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Abstract 4

A straightforward method for the synthesis of CoFe,;,CoFe,0, care/shell nanowires is described. The proposed
method starts with a conventional pulsed electrodeposition procedure‘on alumina nanoporous template. The
obtained CoFe, ; nanowires are released from the template and allowed to oxidize at room conditions during
several weeks. The effects of partial oxidation on the structural'and magnetic properties were studied by X-ray
spectrometry, Magnetometry, Scanning and<Transmission Electron Microscopy. The results indicate that the
final nanowires are composed of 5 nm iron-cobalt:alloy nanoparticles. Releasing the nanowires at room
conditions promoted surface oxidation of the nanoparticles and creates a CoFe,O, shell spinel-like structure.
The shell of the nanowires avoids internahoxidation and promotes the formation of bi-magnetic soft/hard
magnetic core/shell nanowires. The magnetic properties of both the initial single-phase CoFe, ; nanowires and
the final core/shell nanowires reveals that the change in the properties from the array are due to the oxidation
more than effects associated to released,grocesses (disorder and agglomeration).

Keywords: Nanowires, CoFe alloys/oxidation, core/shell nanostructures, bi-magnetic materials, soft/hard
magnetic structures.

1. Introduction

Nanowires (Nws)are attractive materials due to their unique properties which come from their high
aspect ratio (length/diameter). Moreover, shape-related effects make them of potential interest in
technological @and biomedicahapplications (spintronics, sensors, solar cells, field effect transistors, for
drug and gene delivery,/among others) [1-5]. The two main techniques for nanowire fabrication are
lithography [6] and electrodeposition [7]. There are many reports in the literature related to the
synthesis of nanowire arrays based on transition metals alloys [8,9]. Among these, those based in
cobaltand iron-(CoFe,) have received special attention due to their remarkable magnetic properties
such as, high Curie temperature, high saturation magnetization, and large uniaxial shape anisotropy
[10-12]. Surely, such properties grant them a wide range of potential applications, including data
storage and medical imaging [13].
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Previous reports have discussed the physical properties of CoFe, hanowires arrays obtained by
electrodeposition [14—-26]. Such studies describe mainly the relationship between Co-Fe atomic ratio
and its effect on the magnetic properties. Moreover, annealing has been used in order to enhance the
crystallinity and the magnetic properties of the Nws [27,28]. Under appropriate conditions, the
thermal treatment can be used to transform CoFe, into CoFe,04[29,30]. On the other hand, Patersoen
et al. [31] reported core/shell CoFe/CoFe,04 nanowires using electrospinning technigue that include
several additional steps after the synthesis. Hereby a straightforward procedure forihe synthesis of
CoFe, 7/CoFe,O, core/shell nanowires is proposed. In addition and in comparison to the:mentioned
authors, the proposed method does not require thermal treatments or controlled atmospheres.Besides,
the method relies on the partial oxidation process at room conditions of the initial CoFe alloy Nws
growing on alumina template. The oxidation process was development duringseveral weeks in order
to allow a growing of a thick oxide surface layer than protect the inner part of the nanowires. The
method leads to bi-magnetic soft/hard magnetic core/shell nanowires. The morpho\logical, structural
and magnetic properties were studied in detail. This kind of nanostructures are promising due to their
potential applications in permanent magnets, magnetic recording, microwave absorption and
biomedical applications [32].

2. Experimental details

Nanoporous anodic aluminum oxide (AAO) templates with an average pore diameter of 29 nm and
3.7 um thick were prepared by two-step anodization technique [33] and subsequently used for the
grow of CoFe,; nanowires. The electrical contact at the'pore bottom,was achieved by the oxide
barrier layer reduction procedure [34]. The filling of the’AAQO’s nanopores was made using a pulsed
electrodeposition procedure [15] by using a homemade two-electrode electrochemical cell, with
titanium as counter electrode and AAO as working electrode (9.82 mm effective area).

