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Abstract

The microstructure and the hysteresis properties of Fe-Pd nanowire arrays were studied in the as-electrodeposited
condition at 300 K, and as functions of temperature after a thermal cycle between 300 K and 950 K. FessPdss and
FessPdss nanowires, 200 nm in diameter and 7-10 um long, were electrodeposited into commercial 26 % porosity
alumina templates. Initially, the main magnetic phase in both arrays is the metastable y-Pd(Fe) disordered phase. After
a thermal cycle up to 950 K the microstructures transform into a majority ferromagnetic ordered phase (FePds in
FessPdss and FesPd in FegsPdss) embedding y-Pd(Fe) remaining grains. Curie temperatures result 500 K, 550 K and
900 K for FesPd, FePds and y-Pd(Fe), respectively. The temperature dependence of the magnetic properties exhibits
two stages: one below 500-550 K, when the two phases are ferromagnetic and another one above this temperature
when only the minority y-Pd(Fe) is ferromagnetic. Coercivity and remanence exhibit a maximum near the Curie
temperature of the corresponding ordered phase. The effective magnetic anisotropy Kes remains high up to the
magnetic transition (ferro to paramagnetic) of the ordered phase, due to the contribution of the magnetocrystalline
anisotropy of these relatively hard phases. At higher temperature, the effective anisotropy mainly arises from the
magnetostatic (shape and inter-wire dipolar interactions) contribution of the minority phase. The polarization reversal
mechanism in the y-Pd(Fe) phase is found to be the nucleation of inverse magnetic domains and the further expansion
of the domain walls into the ferromagnetic grains, surrounded by the paramagnetic ordered phase.

Keywords: Fe-Pd nanowires; Biphase magnetic systems; Metastable phases; Magnetic properties; Magnetization
process.

1. Introduction

Nanowires consisting of a noble and a magnetic metal
have proven to be quite useful in many fields such as
sensing, catalysis, optical detection, and biomedical
applications [1]. These bimetallic nanostructures with
high aspect ratios like nanowires (NWs) and nanotubes
(NTs) can be successfully obtained by low-cost
electrochemical techniques, with the advantage of being
easily scalable to the industrial production. The
particular microstructures and the magnetic hysteresis
properties resulting from different template geometries
and alloy compositions, in both the as-deposited
condition and after high temperature heat treatments,
have been widely investigated at room and lower
temperature regimes. Examples are Fe-Pt and Co-Pt [2],
Fe-Co [3,4], Co-Pd [5,6], Fe-Rh [7] and Fe-Pd [8-11]
systems. On the contrary, phase selection,

microstructure and the magnetic hysteresis properties at
temperatures well above room temperature are less
known. In fact, the phase diagram of these binary alloys
is very rich and diverse in the high temperature range,
which anticipates a large variety of magnetic
phenomena. All the main phases in the binary Fe-Pd
system are found to exhibit specific properties. For
example, the value of linear magnetostriction, A, in
FexPdioo-x alloys depends sensitively on the heat
treatment conditions. In the cooled state from 900°C,
the concentration dependence of A at room temperature
displays a pronounced maximum at 33 at. % Pd, of
about 85 x 10° at 500 Oe [12]. In the composition
range 60 < x < 70, the spontaneous volume
magnetostriction scales linearly with the square of
magnetization [13].
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On the other hand, alloys of composition close to FesPd
have high saturation magnetization, approximately 2/3
of that of Fe at room temperature, and undergo a highly
reversible face-centered cubic (fcc) to face-centered
tetragonal (fct) transformation, being very promising
candidates for applications as ferromagnetic shape
memory alloys [14, 15], or to enhance SERS-active
substrates [16].

The martensitic transformation (MT) starting, Ms, and
finishing My, temperatures in bulk samples were found
to be Ms = 40 °C and M= 12 °C [17].

Disordered metastable Fe.Pdiox alloys with 60 < x <
70, evidence a quite small value of the thermal
expansion coefficient near 100 °C (Invar property)
[18,19]. Particularly, the alloy with x = 68.8 shows a
giant magnetostriction of = 3 %, at 77 K [20].

