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a b s t r a c t

Fe and Fe90Rh10 (nominal) polycrystalline nanowire arrays, 20 nm in diameter and about 1e3 mm in
length, are successfully synthesized by AC electrodeposition into the cylindrical pores of anodized
aluminum oxide (AAO) nanotemplates. The effects of Rh addition to Fe nanowires on the resulting
microstructure, magnetic hysteresis and magnetoresistance properties are explored. As deposited
Fe90Rh10 nanowires are biphasic, with large a�Fe grains (>100 nm) and clusters of very small (1.7 nm)
grains of the ClCs type a0-FeRh phase, with a composition near Fe42Rh58. Hysteresis loops as a function of
the sample orientation relative to the external applied field indicate that the easy magnetization axis is
parallel to the nanowire long axis at all temperatures. The coercive field decreases with rhodium
addition, as expected for an effective uniaxial anisotropy controlled by shape effects; on contrary, the
relative remanence (or squareness) slightly increases. The temperature dependence of the coercive field
is consistent with a mechanism involving nucleation of inverse domains, with an apparent energy barrier
at zero fields between 2.6 and 4.1 eV. Room temperature magnetoresistance in Fe90Rh10 arrays is
negative and shows hysteresis at low fields. At low temperature a large hysteresis is observed for fields
between the knees in the hysteresis loop, with field ranges of positive and negative magnetoresistance
slopes, arising in domain wall nucleation and expansion to complete polarization reversal and in con-
ventional anisotropic magnetoresistance, respectively.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nanomaterials consisting of magnetic metals and noble metals
are essential in fields such as magnetic sensors, catalysts, optical
detection and biomedical applications [1]. Magnetic metal ele-
ments (Fe, Co, Ni) have two 4s outer most electrons and an un-
saturated 3d electron shell, which induce rich physicochemical
properties, such as specific magnetic and catalytic performances
[2,3]. Noble metals mainly contain 4d electrons (Ag, Ru, Rh, Pd) and
5d electrons (Au, Pt); comparedwithmagnetic metals, noblemetals
have more profound electron structures, exhibiting insuperable
advantages in the areas of catalysis and optical detection, based on
the surface plasmon resonance (SPR) [4,5].
Magnetic catalysts have, in particular, the benefits of easy re-
covery and reuse after the completion; this not only obviates the
requirement of catalyst filtration or centrifugation after the
completion of reactions, but also provides a practical technique for
recycling the magnetized nanostructured catalysts [6].

It is then of great scientific significance and applied value the
design and development of new magneticenoble metal multi-
functional nanostructures, the exploration of their magnetic re-
sponses or catalytic activities and the study of the relationship
between the observed properties and the size, component phases
and microstructure of these bimetallic nanomaterials [7e12].

Bimetallic, one-dimensional nanostructures with high aspect
ratios have been successfully developed; recent research works
have focused mostly on nanowires of FeePt and CoePt [13], FeeCo
[14,15], CoPd [16,17] and FePd [18]. On the contrary, the FeRh sys-
tem has been investigated at the nanoscale in the case of core (Rh)-
shell (Fe) Rh@Fe nanoparticles [1], but FeeRh nanowires have not
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Fig. 1. SEM micrographs showing side views of (upper) an alumina template of 20 nm
pore diameter and (bottom) of Fe90Rh10 nanowires, after dissolving the aluminum
support and the alumina template.
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yet been explored.
Themain drawback of noblemetals such as Rh is its high cost, so

it is of prime importance to select an appropriate processing route
to obtain the desired material, minimizing the number of synthesis
steps and also looking for high performance with low Rh content.
Regarding the processing route, the electrodeposition into tem-
plates has proven to be a relatively cheap and high yield technique
for producing large nanowire arrays directly from the deposition
procedure. In addition, the relationships between processing and
microstructure and between the microstructure and those prop-
erties of interest must be established.

In this work, we focus on the synthesis of Fe-rich (Fe90Rh10)
nanowires, and on the characterization of the resulting micro-
structure in the as-synthesized condition; size, morphology, phase
composition and surface conditions are determined. The magnetic
hysteresis and the electronic transport properties are also explored.