For the synthesis of the nanowires array; a solution of 30 g/L FeSO,-7H,0, 15.18 g/L CoS0O,-7H,0,
10 g/L H3BOs, and 1 g/L CsHgOs was used as electrolyte. Electrochemical deposition was performed
under pulsed current of -30 mA forl ms, with 20'ms intervals. The cycle of pulses was repeated for
twenty minutes at room temperature. After electrodeposition, the top side of AAO was polished in
order to remove remnant clusters of deposited material. Two samples were prepared: the first one just
as-prepared and the second one was dipped in 2M NaOH solution for several hours at room
temperature in order to release the n?howires. The released Nws were washed, dispersed in distilled
water and collected in a silican substrate for elemental mapping composition measurements and in a
transmission electron mieroscopy.grid. The grid and silicon substrate with the nanowires were placed
at room conditions during several weeks to allow a high oxidation degree on the nanowires. For the
magnetic measurements, the disperse nanowires in water were magnetically decanted in commercial
plastic wrap and after dried at room conditions by several weeks.

Morphology, chemical compeosition and crystalline structure were analyzed by the use of Field
Emission Scanning Electron Microscopy (FESEM, Zeiss Supra 40) equipped with Energy Dispersive
X-ray spectrometry (EDX), and High Resolution Transmission Electron Microscopy (HRTEM, 300
kV with'LaBg filament, JEOL 3010). The images at the HRTEM were acquired with a Gatan 379
camera. Magnetic characterization was done using a Quantum Design-PPMS with a vibrating sample
magnetometer head. The magnetic field dependence of the magnetization was measured up to 350 K
and 3'T. Coercive field and magnetization were measured as a function of temperature for several
temperatures ranging between 5 and 350 K. Such curves were fitted using the Marquardt-Levenberg
nonlinear algorithm [35].
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3. Results and Discussion

Fig. 1 shows a top view of the empty AAO template and a lateral view of the nanowires in the AAO
nanocavities. AAO has a pore diameter distribution between 10 and 45 nm (see Fig. 1(a) inset),and a
layer thickness of 3.7 um. The nanopores ordering were nearly uniform and hexagonally arranged.

The AAO morphology determines the aspect ratio of the Nws array. A cross-section image of the
AAO template was used to determine the nanowires length (Fig. 1(b)). Nanowires.dimensionsiare 1.2
to 3.7 um in length and 27 to 37 nm in diameter. Therefore, the length/diameter ratio of nanowires
goes up from 32 to 137.

The chemical composition of a single oxidized nanowire was measured by energy dispersive X-ray
spectrometry (Fig. 1(c)). EDX analysis was done over many different nanowires showing an
iron/cobalt ratio of 2.7/1 respectively. Intensities corresponding to carbon; oxygenysodium and silicon
were also detected. Carbon and oxygen signals are expected from manipulation of the samples at
room conditions, silicon comes from the substrate used for the measurements, and the sodium appears
from the dissolution process of the AAO template. Fig. 1(d) and (e) showsthe elemental mapping
results obtained from a single released and oxidized nanowire for the.elements of interest. From the
figure is clear than the distribution of Fe and Co from the electrodeposition and oxidation are
homogeneous along the nanowire. Fig. 1(f) shows the nanowires aggregates after the template
removal and magnetically decanted for the magnetic measurements. From the figure is clear than the
releasing process promotes the formation of bundles of/Nws randomly oriented.

Fig. 2(a) shows a TEM micrograph corresponding:to the oxidized nanowires released from the AAO.
The nanowires morphology expected from AAO geometry, was confirmed from TEM measurements.
The obtained mean diameter was around 32 nm, which closely fits the nanopore sizes of the AAO.
From high resolution images a compact ‘agglomerate of several nanoparticles (Nps), with average size
is around 5 nm forming the nanowires can be observed (see Fig. 2(b)). Similar results were reported
by other authors for Co-Fe nanowires obtained by electrodeposition [14,18].