Soft ferromagnetic FePds ordered alloys also exhibit an
anomalously low thermal expansion at high applied
pressures [21-23]. In addition, the FePds alloy can be
used in electrocatalysis to enhance the cycle stability of
hybrid Li-air batteries [24] or as an electrocatalyst in
different reactions [10, 25-29]. These magnetic
catalysts can also be easily recovered for reuse.

All the mentioned phases are ferromagnetic at and
below room temperature. Then, depending on whether
the constitutive phases are stable and/or metastable,
which are their volume fractions, sizes and
distributions, and also on the proximity to the Curie
temperature of each one, different hysteresis properties
are expected above room temperature.

In a recent paper, we have reported interesting results
on the magnetic anisotropy temperature dependence of
FessPdss NWs below room temperature [9]. Unlike the
NWs of the present paper, those were synthesized at
room temperature and only disordered cubic phases
were obtained, with no traces of an ordered phase. In
this work, we investigate the structural phases and the
hysteresis properties of Fe-Pd NWs of two different
compositions: one in the region of stability of the FePds
ordered phase at low temperature (FessPdss) and the
other one in the region of coexistence of the ordered
FePd and the a-Fe(Pd) phases below 600 °C (FegsPdss).
Performing the electrochemical synthesis at a slightly
higher temperature (40 °C instead of room temperature)
allows the formation of metastable phases which have
not been reported before for this kind of NWs,
providing a strong motivation for studying their
magnetic properties in a wide range of temperatures.
All the NW arrays were first studied in the as-deposited
state. Then, the stationary final phase selection after
thermal cycling up to 950 K was determined, and the
magnetic properties of these final microstructures were
measured in the temperature range between 300 K and
950 K. The aim is to explore magnetic transitions at
high  temperature in these low dimensional
nanostructures as well as to investigate in more detail
the magnetic behavior of less-common Fe-Pd
metastable phases at high temperature.

2. Experimental procedures

Fe-Pd nanowires were electro-synthesized using
alumina porous membranes (AAO, provided by
Whatman Co.) as templates, and electrolytic baths with
FeClz and PdClI; salts in ultrapure water. The supporting
electrolyte was ammonium citrate 0.3 M, with
ammonium hydroxide 0.25M added to the solution to
keep the pH = 9.00. The NWSs composition was
controlled by changing the Fe®* and Pd* ions
concentration in the electrolytic bath. Fe36 and Fe65
NWSs were obtained using ion ratios of [Fe*]/[Pd*] =
25/30 and 50/20 mM, respectively.

The commercial AAO membranes were 60 um-thick,
with nominal pore size diameter D = 200 nm and a pore
center-to-center distance d.. = 370 nm, rendering a
porosity P = 26%, with P = z/2\3(D/dcc)%. Prior to use,
a conductive thin gold layer was sputtered on one side
of the membranes (open by both sides), to be used as
cathode. Electrodeposition was carried out at 40°C in
order to promote crystallization of the desired phases,
using a potentiostat/galvanostat Autolab and a three-
electrode cell: a commercial Ag/AgCI electrode was
used as reference and a Pt wire as a counter electrode.
The electrodeposition potential was —1.5 V vs.
Ag/AgClI, during a deposition time of 30 min.

The samples’ morphology was studied using a Sigma
Zeiss Field Emission Scanning Electron Microscope
(FE-SEM), with an attached Oxford Energy Dispersive
Spectrometer (EDS) which allowed determining the
chemical composition. SEM images were taken after
dissolving the AAO template in order to release the
NWSs. The mean composition of the samples was
determined by EDS after measuring many relatively
large zones in each sample to improve the statistical
error, which in all cases was £2 at. %.

The total volume of metallic NWs in the array was
roughly estimated by considering each template’s
porosity, and the mean geometric parameters of each
kind of NW, as determined by SEM images.

Phase characterization was carried out using X-ray
diffraction (XRD) on two diffractometers: a Bruker D8
Advance and a PANalytical PW3830, using Cu Ka
radiation (A= 0.15418 nm) in the Bragg-Brentano
configuration.