2. Experimental procedures

Fe and Fe90Rh10 nanowires were prepared by AC electrodepo-
sition of the metallic ions into the pores of an anodized aluminum
oxide (AAO) membrane. The porous alumina membranes were
prepared via the conventional two step anodization process [19]
applied to high-purity aluminum foils (99.995%). Before anod-
izing, the aluminum foils were degreased with acetone, electro-
polished in a H2SO4 þ H3PO4 þ H2O 2:2:1 solution, and finally
etchedwith NaOH to remove aluminum oxide from the surface. The
foil was anodized under a constant voltage of 20 V in 0.3 M H2C2O3
for 4 h at 276 K to form a layer of porous alumina. After the first
anodizing step, the aluminum oxide film was dissolved in 0.20 M
Cr2O3 and 0.40 M H3PO4 at 333 K for 1 h, to remove the oxide layer.
The second anodizing step was carried out under the same condi-
tions as the first one, for another 2 h. In these conditions, arrays of
ordered pores 20 nm in diameter and about 3e4 mm in length were
obtained, as shown in Fig. 1a. The membrane porosity P was esti-
mated as P ¼ ðp=2

ffiffiffi
3

p
ÞðDp=DintÞ2 ¼ ð0:10±0:01Þ [20], with

Dp ¼ 20 ± 2 nm the pore diameter and Dint ¼ 60 ± 4 nm the mean
centre-to-centre inter-pore distance in the array.

The electrodeposition of Fe nanowires was carried out in an
aqueous electrolytic bath containing Fe ions, prepared with FeSO4
7H2O 0.2 M, 0.009 M ascorbic acid (to avoid iron oxidation), and
HBO 0.5M, which was added to enhance conductivity. The pH value
was adjusted to 5 by adding few drops of diluted H2SO4. The
electrodeposition was conducted at room temperature under a si-
nusoidal wave of 200 Hz and 16 Vrms, for a few minutes.

Fe90Rh10 nanowires were then electrodeposited in an aqueous
electrolytic bath with 0.10 M FeSO4$7H2O, 0.0067 M RhCl3, 0.75 g/L
ascorbic acid and 30 g/L H3BO3 in ultrapure water (MilliQ RiOs 16,
Millipore), maintaining the pH value at 4.0. Deposition was carried
out at room temperature with an AC voltage of 15 Vrms and 60 Hz
during 10 min. A two electrode electrochemical cell was used,
where the aluminum still attached to the AAO template served as a
working electrode and a graphite rod as an auxiliary one; oxygen
was purged from the solutions by nitrogen bubbling before the
experiments.

X-ray diffraction (XRD) was used to identify the phases in the
nanowires; XRD profiles were recorded in a PANalytical Empyrean
diffractometer, using Cu Ka radiation (l ¼ 1.5418 Å), in the 2q range
from 30� to 90�. The mean array composition was determined by
energy-dispersive X-ray spectroscopy (EDS), in a JEOL JXA-8230
equipment, and the nanowire morphology was investigated in a
scanning electron microscope (FE-SEM) Zeiss. Samples for XRD
measurements were prepared by dissolving the remaining Al
substrate in a CuSO4 and HCl solution to eliminate intense Al X-ray
peaks; samples for SEM observations were further immersed in a
1.0 M NaOH solution to dissolve the AAO template and separate the
nanowires. After sonication and rinsing in distilled water, many
dispersed nanowires were obtained, as illustrated in Fig. 1b.

The individual wire nanostructure and composition were
investigated by transmission electronmicroscopy (TEM) in a Philips
CM200UT microscope, operating at 200 kV, with an EDS analysis
device. Samples for TEM observations were prepared by dispersing
the liberated nanowires in ethanol and further depositing a drop of
this emulsion on a holey carbon-coated copper grid.

Magnetic properties of Fe and Fe90Rh10 nanowires were
measured in a vibrating sample magnetometer (VSM) Lakeshore
7300, at room temperature with a maximum field up to 1.5 T.
Temperature dependence of magnetic properties was further
explored in a commercial Magnetic Property Measurement System
(MPMS Quantum Design), in the temperature range between 5 K
and 300 K. The external field was applied parallel (PA) and
perpendicular (PE) to nanowires. The total magnetic moment of the
assembly has contributions from the Al support (paramagnetic),
the alumina template (diamagnetic) and the metallic wires filling
the pores (ferromagnetic), so the ferromagnetic component must
be estimated after subtracting a linear contribution.