The inset of the Fig. 2(b) shows the Fast Fourier Transform (FFT) of the HR-TEM area marked with a
yellow square. The nanoparticles.array on the surface of the oxidized nanowires exhibit a
polycrystalline structure withaAwo different cubic phases, simple and spinel-type. The (110) reflections
are associated to the simple cubig'structure while the planes (220) and (311) correspond to the spinel-
like structure (see inset Fig. 2(b)).

To identify the simple cubicand spinel structures, Selected Area Electron Diffraction (SAED)
analysis was performed on the inner (Fig. 2(c)) and the surface (Fig. 2(d)) of the nanowires. Three
crystalline phases were identified: CoFe (JCPDS card No. 49-1567), CosFe; (JCPDS card No. 48-
1817), and one spinel-like structure at the surface, CoFe,0, (JCPDS card No. 22-1086) most likely
due to the oxidation process. Since the Nps on the nanowires are small in size, it is reasonable to
believe that those at the surface will experience a complete oxidation [36,37] and will act as a coating
layer to those located at the interior of the nanowire.
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the AAO nanocavities, (c) A single Nw released and oxidized onto silicon substrate with the
corresponding EDX spectrum. Elemental mapping on (d) a single nanowire and (e) a scan along of
symmetry-axis of the Nw. (f) Nws aggregates after the template removal used for magnetic
measurements.
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The observed crystallographic planes corresponding to the identified crystalline phases are
summarized in Table 1. Both cobalt-iron alloy phases are similar from the crystallographic point of
view, with the same crystalline planes (hkl) and similar interplanar distances (see Table 1). CaoFeand
CosFe; give a stoichiometric average ratio of Co:Fe=1:2, the same used in the electrolyte. Different
electronegativity of cobalt and iron could be the reason for the formation of two crystalline phases
during the nanowires synthesis. This difference among electronegativities generates a different
deposition velocity [38] and, as result, the stoichiometry is not fixed along all the time of deposition:

Previous studies about the oxidation kinetics in iron-cobalt alloys suggest that the oxide zone thickens
parabolically with time. Parabolic rate law indicates that cationic diffusion across the growing oxide
layer controls the growth rate [39]. Since the nanowires exhibit crack-free oxide layers formed by a
porous-free outer layer (Fig. 2(a) and (b)), the cationic diffusion with the oxidation tinme is most
difficult. Therefore, nanoparticles on the nanowires are essentially passivated by. me thin oxide [40].
For applications at room conditions this oxide shell means that other passivating coatings are
unnecessary [41]. Therefore, the growing of oxide layer during severalweeks must be slow and leads
to a quasi-stationary process.

Y 1.i.)

10 1/nm

Fig. 2. (a) TEM image of the nanowires. (b) HR-TEM image of the surface of a Nw. The inset shows
the FFT of the area in yellow. Selected Area Electron Diffraction (SAED) pattern of (c) inner and (d)
surface of a nanowire.
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Table 1. Reported and observed planes corresponding to the crystal structures detected in nanowires.
The uncertainties of the interplanar distances are shown in parentheses

crystalline phase | reported (hkl) reported d [A]* | observed d [A]
CoFe 110 2.0182 2.02(1)
CogzFe; 110 2.0247

CoFe 200 1.4246 1.45(2)
C03Fe7 200 1.4317

CoFe 211 1.1655 1.16(2)
CogzFe; 211 1.1692

CoFe 220 1.0094 1.01(2)
CogFe; 220 1.0127

CoFe,0, 111 4.8470 4.94(1)
CoFe,0, 311 2.5310 258(3)
CoFe,0, 440 1.4830 1.47(2)
CoFe,0, 533 1.2798 1:22(1)

@ re® atoms in 3esite
© Co? atoms in 3dsite

Fig. 3. Unit cells plus bonds.of: CoFe and CosFe; crystal structure (left), and CoFe,O, spinel crystal

structure (right).