Magnetic properties were measured with a SQUID
magnetometer (MPMS-3), from Quantum Design (San
Diego, USA), allowing an applied magnetic field up to
7 T. The furnace option, which allows sensitive
magnetometry measurements at controlled high
temperatures, was used to measure between 300 K and
950 K. Heating is achieved by a resistive heating
element, which is lithographically patterned onto the
custom-designed sample holder. A thermocouple
embedded at the holder back side measures the
temperature in the sample region, and a thermistor at
the top connector corrects for heating of the cold
junction. To maximize thermal contact, samples were
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attached to the heater stick using an alumina-based
cement. To reduce thermal gradients, the platinum
heater zone was wrapped with a thin copper-foil for
radiation shield. A turbo pump was used for vacuum
generation in the sample chamber to avoid helium
boiling-off. Thermal cycles were performed at a
constant rate of 10 K/min between room temperature
and 950 K, and hysteresis loops up to 7 T where
measured at different temperatures between 300 K and
950 K.

In addition to magnetization measurement during
thermal cycling, the evolution of the initial phase
microstructure was explored with Differential Thermal
Analysis (DTA) and Thermogravimetric Analysis
(TGA) techniques, in a TA device, during heating in Ar
atmosphere at a rate of 10 K/min.

The samples studied in this work are denoted by their
mean iron at. % composition that is, Fex = FexPdigo-x (X
= 36, 65).

3. Results and discussion

3.1. Morphology

SEM images of the NWs after partial dissolution of the
alumina templates are displayed in Figure 1 for samples
Fe36 (1a) and Fe65 (1b). The NWs replicate the pore
cylindrical shape with a quite constant diameter (200
nm); lengths L of 10 um (Fe36) and 7 um (Fe65) are
obtained, resulting in relatively large aspect ratios in
both cases (Ar = L/D ~ 50 and 35, respectively).

Figure 1. SEM images corresponding to NWs of arrays (a)
Fe36 and (b) Fe65, after being partially released from the
alumina template.

3.2. Phases and Crystallography

The X-ray diffractograms displayed in Figure 2 show
the room temperature patterns corresponding to the
arrays in the as-deposited condition, measured with the
X-ray beam incident on the arrays bottom surface, after
removing the gold layer. In Fe36 the main magnetic
phase is the y—Pd(Fe) fcc disordered (Al) solid solution.
Extra peaks of PdO, related to a minor contribution, are
detected, likely arising from oxidation during
electrodeposition. On the contrary, as-deposited Fe65
NWs are biphasic, containing —in addition to
y—Pd(Fe) — a small volume fraction of the FesPd Pm3m
(221) L1, ordered phase. Diffraction peaks from Fe;Os
are observed in this case, which correspond to a very
small proportion of this phase, likely formed during
air/water exposition during the removal of the sputtered
gold contact. This contribution, arising from the most
reactive top layer on the NWs tip, represents just a
minor surface contribution compared to the NWs bulk
one.
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Figure 2. X-ray diffractograms of (a) Fe36 and (b) Fe65 in
the as-deposited state and after a heating-cooling thermal
cycle (TT), between 300 K and 950 K at 10 K/min.



The equilibrium phase diagram of Fe-Pd alloys [30]
indicates that a paramagnetic y-FexPdiox (Al)
disordered fcc solid solution is the stable phase at high

temperature, in all the composition range (see Figure 3).

At lower temperatures and for larger iron contents (x >
70) an o-FexPdiooxalloy, having a bce-type structure is
predicted, and for x < 60 a fcc-type lattice has also been
reported [31]. In spite of that, the NWs
electrodeposited in this work, with different
compositions, all exhibit a metastable fcc disordered
structure, and contrarily to the high temperature y-
FexPdig0x phase, it is ferromagnetic as will be shown
below.

Figure 2 shows the X-ray diffractograms of Fe36 and
Fe65 nanowire arrays in the as-deposited state and after
a heating-cooling thermal treatment cycle between 300
K and 950 K at 10 K/min.

From the data in Figure 2, crystalline phases were
identified, the mean crystallite size, the lattice
parameter, and phase volume fractions were estimated
for each array in the as-deposited condition, and the
results are condensed in Table 2.
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Figure 3. Binary Fe-Pd phase diagram (adapted from [32]).
Extensions of metastable phase fields are marked as dotted
lines, while magnetic transformations are indicated with
dash-dotted lines.