Electrical transport measurements were conducted in a com-
mercial Physical Property Measurement System (PPMS Quantum
Design), in the temperature range between 5 K and 300 K. Due to
the limitations imposed by the sample geometry (see the inset in
Fig. 10), four point resistance measurements could not be per-
formed and only a two-probe measurement was feasible by
bringing two copper wires with silver epoxy to a small area (typi-
cally 1 mm2) on both sides of the AAO. Magnetoresistance was then
measured in the longitudinal configuration, that is, with a magnetic
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field m0H
!

between �9 T and 9 T, applied parallel to the current I;
!

flowing along the nanowire major axis. Owing to the high aspect
ratio of these nanowires and that not all the wires are contacted,
any spurious contact resistance is expected to be small compared to
that of wires. When the resistance values are normalized to the
value at a common temperature, the temperature dependences of
this reduced resistance appears quite reproducible.

3. Results and discussion

3.1. Morphology and structure

As previously indicated, the mean composition of the Rh con-
taining nanowire arrays was determined by EDS, after dissolving
the remaining Al film and the alumina template; the mean value
from three different regions in the sample resulted about Fe90Rh10;
it is worth noting that this is a mean, nominal composition because
the wires are not single-phase, as will be shown later.

Fig. 2 shows the X-ray diffraction profiles of the as-prepared Fe
and Fe90Rh10 nanowires, without the aluminum support but still
embedded (ordered) into the AAO template. The narrow peak at 2q
~31.7� observed in both diffractograms corresponds to the poly-
styrene layer (PDF # 00-013-0836) deposited onto the alumina
membranes to improve theirmechanical resistance, and the peak at
43.7� corresponds to residual copper crystals.

Iron nanowires have a bcc cubic structure (PDF # 00-006-0696),
with a preferred (110) orientation along the nanowires. In addition
to the a-Fe diffraction lines, the Fe90Rh10 profile shows a broad peak
at 42.7� which is indexed as the (110) peak of the ClCs-type a0-FeRh
phase (ICSD # 108465). This identification was performed consid-
ering additional results (not shown) obtained from electron
diffraction in the TEM in these samples, and also in another group
of samples, with a higher Rh content (Fe50Rh50). In these new
samples the faint diffraction rings hardly detected for the arrays
with less Rh content are replaced by sharp and clear ones, corre-
sponding to this ClCs-type phase.

The lattice constant values a0 of the bcc iron phase present in
the Fe and Fe90Rh10 nanowire arrays were obtained after fitting the
most intense diffraction line (110) by a Pearson VII function,
using the Win Fit! Beta Release 1.2.1 (June 97), Stefan Krumm.
Institut für Geologie. Erlangen (Free software). The resulting values
(aFe ¼ 2.867 Å, aFe90 ¼ 2.864 Å) are quite similar and consistent,
within experimental errors, with the crystalline structure of a-Fe
Fig. 2. XRD diagrams corresponding to Fe and Fe90Rh10 nanowire arrays after removal
of the Al substrate. The reflection denoted by P arises from the polystyrene layer added
to improve the membrane mechanical resistance. Residual Cu crystals, originated in
the Al dissolution process, are also detected.
(a ¼ 2.866 Å, PDF # 00-006-0696).
The internal structure of Fe and Fe90Rh10 nanowires was further

investigated with TEM techniques. Figs. 3e4 depict the results for
Fe nanowires. They exhibit a branched shape, with a quite irregular
surface, with a mean length of about (0.8 ± 0.1) mm and a diameter
distribution that may be well fitted by a log-normal function, with
median of 25.4 nm and s ¼ 0.22 (Fig. 3).

Selected area electron diffraction (SAED) patterns and EDS
spectra confirm XRD results, in the sense that the wires mainly
consist in a bcc Fe-rich phase; they are formed by quite large a-Fe
grains, with longitudinal sizes between 100 and 1000 nm and
lateral sizes similar to the wire diameter (Fig. 4aeb). An additional
phase is also observed in the SAED patterns, as diffuse and faint
rings, which can be identified as magnetite (Fe3O4). A detailed
analysis of the wires indicates that they are coated by a (4 ± 1) nm
thickness magnetite layer, formed by very small grains (<10 nm), as
can be seen in Fig. 4d. This superficial oxide is likely to form during
the subsequent baths applied during sample preparation for TEM,
because the iron wire diameter is smaller but close to that of the
template, while the final one is larger than this latter one. In that
way, the mean wire diameter (including the oxide film) results in
(26 ± 4) nm, according to the log-normal fit already presented in
Fig. 3b, while the Fe nanowire diameter becomes (18 ± 2) nm. (see
Table 1).