On the other hand, previous reports suggest than the oxidation in iron/cobalt alloys is a selective
process [39]. Where the oxidation occurrence is mainly for iron zones. At the initial stages of the
oxidation'there is a formation of iron rich oxide that promotes the enrichment of cobalt at the interface
layer. After this initial stage, solid-state diffusion of cations and anions across the oxide scale controls
the growth rate.In a simplified model for diffusion controlled oxidation, the transport proceeds by
vacancies and ionizing phase boundary reactions. Iron ionizes at the metal-oxide interface and the iron
ionsand electrons migrate outward through the oxide layer while the ionization of oxygen takes place
at the oxide-air interface. The oxygen ion diffuses inward and reacts with solute rich inner layer and

spatialgfoup (SG): Pm3m

© oxygen atom

¥ Obtained from JCPDS cards No. 49-1567, 48-1817 and 22-1086.

3
@ tetrahedral site occupied by Fe .
© octahedral site occupied by Coz*and Fe>

inverse spinell
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form islands of cobalt ferrite through internal oxidation. Through theses steps the surface shell is
formed and protect of oxidation the inner part of the nanowires.

The magnetic properties of nanowires depend on crystal structure of the phases as well as of the
atomic interaction between atoms. For example, in magnetic alloys such as CoFe and CosFe, the
cobalt coordination spheres are formed by the iron atoms (see Fig. 3 left) which give place to a direct
ferromagnetic exchange interaction. Moreover, on cobalt ferrite (CoFe,0,), the cobalt and iron.atoms
are connected through an intervening oxygen atom (see Fig. 3 right) establishing a superexchange-
type interaction. It is clear then, that the differences between the atomic structures of the tworphases
lead to complex magnetic dynamics in the CoFe, ;/CoFe,0, core/shell nanowires.

1.0 1,0
a) @ Nws with H // b) ® CoFe, ;/CoFe,0, | 1y
@ Nws with H L core/shell Nws
0,51 0,51
T=350K
] T=350K CoFe o
CosFe
= 0,0 3res = 00
= | E il = 1,02
s v
-0,5 | E «Experimental points -0151 g
10 . | 15 H () 30 10 . ‘ 1:5lpDH (M) 30
-1,0 -0,5 0,0 0,5 1,0 -1,0 -0,5 0,0 0,5 1,0

d)
CoFe, ,/CoFe,0,

c

3 | core/shell Nws
£

8 |

I

O

S

2

T U i T
0,0 0,5 1,0 0,0 0,5 1,0
pH uH (T)

Fig. 4. Hysteresis curves at 350 K corresponding to: (a) nanowires into the AAO template; and (b)
released and partially oxidized nanowires. The insets show the highest magnetic field zones. The first
derivative of AM as‘a function of H is show for (c) single-phase and (d) core/shell nanowires.

Fig. 4. shows normalized magnetization (M/Ms) as a function of applied magnetic field (H). For
nanowires within the AAO template the hysteresis curves were measures with H parallel and
perpendicular toithe Nws axis (Fig. 4(a)). The results obtained from these two measurements are fairly
different. Despite that CoFe and CosFe; phases have a low magnetocrystalline anisotropy [42], the
high-aspect ratio induces an easy magnetization axis [24,43]. For an applied magnetic field
perpendicular to the nanowires axis, the magnetic saturation is reached up at higher H values. It is
waorthinoting that for applied H parallel to the Nws axis, the values of reduced remanence
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magnetization (Mr/Ms = 0.37) and coercive field values (uoH. =104 mT) are in very good agreement
with those reported previously [16,18,19,25]. However, such values and the hysteresis loops shape are
very different for CoFe, ;/CoFe,0, core/shell nanowires. The smoothed hysteresis loop for the
core/shell nanowires is related with the lost of spatial order when them are released from the AAQO
template [44]. On the other hand, the CoFe,O, layer formed during the oxidation process strongly.
influences the magnetization dynamic. The exchange interaction between both constituents
(magnetically soft/hard) affects also the hysteresis loop [32] (see Fig. 4(b)). Such distortion result as‘a
consequence of both magnetic phases contribution, which have different coercive field.and remanence
values [45], as well as the magnetic interaction among them [32]. By means of the first derivative of
AM as a function of H it is possible to determine the number of such magnetic phases [46] (Fig. 4(c)
and 4(d)). As expected, just one maximum (wide peak) is observed for Nws measured into,the AAO
template. In this case the phases (CoFe and CosFe;) are equivalent one to another fromthe chemical
and structural point of view. Furthermore, dAM/dH vs. H curve corresponding to t\he CoFe,;/CoFe,04
core/shell nanowires shows two peaks, one related to the surface while the other one is associated to
the core.