Then, it is concluded that at room temperature, NWs in
the as-deposited condition are composed of a
metastable fcc-type ferromagnetic phase. In Fe65 NWs,
a quite small volume of the stoichiometric ordered
phase FesPd is also present, despite it has been reported
that this phase is not stable [33]. It is worth noting that
this iron-rich FesPd phase exhibits a larger lattice
parameter in the as-deposited state as compared to that
in the thermal treatment (TT) condition, after a thermal
cycle between 300 K and 950 K.

3.3 Thermal treatment cycling (TT)

The evolution of the initial y—Fe(Pd) fcc metastable
phase at higher temperatures was investigated by
performing a heating-cooling thermal cycle between
300 K to 950 K, at a constant rate of 10 K/min. The
temperature dependence of the array’s magnetic
polarization was measured under an external magnetic
field of 100 mT, applied parallel (PA orientation) to the
NW’s long axis. The first heating-cooling cycles
corresponding to Fe36 and Fe65 are shown in Figure
4a and 4b, respectively. As expected, all the curves
show heating-cooling hysteresis arising from the
structural transformation of the initial metastable phases
into other/s more stable ones. In addition, ordering and
magnetic transformations cannot, in principle, be
excluded.
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Figure 4. Relative magnetic polarization as a function of
temperature during the first heating-cooling cycle after
electrodeposition, for arrays (a) Fe36 and (b) Fe65.
Measurements are performed under an external magnetic
field of 100 mT. The relative polarization vs. temperature
curve for the second subsequent thermal cycle in the same
temperature range in Fe65 is also depicted in (b). Large
heating-cooling hysteresis is absent in the second cycle.

In both as-deposited arrays, Fe36 and Fe65, magnetic
polarization remains relatively low during heating up to
about 700 K, where it increases to reach a local
maximum near 820 K to further decrease reaching a
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constant value above 900 K. During the subsequent
cooling, the magnetic polarization in the two arrays
monotonously increases as temperature descends,
leading to a large hysteresis. This behavior is consistent
with the transformation of a given volume of the initial
v—Fe(Pd) fcc solid solution into the FePds; (Fe36) and
FesPd (Fe65), L1, ordered phases. Once these phases
form, no large additional changes in microstructure take
place, as observed in Figure 4b for sample Fe65, with
quite small hysteresis in the second heating-cooling
cycle. It is worth noting that during cooling, both
polarization vs. temperature curves undergo a slope
change, being this feature more marked during the
second heating-cooling cycle (see Figure 4b). This
change takes place near 550 K in Fe36 and near 500 K
in Fe65, respectively.

The phases obtained after the thermal cycle between
300 K and 950 K were identified with XRD techniques
and the resulting diffractograms, depicted in Figure 2,

are compared to those measured in the as-deposited
arrays. The main parameters’ values are summarized in
Table 2.

As depicted in Table 2, Fe36 in the initial state is
composed of 100% of Al »-Pd(Fe) phase, while after
the thermal cycle the L1, ordered FePds phase appears.
In Fe65, a small volume fraction of the L1, ordered
FesPd phase is present in the as-deposited array, in
agreement with a larger amount of iron in this sample,
and after the heat treatment this ordered phase
predominates.

At room temperature, all these phases are ferromagnetic
[34]; the Curie temperature of the L1, ordered FePds;
phase is reported to be Tc = 545 K [35] and the Curie
temperature of the L1, metastable ordered FesPd phase
is about Tc = 570 K [36], being 30 K lower in the
perfectly ordered configuration (Tc = 540 K).

Table 2. Main phases, their symmetry and volume fractions (Vol.), the lattice parameter a, and the mean crystallite size dsch,
estimated for each array (Fex) in the as-deposited condition and after a thermal cycle 300K — 950 K — 300 K (Fex-TT) are

included.
Phases Vol. Symmetry a[A]? a[A]® dsch + 10
[%] [nm]

Fe36 Al-xPd(Fe) 100 Fm3m(225)  3.8873(4) 3.890(6) 40
ICSD 103585
Al-»-Pd(Fe) 24  Fm3m(225) 3.8873(4) 3.865(4) 50
ICSD 103585

Fe36-TT _
FePds 76 Pm3m (221)  3.8550(1) 3.866(3) 10
ICSD 103582 (L1o)
Al-xPd(Fe) 90  Fm3m(225) 3.8873(4) 3.891(1) 20
ICSD 103585

