Ferromagnetic CoPt; Nanowires : Structural
Evolution from fcc to Ordered L1,

This investigation demonstrates the magnetic
properties and nanostructures of CoPts wires arrays
that were fabricated by electrodeposition using a
porous alumina template. The X-ray absorption
analysis clearly verified the occurrence of a phase
transition in CoPts nanowires. This phase transition
significantly influences the magnetic properties and
enhances coercivity and squareness. The phase
transition of CoPts nanowires was from a random
alloy distribution to anisotropically ordered CoPts
(L72). The thermally induced phase transition of CoPts
nanowires to ordered L12 CoPts through a “cluster-
in-cluster” intermediate state via inter-diffusion
processes is revealed. The mechanism exhibited by
these CoPts nanowires is proposed to explain the
strong correlation between their magnetic character
and their atomic distribution.
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The synthesis of nanostructural materials has been
an important area of research for decades owing to
their extensive use in electronics, photonics, catalysis,
information storage, optical sensing, biological labeling,
imaging, and surface-enhanced Raman scattering
studies. In particular, the fabrication of metal nanowires
has recently attracted substantial attention because they
have unique magnetic properties and other potential
technological applications. Significant progress in the
preparation of transition metal nanowires has been
achieved by utilizing porous alumina templates. Co-
Pt alloy films exhibit strong perpendicular magnetic
anisotropy and high chemical stability.

In this investigation, the magnetic nanomaterial CoPt,
is used as a model system to understand the alloying
process that is critical in systems that exhibit such
magnetic properties as high magnetic anisotropy and
magneto-optic Kerr effects. Comprehensive structural
characterizations of bimetallic nanomaterials and their
phase transformation processes are crucial. This study
demonstrates the formation of bimetallic nanowires and
monitors their ferromagnetic phase transitions from solid
solution alloy to the chemical ordering phase (with an L1,
structure and an fcc lattice) using XAS.

Figure 1(a) presents a typical FE-SEM image of
as-prepared CoPt nanowires. The mean chemical
composition (atom %) of the nanowires, determined by
EDS microanalysis, was Co,.Pt,,, whose stoichiometry
is close to the expected 1:3 stoichiometry. Figure 1(b)
shows a magnified FE-SEM image of the as-prepared CoPt,
nanowires that were obtained by this electrochemical
method in an AAO template with a diameter of
approximately 60 nm. Figures 1(c) and 1(d) show FESEM
images of CoPt; nanowires after annealing (700 °C, 5 hr) in
5 % H,/N, atmosphere. The CoPt; nanowires are of almost
equal diameter (nearly 50 nm) and the surface is smoother
than that of as-prepared nanowires, the average length
is ~ 13 um. The segmented CoPt; nanowires (Fig. 1b)
became smooth and continuous, which indicates that
thermal treatment led to the migration of atoms and
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EXAFS was conducted to obtain better evidence of
the structural parameters of Co/Pt bimetallic nanowires.
Figure 2 shows the Co K-edge and Pt L,-edge of CoPt,
nanowires that had been annealed at the desired
annealing temperature. A broad peak at ~ 2.5 A was
observed in the Fourier transform (FT) of the Co K-edge
EXAFS spectra of the as-prepared CoPt; nanowires before
phase correction, suggesting that central Co atoms were
randomly surrounded by Co and Pt atoms. In the EXAFS
spectrum of CoPt; nanowires that had been annealed at
400 °C, a strong peak at ~ 2.4 A and a shoulder at ~ 2.6 A
obtained before phase correction, indicate that the first
shell around the Co atoms included neighboring atoms
of two elements. The peak at ~ 2.4 A is assigned to single
scattering by Co-Co atoms and the shoulder at ~ 2.6 A
corresponds to single scattering by the Co-Pt atoms. The
intensity of the FT peak at ~ 2.6 A increased, and was
higher than that of Co-Co scattering, as the annealing
Fig.1: (a) FE-SEM image of as-prepared CoPt, temperature approached to 500 °C, revealing that the first

nanowires. (b) Magniﬁgd S imag.e S shell around the Co atoms was a shell of Pt atoms rather

prepared CoPt; nanowires. (c) FE-SEM images . .

of CoPt, nanowires after thermal treatment than Co atoms. Since the Co/Pt ratio was close to 1/3, the

(700 °C, 5 hr) (d) Magnified FE-SEM image of scattering of the Pt atoms was amplified. In a bimetallic

CoPt; nanowires after thermal treatment system, a homobond pair is preferentially formed, and

(700°C, 5 hr). so the associated structure it called a “/homobond-philic”
structure. It is also called a cluster-in-cluster structure,
in which like atoms together form small clusters, which
randomly mix to form larger clusters. In the early stage
(annealing in 400 °C), the homobond-philic structure
was initially present, and the formation of a homobond
(Co-Co) rather than a heterobond (Co-Pt) was observed.