3 g, @
a)1,00~6u..,\_3“” b)O,ZOO%: e ° )
e . B
3 e o
= @ 00,195 Iy
< g N
s o §0’) ? |
0,95- P 0,1904 _
o Experimental data - H // °. ° Ex?erimental data core/shell Nws |
________ Fit-H // ) 0185 - Fit— core/shell Nws 0
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)
> . < 1,04, o Experimental data
C) 0.6k . Experimental cfata H// d) :‘.: core/shell Nws
g @ . Flt - H // 0 8_ e
' .4 N ' ‘e - Fit — core/shell
o 0,5' Q‘ 0 | 8 0,6 | ﬂa l- Nws
= 04 N B T T
0.31 & Expérimental data core/shell Nws & . 0.21" o xperimental data - H // e .o
------ Fit — core/shell Nws B 00 o Fit - H.// ' | -
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)

Fig. 5. Normalized magnetization as a function of the temperature for (a) nanowires within the AAO
template (applied field up 3 T parallel to the Nws axis) and (b) core/shell nanowires. (c) Reduced
remanence magnetization and (d) normalized coercive field as a function of temperature for both
nanowires in the AAO template and core/shell system.

Fig. 5 shows the evolution of the normalized magnetization, remanence and coercive field as a
function of temperature. For core/shell Nws all analyzed parameters (Ms, Mg/Ms and poHc) exhibit
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strongest dependence within the temperature than those obtained for CoFe,; (these values are the
lowest at high temperature). Due to oxidation, the coordination of the cobalt and iron atoms change
(formed by oxygen atoms also). As a result, an indirect or superexchange interaction is established
between the two metals through oxygen atoms. Hence, two kinds of magnetic interactions coexist: a
superexchange interaction at the Nws external layer (metal-oxygen-metal), and a direct exchange
interaction in the nanowire core (metal-metal). The competition between these two types of magnetic
interactions causes a decrease of the average module of the exchange coupling constant (J). For CoFe
and CozFe; the module of J is 69 meV [47], and for the mixed oxide CoFe,O, is 4 meV [48]. Since.J
is related with the spin-wave stiffness constant [47], a reduction of J value enhance the magnetic
properties as a function of temperature [49]. The strength of the superexchange interaction depends on
the distance between atoms and on the angle formed by the interacting orbitals: Shorter distances and
angles closer to 180° promote the overlapping density and thus the magnetic interaction. When
temperature increases the atomic movement leads to a decrease of the overlapping\density and the
superexchange weakens.

Table 2. Magnetic Properties: best fitting parameters corresponding to Mg, Mg/Ms, and oHc as a
function of temperature obtained from equations (1), (2), (3) and (4)»B and « are the Blochs’ constant
and exponent, respectively. 1oHc and Mgo/Ms are the coercive field.and reduced remanence
magnetization, respectively, when T — 0 K. Tog and Ty are.characteristic temperatures and, # and m
are the exponents.