Fe65 _
FesPd 10 Pm3m(221) 3.8180(1)  3.894(7) 20
ICSD 103586 L1,
Al-xPd(Fe) 33  Fm3m(225) 3.8873(4) 3.869(1) 20
ICSD 103585

Fe65-TT _
FesPd 67  Pm3m(221) 3.8180(1) 3.813(1) 20
ICSD 103586 L1,

a? From ICSD database a® This work

The magnetic transition temperature for the Al -
FexPdigox solid solution is more complex as the Curie
temperature is not a monotonic function of composition
but goes through a maximum near x = 53, as reported by
Burzo et al. [34]. For the disordered Al - FexPdioox
phase, these authors predict a Curie temperature of 550 K
and 650 K for nominal compositions corresponding to

Fe36 and Fe65 NWs, respectively. In the present work,
the magnetization drop at about 900 K is associated with
the ferro-paramagnetic transition of this Al 3= FexPdigox
phase, while the abrupt slope change at lower
temperature near the end of the temperature cycle is
assigned to the magnetic transformation of the ordered



stoichiometric phases at the Curie temperature of about thermal cycles. As indicated above, the slope change in
Tc ~ 500 K. these subsequent cycles (Figure 4) observed near 500
The evolution of the initial distribution of metastable K, corresponds to the Curie temperatures of the ordered
phases was further investigated by Thermogravimetric —stoichiometric phases FesPd and FePds.

Analysis (TGA) and Differential Thermal Analysis (DTA)

techniques between room temperature and 1000 K. Figure  Considering the data in Table 2, the microstructural
5 shows the results of the thermogravimetric and scenario after thermal cycling consists of a majority

differential thermal analysis for the investigated arrays. ordered phase (FesPd or FePds, depending on iron
The TGA curve (Figure 5a) indicates a progressive content), in which grains of the remaining Al »
water vapor weight loss from room temperature to 700 FexPdigox minority phase are immersed. Then, to
K- 800 K, depending on the array, which amounted to a understand the magnetic properties of the samples
total of 7% (Fe36) and 14% (Fe65). below ~550 K, two ferromagnetic phases with different

properties should be considered, while above this

temperature the still ferromagnetic grains of the
0- a minority Al 5~ FexPdigox phase (Tc ~ 900 K) become
embedded in a paramagnetic matrix.

Fe36

3.4 Magnetic hysteresis
— Considering that no further changes in the magnetic
polarization, J(T), are observed after the first heating-
cooling cycle, hysteresis loops of the biphasic NW
arrays were subsequently measured at increasing
————— : temperature from 400 K to 900 K, under maximum
450 600 750 900 . . . . .

T K applied field of £ 7 T. Two orthogonal field orientations
relative to the NW axis were selected: PA configuration
“ b corresponds to the external magnetic field applied
parallel to the NW axis and PE corresponds to the
direction perpendicular to the NWs axis. Hysteresis
curves measured at selected temperatures are shown in
Figure 6 and Figure 7 for Fe36 and Fe65, respectively,
displaying a restricted field interval of + 0.2T (+ 0.03T

in the inset) to illustrate the low field behavior.
It is found that both arrays are relatively soft
ferromagnetic, exhibiting low coercivity. When loops
measured in the PA and PE field configurations are
compared an effective anisotropy is concluded with

Figure 5. () TGA and (b) DTA curves corresponding magnetization easy axis parallel to the NWs axis.

to the first heating between room temperature and 950 Magnetostatic interaction among nanowires in the
K. at a rate of 10 K/min. arrays can be also deduced from their reduced

remanence. In fact, a small initial susceptibility arising
from intense magnetostatic interactions is often
observed in NW arrays; this low susceptibility rotates
the hysteresis loop leading to the observed low
remanence.

