution for different time: (a) 30
min; (b) 60 min; and (c¢) 90 min
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Fig. 2 TEM image of 50 nm CoPd alloy nanowires with PAO tem-
plate removed (a) small area TEM image; and (b) large area TEM
image

trode. The deposition potential was selected to be 9.0 V ac and
frequency was 200 Hz. We found that CoPd nanowire arrays
could not be obtained at too high deposition potential (up to 10
V). This could be due to the fact that ethylendiamine central-
ized around PAO quickly and reacted with PAO, then the PAO
was dissolved and CoPd alloy was deposited on Al sheet di-
rectly. The composition of the samples was checked by Atomic
Absorption Spectroscopy (AAS) (Hitachi, 180-80, Japan) and
the atom ratio between Co and Pd in the sample is 3:7.

To obtain transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images of CoPd arrays,
the samples were partially or completely dissolved in a 0.1 M
NaOH aqueous solution.

2.2 Experimental Instrument

The microstructure, composition, and magnetism of the
samples were characterized by SEM (JOEL JSM5600LVSEM,
Japan), TEM (Hitachi 600, Japan), x-ray diffraction (XRD,
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Fig. 3 Powder Cu-Ka XRD patterns of Co, Pd, and CoPd alloy nanowire arrays (the peak of CoPd (111) overlaps partly with the peak of Pd (111))

Rigaku, QModel D/max 2400, Japan; Cu Ko radiation, N =
1.54184A), and vibrating sample magnetometer (VSM, VSM-
5s-15, Japan).

3. Results and Discussion

3.1 Structure Characteristic

Figure 1(a), (b), and (c) shows SEM micrographs of CoPd
nanowire arrays. To do this, CoPd/PAO had been dipped into
mixed acid solution (3.5vol%H;P0O,-45g/1CrO5) for 30, 60,
and 90 min, respectively, to partially dissolve the aluminum
oxide layer. CoPd nanowires fill the pores of PAO very well
(Fig. 1a), and with the dissolving time increasing, the nano-
wires are displayed. It is obvious that the nanowires are parallel
to one another and the diameters of all nanowires are almost the
same as those of PAO pores. To probe the structure character-
istic of CoPd nanowires, the aluminum oxide layer was dis-
solved completely in a 0.1 M NaOH aqueous solution. Small
area and large area of TEM images of CoPd nanowires are
shown in Fig. 2(a) and (b), from which we can see that the
diameter is about 50 nm while the length is up to 1 wm. The
aspect ratio of the wires exceeds 20, so that high shape anisot-
ropy was obtained in such CoPd nanowire arrays. Selected area
XRD also showed that the wire was composed of many mi-
crocrystals.

The x-ray diffraction (XRD) patterns of Co, Pd, and CoPd
nanowire arrays are shown in Fig. 3, where the diffraction
peaks can be assigned to Co [111], Pd [111], and CoPd [111]
alloy. The peaks are rather weak and no hexagonal HCP Co
peaks were found; such peaks are usually strong and narrow in
bulk Co and Co arrays prepared by electrodeposition.!'* The
disappearance of HCP Co can be explained by the rapid growth
of these nanowires and the effects of Pd** during electrodepo-
sition. The crystal matching between Co particle and Pd par-
ticle makes the alloy phase form, which has been also con-
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firmed by Scarani et al.l'5! who prepared CoCu alloy

nanowires. The presence of Co (111) and Pd (111) peaks im-
plies that the crystallization of CoPd was not perfect, which
will reduce the magnetic properties of the alloy arrays. Al-
though we annealed the samples at different temperatures, al-
most no change was found from the XRD and VSM results.