The morphology and structure of Fe90Rh10 nanowires are also
explored by TEM, and the corresponding results are shown in
Figs. 5 and 6. These nanowires are about (1.5 ± 0.3) mm long, and
also show a branched profile, with a very small grained (4.4 nm
mean size) magnetite film coating the surface (Fig. 6). The diameter
distribution in the array was also fitted by a log-normal function
with median ¼ 27.2 nm and s ¼ 0.19, leading to a mean nanowire
Fig. 3. (a) Bright field TEM micrograph of Fe nanowires, showing their branched and
irregular shape. (b) Wire diameter histogram and its corresponding log-normal fit,
resulting from TEM data.



Fig. 4. (a) Electron diffraction [11] zone axis pattern corresponding to the a-Fe phase. Additional faint and diffuse spots are observed, which can be associated to magnetite (M)
diffraction rings. (b) Dark field (DF) image with g ¼ 110 showing a typical a-Fe grain. (c) Bright field (BF) image and corresponding dark field (DF) image with a-Fe g ¼ 110 of a Fe
nanowire. Wires are coated by a ~4 nm thickness magnetite layer. Bright field (BF) micrograph showing a group of Fe nanowires are shown in (d) with the corresponding dark field
(DF) image with magnetite g ¼ 311. The magnetite layer is composed of very small grains (<10 nm).

Table 1
Morphological parameters corresponding to the Fe and Fe90Rh10 nanowires. The
mean grain size dG, mean nanowire length L and diameter D corresponding to the
different samples, and the estimated values of the demagnetizing nanowires' factors
N// and N⊥ [21] are listed. Fe3O4

a and Fe3O4
b correspond to the surface oxide film in Fe

and FeRh wires, respectively. Values of the wire diameter without this outer
magnetite coating are indicated between brackets.

Sample Fe Fe90Rh10

D [nm] 26 ± 4 (18 ± 2) 28 ± 4 (19 ± 1)
L [mm] 0.8 ± 0.1 3.0 ± 0.6
N// 0.0105 0.0028
N⊥/ 0.4925 0.4986

Phases a Fe3O4
a a a

0
Fe3O4

b

a0 [nm] 0.2867 (1) e 0.2864 (1) 0.307 (1) e

dG [nm] 150 ± 20 4.4 ± 0.2 140 ± 20 1.7 ± 0.4 4.4 ± 0.2
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diameter of (28 ± 4) nm. The Fe-phase grain diameter is (20 ± 2) nm
and the longitudinal size between 100 and 1000 nm.

At the tip of some nanowires and between large Fe rich grains,
ensembles of very small grains of a Rh-rich ClCs-type phase are
frequently observed. This Rh-rich phase has a composition
(42 ± 5) at.% Fe e (58 ± 5) at.% Rh and is identified as the ordered
L21 a0 phase of the FeeRh binary system [22,23]. The grain size
distribution of this ordered Rh-rich phase was fitted by a log-
normal function leading to a mean value of about (1.7 ± 0.5) nm

3.2. Room temperature magnetic properties

The room temperature hysteresis loops of as-prepared samples
have been measured with the applied magnetic field parallel and
perpendicular to the nanowire axis and they are depicted in Fig. 7,
together with the same loops measured at 5 K. In both arrays the
easy magnetization axis is always parallel to the major nanowire
axis, as expected for the large shape anisotropy associated to high
aspect ratios and Fe contents. The corresponding hysteresis pa-
rameters at 300 K and at 5 K are listed in Table 2.

The coercive field of these nanowire arrays may be described by
the expression [24,25]:

m0HC ¼ m0
2 Ku

Js
� Neff JS (1)

with Ku an effective uniaxial anisotropy and Neff an effective
demagnetizing factor, taking into account inter-wire interactions
and other magnetostatic demagnetizing effects. This expression for
the coercive field is consistent with different magnetization
reversal mechanisms so additional measurements have to be
considered to determine which of them is actually responsible for
the observed coercivity. The coercive field dependence on the angle
f between the applied magnetic field and the long wire axis (easy
magnetization axis) is closely related to the operating mechanism
so it is further investigated at room temperature.
3.3. Magnetization mechanism

A possible mechanism controlling coercivity in polycrystalline
Fe nanowire arrays, with relatively large grains, has been reported
to be the nucleation by a process of local curling of inverse domains
and their further expansion to sweep the entire grain [14].
Considering reversal in a small prolate spheroid (nucleus) with an
effective uniaxial anisotropy Ku, given by contributions of crystal-
line and shape (related to the wire aspect ratio) anisotropies, the