Weight loss [%]

Temperature difference [K]

450 600 750 900
T [K]

DTA measurements revealed a quite similar behavior in
both arrays, with no sharp peaks observed during the
first heating. Instead, small, and very wide maxima
appear in the curves of both samples, starting near 520
K and reaching the maximum at about 750 K,
indicating that a structural change takes place during
the first heating. Then, it is concluded that during the
first heating a given volume of the Al y FexPdigo-xsolid
solution transforms into an ordered phase (FesPd or
FePds, depending on iron content) and the
microstructure remains unchanged during subsequent
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Figure 6. Hysteresis loops in PA and PE configurations at selected temperatures, corresponding to Fe36 measured after a first
thermal cycle as described in Figure 4a.
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3.5 Temperature dependence of magnetic hysteresis
properties

The variation with temperature of the coercive field
LoHc and the relative remanence or squareness ratio S =
JrfJs (with Jr and Js the remanent and saturation
polarization, respectively) in the biphasic arrays are
depicted in Figure 8, in PA configuration.
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Figure 8. Coercive field, uoHc, (a), squareness ratio, S, (b) as
functions of temperature for samples Fe36 and Fe65. The
size of the dots in the figure is proportional to the
experimental error (estimated in 2%).

Both arrays are relatively soft, with coercivities below
40 mT, while the squareness S is always lower than 0.5.
In both samples, the coercivity and squareness ratio
exhibit a maximum near 550 K in Fe36 and 500 K in
Fe65, at the Curie temperature of the ordered FePdsand
FesPd phases in each array.

The temperature dependence of the effective uniaxial
anisotropy constant Ker of the biphasic NW arrays,
consisting of a mixture of stable and metastable phases,
was estimated from the hysteresis loops measured at
different temperatures (some of them displayed in
Figure 6 and Figure 7), by applying the area method
[33]. This method is based on the amount of energy
stored in the NWs when they are magnetized to
saturation in a given direction. Then, the effective
anisotropy Kes of each array is related to the area
enclosed by the upper branches of the PA and PE

magnetization curves. The temperature dependence of
Kerr for each array is depicted in Figure 9.

Different contributions must be considered to estimate
the effective anisotropy constant K i) the
magnetocrystalline anisotropy K, ii) the magnetostatic
shape anisotropy Ks and iii) the magnetostatic
anisotropy K;, associated to inter-wire magnetostatic
interaction in the array. Then,

Keff :KC+KS+KI' (1)
An  expression  describing the  magnetostatic
contributions to the effective anisotropy constant (the
one arising from intra-wire demagnetizing effects and
the one arising from dipolar inter-wire interactions) is
given in ref. [37]. Considering in addition a non-
negligible contribution of the magnetocrystalline
anisotropy, the effective constant can be written as:

M3
Keff = KC + 04 S(l - 3P) (2)
Parameter P in Eq. 2 is the template’s porosity, defined
as P = 7/2\3(D/dcc)? [38], which, in our case is 0.26 and
is given by the template’s characteristics.

The curves Ke vs. T are shown in Figure 9a for Fe36
and in Figure 9b for Fe65. The contribution
corresponding to the magnetostatic anisotropy Keft calc,
calculated using the second term of Eq. (2), is also
plotted for comparison.
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Figure 9. Effective magnetic anisotropy as a function of
temperature for samples Fe36 (a) and Fe65 (b), estimated
with the method of the hysteresis loop areas. The
corresponding contribution from the shape anisotropy and
magnetostatic interactions is also plotted in both pictures for
comparison.



Above 550 K, the total effective anisotropy mostly
arises from magnetostatic effects, such as shape and
dipolar interactions anisotropies. On the contrary, below
this temperature the contribution associated with the
magnetocrystalline anisotropy K¢ of the stoichiometric
ordered phase in each sample should be considered,
which vanishes above the Curie temperature. The
difference of about 2-3 x 10* J m observed near 400 K
is consistent with values reported for FessPds» by
Matsui et al. [39] for the magnetocrystalline constant of
this phase near this temperature.

The microstructural scenario above 550 K consists of a
mix of dispersed ferromagnetic y—Fe(Pd) fcc grains in a
larger volume of paramagnetic grains of the atomically
ordered phases.

3.6 Magnetization reversal mechanism

The temperature dependence of the coercive field
provides information about the magnetization reversal
mechanism operating in the magnet. As shown in
Figure 8a and Figure 9, a linear dependence may be
considered at high temperatures.