S

Sample B (K_a) a MRO/MSO TOR (K) ﬂ ﬂoHco (mT) Toc (K) m
Nanowires array (H 1.3x10° (1.4 [0.63 1060 0.8 (260 1289 25
applied parallel to Nws
axes)
Core/shell nanowires 2.1x10° (0.9 [0.62 470 1.9 |405 389 1.1
(released from the AAO
template)

To further examine the saturation magnetization behavior with the temperature, the Bloch law was
used to fit the Ms vs. T experimental data corresponding to nanowires into the AAO template.
According to this law, thesaturation magnetization can be modeled by [50]:

Mg = Mg, (1 — BT?) 1)

Mg, is the saturation magnetization when temperature approaches to zero, B is the Bloch constant, and
a is the Bloch exponent. The Ms parameters were obtained from the fits of approach law to magnetic
saturation [51] (see inset Fig. 4(a)).

The fitting resultsare shown in Fig. 5(a) and the obtained parameters are registered in Table 2. For the
nanowiresarray evwas 1.4, which indicates that the nanostructure size is closer to the magnetic
coherence length for canonical ferromagnetic materials [52]. Values of Bloch exponent of 3/2 appears
when the nanostructure size is larger than the single domain size. When the size is close to the
magnetic,coherence length, the dependence of a value with the nanostructure size is not clear [49]. On
the other hand, there is an agreement on the dependence of the B value with nanostructure size
reduction [49]. A decrease of the nanostructure size leads to an increment of the Bloch constant, and
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the increment of the crystal disorder could be the main reason. One can notice such effect: for
nanowires measured within the AOO template the estimated B value is one magnitude order higher
than the one obtained for Fe and Co in bulk [53,54].

For CoFe,;/CoFe,O, core/shell nanowires, the Mg parameters were extracted directly from the M vs.
H curve (inset of Fig. 4(b)). When the Nws are partially oxidized is not possible to obtain an
appropriate fit using equation (1). This is due to the superimposed phenomena emerging fromeach
involved phase and because a more complex magnetization dynamics behavior probably.takes place at
the interface region between the CoFe,; core and the CoFe,0, shell. Both facts make the system
different from the canonical ferromagnetic behavior. To tackle this challenge, we employ the
extended Bloch law (equation (2)) [55]. The extended law takes into account phenomena related to the
nanostructure size and is given by:

Ms = Mg, (1 —BT* + Aoe(_T/Tf)> ~ )

where Ag and T; are experimental values typical of the material, depending,on the nanostructure size
[55]. The second term of the equation is related to surface disorder.effects. Decoupled spins on
surface could be responsible of the Mg increment when temperature increases between 50 and 175 K
(see Fig. 5(b)) [56]. It is worth noting that the Bloch constant/for the core/shell systems is two orders
of magnitude larger than those obtained for single phase nanowires (see Table 2). Such effect could be
associated to several factors: increment of crystal disorder at'the surface or interface, effects
associated to the coexistence of two different magnetic phases [49],"change in the average value of J
module [47], anisotropy effects [57], among others.

Fig. 5(c) shows the experimental data and the best fittingiresults (equation (3)) of the Mg/Msvs. T
curves corresponding to single-phase andicore/shell'nanowires, respectively. The used model to fit the
remanence magnetization is given by [58]:

Mg _ Mpo[, (TP

Ms Mg, [1 (TOR) ] (3)
where Mgo/Mg is the reduced remanence without thermal fluctuation, and Ty is a characteristic
temperature value depending on the}mterial properties.

The value of Tor registered for nanewires into the AAO template is similar to the Curie temperature
reported for iron-cobalt alloy:[59,60]. When nanowires are released from the AAO template and are
partially oxidized, to‘form core/shell architecture, Tor and 5 values are modified (see Table 2). The Teg
value decreases almost 50%. Such temperature change could be associated with a change from a
blocked magnetic'state to.a.superparamagnetic state (the CoFe,O, nanoparticle size is below the
critical value [61])..The £ value changes significantly too. In the case of nanowires measured within
the AAO template such/value is similar to the expected for one-dimensional systems [44]. While for
Nws released and partially oxidized, § value is close to the reported for nanoparticles cluster [58].
This could be assaciated to the increment of the crystal disorder when the partial oxidation happens
and two magnetic phases coexist.