Fig. 5. (a) Bright field (BF) TEM micrograph of a group of Fe90Rh10 nanowires. Wires
present a branched shape; at their tips and between a-Fe phase grains a new phase -
indicated by arrows - is observed. (b) Wire diameter histogram and its corresponding
log-normal fit, resulting from TEM data.
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angular dependence of the nucleation field becomes [14,26]:

m0 HCðfÞ ¼ m0
2 Ku

Js

�
nk � s

�
ðn⊥ � sÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

nk � s
�2

sin2f þ ðn⊥ � sÞ2 cos2f

r

� Neff JS:

(2)

Here, Lx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Am0=J

2
S

q
is the exchange length, which is compo-

sition sensitive through JS values, A is the exchange energy constant,
R ¼ D/2 is the mean wire radius and s ¼ k L2x=R

2;with k ¼ 1:2049
[27], takes values of 0.0482 and 0.0583 for Fe and Fe90Rh10 arrays,
respectively. Parameters nk and n⊥ ¼ (1 � nk)/2 are the nucleus
effective demagnetizing factors. Finally, the second term in the
right hand of equation (2) is a mean value of the dipolar interaction
field for applied fields forming angles between 0 and p/2 with the
major wire axis.

The angular variation of the coercive field and the relative
remanence S in the arrays are shown in Fig. 8. The main feature
observed is that coercivity and squareness remain high up to higher
angles in the Rh containing array, as if an effective “easy cone” of
about p/6 were developed. The solid line in Fig. 8a is the best fit of
equation (2) to the experimental data and the resulting parameters'
values are listed in Table 3. The effective demagnetizing factor Neff

and the uniaxial anisotropy constant Ku are larger in the Fe array
than in the Fe90Rh10 one, as expected for a system with predomi-
nant shape anisotropy and large local magnetostatic effects. An
upper bound for the shape anisotropy constant is given
by Kshapey1=4 J2S

.
m0

leading to values of 9.2 � 105 J/m3 and

7.45 � 105 J/m3 for Fe and Fe90Rh10 arrays, in good agreement with
the fitted values of Ku, listed in Table 3. These facts confirm than the
leading contribution to the effective anisotropy still arises from
magnetostatic shape effects; however, as pointed out before, in the
Rh containing arrays coercivity and squareness are less sensitive to
departures from the easy axis direction of the individual nanowires,
up to nearly f ¼ 30�, as if local magnetostatic demagnetizing fields
at the nucleation sites were less intense and more isotropic.

3.4. Temperature dependent hysteresis properties

The temperature dependence of the coercive field and the loop
squareness S (¼Jr/Js) are shown in Fig. 9 and the data for T¼ 5 K and
T ¼ 300 are included in Table 2. It is observed that the coercivity
reduces with Rh addition from 0.192 T to 0.175 T (~10%) at room
temperature certainly due to the reduction in the shape anisotropy
by replacing Fe atoms by non magnetic Rh atoms; in both systems
coercivity gradually increases when temperature decreases to 5 K,
28% in Fe90Rh10 and 39% in Fe nanowires.

The squareness is always higher in samples Fe90Rh10, and this is
almost constant in the temperature range studied. Squareness
takes very small values (less than 0.1) in the case of hysteresis loops
under fields applied perpendicular to the nanowires.

Assuming a thermally activated, nucleation controlled magne-
tization reversal mechanism, the temperature and field depen-
dence of the apparent activation energy barrier E and the coercive
field m0HC may be described as [28]:

E ¼ E0

�
1� H

H0

�
; (3)

Then, the applied field for J ¼ 0 becomes:

m0HC ¼ m0H0 �
�
m0H025 kB

E0

�
T (4)

where E0 and m0H0 are respectively, the apparent activation barrier
height and the critical field for reversal, both at T ¼ 0 K. The
resulting values for these parameters are listed in Table 4. The
activation energy values are comparable to those reported by
Paulus et al. [29] for a mechanism of inverse domain nucleation in
Fe nanowires (2.4e5.1 eV). The apparent activation energy barrier
is larger in Fe90Rh10 nanowires than in the Fe ones indicating that
more energy is necessary to create a domain wall in the nucleation
sites. An increased domainwall energy density may be expected for
sites in the a0-FeRh phase, with a magnetocrystalline energy of
about 1.3� 105 J/m3. [30], higher than that of a-Fe (0.48� 105 J/m3),
but large random anisotropy effects are also expected in this very
small grained phase, which largely reduce the effective anisotropy.
Another factor affecting the zero field and temperature barrier, is
the magnitude of magnetostatic stray fields, which are expected to
be smaller in nucleation sites at the a-a0 interfaces. The apparent
activation barrier in the perpendicular configuration is larger in
both array types; this fact may be related to an also larger difference
between the applied field (the ordinate in plots shown in Fig. 9) and
the local actual internal field for the perpendicular geometry.