3.2 Magnetic Properties of CoPd Arrays

Figure 4(a) and (b) shows representative hysteresis loops
of CoPd/PAO nanowire arrays measured with an applied field
(10 kQe) parallel and perpendicular to the wire axis at room
temperature. The squareness (Mr/Ms) is as high as 0.74 and the
coercivity is 10000e when the applied field is parallel to the
axis of nanowire arrays (Fig. 4a). However, the coercivity is
only 5000e and the squareness is about 0.21 when the applied
field is perpendicular to the axis of nanowire arrays (Fig. 4b).
We can conclude that the easy magnetization direction is par-
allel to nanowire arrays while hard magnetization direction is
perpendicular to CoPd arrays. This means that the magnetic
moment of CoPd alloy arrays is oriented along the nanowire
arrays, and every nanowire can be regarded as a single domain
structure. The CoPd/PAO arrays show high perpendicular mag-
netic characteristics.

The principal origin of perpendicular anisotropy is due to
the competition between magnetocrystalline anisotropy and
shape anisotropy. In this case, because the aspect ratio of CoPd
nanowire is very high (up to 20), magnetocrystalline anisotropy
plays a minor role to the magnetic anisotropy. The strong mag-
netic anisotropy found in the localized CoPd alloy arrays is
mainly predominated by shape anisotropy with the easy axis
parallel to nanowires. At a first approximation, we can there-
fore assume that the magnetic properties of CoPd alloy arrays
are governed by shape anisotropy. The shape anisotropy field
estimated by infinite cylinder (Hy, = 2mM,) is about 31000e.
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Fig. 4 Magnetic hysteresis loops for the as-deposited samples (a) out of plane: with external field H parallel to the long axis of nanowires;
(b) in-plane: with external field H perpendicular to the long axis of nanowires

However, the coercivity is only about 10000e in the applied
field parallel to nanowire arrays in our work. The main reason
can be explained in several ways. First, according to infinitely
long cylinders model proposed by Stoner and Wohlfarth,™®! the
demagnetization along nanowire arrays should be zero. In fact,
the magnetic behavior is very complicated in CoPd nanowires;
many factors cannot be neglected such as various kinds of
imperfection of real particles, the effects of neighboring
nanowires, and intergranular couple between the alloy grains.
So the coherent rotation process based on such an idealized
model could not explain the behavior of hysteresis loops in
magnetic nanowire arrays and some researchers propose a new
model—the localize rotation model.''”! In our previous
work!"¥ we found that every single nanowire represented a
single domain structure and each single domain was sur-
rounded by six single domains whose directions were in op-
position. The effects of neighboring wires as effective-field is
corrected by AH = —ANM™! (AN is a function of packing
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density). This demagnetizing-field correction will shear the
hysteresis loop and so that decrease the coercivity or the per-
pendicular anisotropy. Second, at low Co concentrations, Co-
Pd alloys are known to have large negative anisotropy con-
stants K, and K,, resulting in a <111> easy axis,!'®! which is
also found in our XRD data. The <111> axis is parallel to
nanowire arrays. However, the lower degree of crystallinity
and internal stress that were formed during rapid deposition
will decrease perpendicular anisotropy and induce anisotropy,
which causes a departure from the easy axis. Based on the
localized reversal model in which many factors are taken into
account, H, can be simply expressed phenomenologically as
follows:™!

2K, NoM
=o o — Negr
C MS € S
a is a parameter that depends on grain orientation and reversal
mechanism and N, is an effective demagnetizing factor that is

H
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related to magnetostatic interactions. According to the calcu-
lation H, value is only about 20-30% of H, and less than that
estimated by the infinite cylinder model. Our results confirm
with this model very well.

4. Conclusion

In summary, patterned CoPd nanowire arrays were fabri-
cated by AC electrodeposition with PAO as template. TEM,
SEM, XRD, and VSM were used to characterize the structure
and magnetic properties of such CoPd nanostructure arrays.
High perpendicular anisotropy was found in such media and
the hysteresis loop was explained by nucleation-propagation
localized reversal model. As the density of CoPd nanowires
was very high, it was very attractive in high-density perpen-
dicular recording if one single nanowire represented one bit of
binary data.
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