Fig.'5(d) shows experimental values and the fitting of the Hc/Hco vs. T curves. The Sharrock law [62]
was used to fit the curves (equation (4)):
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Hc = Heg [1 - (i)%] )

Toc

The parameters of equation (4) are: uHco is the coercive field without thermal fluctuations; Ty¢ is a
characteristic temperature value related to anisotropy, activation volume, inversion frequency of the
magnetic moment, and measurement time; 1/m is an exponent dependent on the configuration of the
studied magnetic system [62]. A good fit is obtained for the analyzed curves. All fitting parameters
are reported in Table 2.

For Nws measured into the AAO template, the m value is close to the one expected for magnetic
nanostructures with strong interactions [63]. On the other hand, the Hc, value is close to the calculated
for the curling mechanism of magnetization rotation (224 mT) [23,64,65]. These evidences indicate
that the nanowires magnetic behavior is determined by cooperative effects:

The studied parameters change when nanowires are released and partially oxidized (see Table 2). In
agreement with the SEM results, Nws releasing produce a lost of the order and the relative separation
among them to form agglomerates of nanowires. Both combined effects must reduce the poHco and
Mgro/Ms, values for the agglomerate nanowires compared with-array. These effects are associated with
the increase of the magnetic dipolar interactions [66—68] once released.:However, from Table 2,
reduced remanences without thermal fluctuations are very.similar for both samples. Meanwhile,
coercive field without thermal fluctuations is higher for'the releasedynanowires. These results suggest
than the changes observed in the hysteresis loops are associate t@ the formation of a hard magnetic
phase (cobalt ferrite) more than to disorder and agglomerationproduced by the nanowires release
process. The coercive field value is similar to the reported for CoFe,O, with nanoparticle size around
4.5 nm [55]. On the other hand, the m value is close to the reported for magnetic systems with
interacting single domains [69]. Such kind of interaction explains the values of Tog and Ty, relative
high values if we compare with values of the'same parameters corresponding to CoFe,O, with
nanoparticle size of 5 nm [56]. Fram.the m value it could be assumed that the magnetization rotation
mechanism is assisted by volume activation [70]. The results suggest a loss of cooperative effect in
the magnetization mechanism when nanowires are oxidized.

N

4. Conclusions

A simple method for the synthesis of cobalt-iron/cobalt-ferrite bi-magnetic soft/hard magnetic
core/shell nanowires is described. The proposed method is based in the oxidation at room conditions
of CoFe,; nanowiresobtained into the nanoporous AAO template. Electrodeposited nanowires are
formed by CoFe and CosFe; phases. The nanowires are formed by agglomerates of several
nanoparticles in a.compact array (with average nanoparticle size around 5 nm).The nanostructures
have a mean length between.1.2 and 3.7 um, and diameters between 27 and 37 nm (aspect ratio from
32 to 137). Whenthe nanowires were released from AAO template and partially oxidized, cobalt
ferrite is formed in'the surface. The magnetic properties of nanowires as a function of temperature
were studied. For'nanowires measured within the AAO template, results suggest a similar magnetic
behavior to the reported for one-dimensional systems. Evidences indicate that the magnetic behavior
of such nanowires is determined by cooperative effects of nanoparticles. The magnetic behavior
changes when nanowires are released from the AAO template and are partially oxidized. A loss of
cooperative effects in the magnetization mechanism was observed. In the same way, change from a
blocked magnetic state to a superparamagnetic state (the CoFe,O4 nanoparticle size is below the
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critical value) was inferred. For the oxidized nanowires the magnetic behavior as a function of
temperature is similar to the reported for nanoparticle clusters. This could be associated to the
increment of the crystal disorder when the partial oxidation happens and two magnetic phasescoexist.
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