the rearrangement of the lattice structure. As a result,
annealing at high temperature increased structural
chemical ordering. Therefore, as mentioned above,

complete fcc-to-L1, transformation was achieved at 700 °C,
20 °C lower than the pure CoPt, phase transformation. As the temperature further increased, enough energy

Fig. 2: EXAFS spectra of Co K-edge
(a) and Pt L,-edge XANES
(b) upon thermal annealing
of CoPt; nanowires at de-
sired temperature, and of
corresponding foil.
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in the ordered structure (L1,). This result
is characteristic of the structural transition
of the Co-Pt bimetallic system. Based on
the above observations, we propose a
model of the growth mechanism of CoPt,
nanowires that includes a phase transition
(as depicted in scheme). CoPt; nanowires
were co-deposited on an amorphous
gold film on the back of AAO. In the initial
stage of CoPt; growth, the orientation
of the nuclei was random and a newly
coalesced compact deposit exhibited a
perfectly random orientation. The rapid
growth of low-surface-energy grains at the
expense of high-energy grains resulted
in an increase in grain size, favoring the
formation of columnar grains. Following, the
confinement of a porous nanostructure in
the AAO templates facilitated the formation
of the nanowires. Hence, the magnetic
domains (as indicated by arrows) randomly
orientated and small. Thermal treatment
increased the coercivity and squareness
by structural relaxation and reducing
the number of defects. Furthermore, the
magnetostatic vector is well known to lie
preferentially along the wire axis to reduce

Scheme: Phase transition mechanism : local structure, atomic
distribution, and corresponding magnetic domain. Co and

Pt atoms are depicted as blue and yellow balls, respectively.

the magnetostatic energy. Accordingly, the
direction of magnetization of the nanoarrays
was along the axis of the nanowires, causing

Arrows indicate individual magnetic domains.

the Hc of the parallel field to exceed that of

was provided to the Co/Pt atoms to cause them to
interdiffuse, increasing the intensity of scattering from
the Pt atoms. Upon annealing above 600 °C, the FT peaks
that corresponded to single scattering by Co-Co and Co-
Pt atoms disappeared and another peak appeared at ~
2.5 A, this could be attributed to the existence of only
Pt atoms in first scattering shell around the Co atoms in
the ordered structure (L1,). With regard to Pt atoms, the
EXAFS spectrum of as-prepared CoPt; nanowires before
phase correction included a strong peak at ~ 2.4 A and a
shoulder at ~ 2.8 A, indicating that the first shell around
the Pt atoms included neighboring atoms of two elements.
The peak at ~ 2.4 A is assigned to single scattering by Pt-
Co atoms and the shoulder at ~ 2.8 A corresponds to single
scattering by the Pt-Pt atoms. Consequently, another
peak that appeared at ~ 2.6 A after thermal treatment
may be attributable to Co and Pt atoms being in identical
positions in the first scattering shell around the Pt atoms

the perpendicular field. After annealing at
400 °C, CoPt; nanowires have a “cluster-in-
cluster structure’, their magnetic nature is attributable to
the ferromagnetic cobalt nanoclusters at this stage. As the
annealing temperature was further increased (500 °C), as
a matter of fact, significant effect was occurring although
the CoPt; nanowires retained their cluster-in-cluster
structure. Co and Pt atoms began to migrate by “inter-
diffusion”, forming some chemically ordered structure
(L1,), causing a strong ferromagnetic coupling between
Co and Pt atoms owing to the hybridization of Co 3d and
Pt 5d orbitals and the spin polarization of Pt atoms. Both
the Co cluster (blue arrows in scheme) and the CoPt,
ordered structure (yellow arrows in scheme) contributed
to the magnetic properties of the nanowires (three-fold
increase in Hc). Following annealing at over 600 °C, many
defects were present in the nanostructure, despite the
phase transformation most Co-Pt atoms (as revealed by
EXAFS), which suppressed the enhancement of coercivity
and squareness. Although the formation of an L1, phase



could increase the magnetic performance in terms of
coercivity and squareness, it destroyed the Co-Co coupling
simultaneous and reduced the contribution of the Co
clusters to the magnetic character. As shown in scheme,
only CoPt;, indicated by yellow arrows, was present in
the magnetic domain. Consequently, the coercivity and
squareness was lightly higher than following annealing at
500 °C. Finally, most of the CoPt; nanowires had a long-
range ordered structure following annealing above 700 °C.

In conclusion, the nanoscale characterization of
CoPt; nanowires and the correlation of nanostructures
with magnetic properties during phase transition were
successfully demonstrated. EXAFS data clearly verify
that CoPt; nanowires undergo a phase transition. The
occurrence of subsequent thermally induced phase
transitions in the CoPt; nanowires was clearly confirmed.
A thermally induced phase transition of CoPt; nanowires
to ordered L1, CoPt; through a “cluster-in-cluster”
intermediate state via inter-diffusion was identified. XAS
results were used to elucidate a proper scheme about the
phase transition process. Although this study concerned
the Co and Pt system, we believe that this strategy can also
be extended to other bimetallic systems.
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