The activation barrier E for magnetization reversal may
be described by the general expression [40]:

E=E |1 _Hio]” ©)

where E| is the barrier height at zero applied field, Ho is
the external field at which the barrier vanishes, and n is
an exponent which changes for the different
mechanisms. For a mechanism of nucleation and further
propagation of the domain wall it is n = 1, leading to a
linear relationship, as that observed in Figure 8a above
550 K. Assuming that the thermal contribution to
overcome the barrier is about 25 kgT and that n = 1, the
temperature dependence of the coercive field becomes:

uoHe = poHo — aT, (4)

. 25 uoHp k
with a :M

25 pHoHo kp

, leading to a barrier height E, =

From the fitting of Eq. (4) to the

a

experimental data shown in Figure 8a, uHo and Eo
may be estimated.

The coercive field vs. temperature curves in the TT
condition are shown in Figure 10a and Figure 10b, for
samples Fe36 and Fe65, respectively. Assuming that the
effective anisotropy remains constant in the temperature
range between 500 K and 800 K (see Figure 9), where
the only ferromagnetic phase is the metastable Al »
FexPdig0x minority phase, quite good linear fits are
obtained for each sample. The fitting parameters are
listed in Table 3.

a
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Figure 10. Coercive field measured in the PA configuration
as a function of temperature, corresponding to samples (a)
Fe36 and (b) Fe65. The size of the dots in the figure is
proportional to the experimental error (estimated in 3%).

Table 3. Fitting parameters from the linear fits shown in
Figure 10. The applied magnetic field under which the
activation barrier vanishes uoHy, the curve slope o and Eo,
the apparent activation energy barrier at zero applied field,
are listed.

Fe 36 Fe65
toHo [MT] 87+3 99+1
o [mT K4 0.10 +0.01 0.12 +0.01
Eo [eV] 17402 1.7+0.2

The obtained activation energy values are comparable
to those reported for a mechanism of nucleation of an
inverse domain followed by expansion of domain walls
in Fe (2-5¢V) and Ni (1.5 — 4 eV) [41] in relatively
thin (12 — 50 nm) NWs, at low temperature. From the
temperature dependence of the coercive field and the
magnetic  viscosity these authors conclude that
magnetization reversal takes place via nucleation of
small magnetic domains, located most likely at the end
of the wires, followed by the movement of the domain
wall. For biphasic Fe-Rh NWs 20 nm in diameter [7]
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the low temperature values reported (2.3 - 3.1 eV) are
also somewhat higher but comparable to those found in
the present work.

The apparent activation energy is expected to depend
on temperature through the effective anisotropy
constant, which in turn depends on the saturation
polarization and the magnetocrystalline anisotropy of
the ferromagnetic phases in each sample. Then,
different values may be expected at high temperature.
From the data in Figure 9 and the values of the
parameters shown in Table 3, it is concluded that above
the Curie temperatures of the ordered stoichiometric
phases (~ 500 -550 K) hysteresis properties are
practically independent of the NWs composition, which
is consistent with the presence of only one
ferromagnetic phase in the arrays, which is the Al-y-
Pd(Fe) solid solution.

4. Conclusion

The main phase in FessPdss and FessPdss nanowires,
electrodeposited at 40 °C, is the metastable Al y-Pd(Fe)
fcc disordered solid solution. This metastable phase is
found to be ferromagnetic at room temperature, with a
Curie temperature near 900 K.

During a thermal cycling between 300 K and 950 K, a
volume fraction of this solid solution transforms into a
stoichiometric ordered phase, being this phase FePds for
Fe36 and FesPd for the array with a higher iron content
(Fe65). Despite the fact that the remaining Al »~Pd(Fe)
is still metastable, this phase separation remains
constant during subsequent thermal cycles up to 950 K.
The Curie temperatures of FesPd and FePd; are found to
be about 500 K and 550 K, respectively. Above this
temperature range, the biphasic NWs behave as a single
ferromagnetic phase when the ordered phases become
paramagnetic, and the hysteresis properties become
those of the minority Al »Pd(Fe) disordered
metastable phase.

The temperature dependence of the coercive field in the
arrays after thermal cycling, above about 550 K, is
consistent with a mechanism involving the nucleation
of inverse domains and the further expansion of the
domain walls in the grains/grain clusters of the
ferromagnetic phase, surrounded by the paramagnetic,
majority ordered phase. The activation energy obtained
is the corresponding to the metastable Al »Pd(Fe)
phase.
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