3.5. Electrical behavior

The zero field electrical resistance of each array compositionwas
measured between 4 K and 300 K, at a heating rate of 2 K/min, and



Fig. 6. (a) Electron diffraction [311] zone axis pattern corresponding to the a-Fe phase. Additional faint and diffuse spots are observed, which can be associated to magnetite (M)
diffraction rings. (b) Bright field (BF) micrograph and the corresponding dark field (DF) image with a-Fe g ¼ 110 of a Fe90Rh10 nanowire. A ~4 nm thick magnetite layer is observed at
the wire surface. (c) Bright field (BF) micrograph of a Fe90Rh10 nanowire and the corresponding dark field (DF) image with FeeRh ClCs-structure type g ¼ 110. (d) EDS spectra of the
a-Fe phase and the FeeRh phase grown in the nanowire. Cu lines arise from the TEM grid. (e) Magnetite grain size histogram and its corresponding log-normal fit, resulting from
TEM data. (f) FeeRh phase grain size histogram and its corresponding log-normal fit, resulting from TEM data.
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representative curves are displayed in Fig. 10. They both exhibit the
expectedmetallic behavior; similar mean values of the temperature
resistance coefficient (TRC) are found in the mentioned tempera-
ture range, about (14 ± 6) 10�4 K�1 and (12 ± 5) 10�4 K�1 for Fe and
Fe90Rh10 samples, respectively. These effective TRC values are
smaller than those reported for bulk iron near room temperature
(62 10�4 K�1, [31]) and also for rhodium (43 10�4 K�1 [32]). When
T / 0, the resistance curve goes through a shallow minimum, at
about 16 K for Fe and 13 K for Fe90Rh10 arrays, both during heating
and cooling (not shown). It is not clear at present if this deviation
from the Matthiessen's rule arises from the two-current character
of the conduction [33] or any other phenomenon.

Resistivity measurements as a function of the applied field
provide microscopic information on the alignment of the magnetic
moments on the length scale of the electronic mean free path. With
this aim, the effect of a longitudinal magnetic field on the Fe90Rh10
array resistancewas investigated and the results are summarized in
Fig. 11, for the electric current flowing along the wires and the
magnetic field also applied parallel the wires.
Magnetoresistance effects in bulk iron single- [34e36] and poly-

crystals [37,38], and also in Fewhiskers [39] have been investigated
in the range between 300 K and 4.2 K and in fields up to 50 kOe. At
300 K the magnetoresistance shows an initial positive region con-
nected with the irreversible magnetization process, while at high
fields it shifts to a negative slope. At low temperatures, the low-
field longitudinal magnetoresistance becomes negative and at
4.2 K the longitudinal magnetoresistance reaches minimum values
at 400e1000 Oe.

Large and constant values of electrical resistance are obtained
for the unfilled alumina membrane, with both the sputtered Au
layer and built up contacts, for fields up to 9 T, so the measured
values for the filled membranes are due to the metallic nanowires.
At 300 K, when the field is applied parallel to the current, the
magnetoresistance of the filled Fe90Rh10 nanowire array undergoes
a negative variation superimposed to a drift during measurement,
which makes difficult any precise determination. The upper curve



Fig. 7. Magnetic hysteresis loops of Fe and Fe90Rh10 nanowires, measured with the applied field parallel (PA) and perpendicular (PE) to the nanowire major axis.

Table 2
Coercive fields m0HC(PA), m0HC(PE) and squareness factors [S¼ JR/JS] S(PA) and S(PE), as determined with the applied field parallel (PA) and perpendicular (PE) to themajor wire
axis, at 300 K and 5 K.

Sample T [K] m0HC(PA) [T] m0HC(PE) [T] S (PA) S (PE) JS [T] K1 � 105 [Jm�3]

Fe 5 0.2686 0.0789 0.72 0.11 0.57
300 0.1922 0.0483 0.73 0.08 2.16 0.48

Fe90Rh10 5 0.2248 0.0526 0.83 0.06
300 0.1751 0.0448 0.80 0.06 1.95 1.3

0 30 60 90
0.0

0.5

1 .0

μ 0H
C

[T
]
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=
J r(φ

)/J
s(φ

)
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Fe

Fe90Rh10

b

Fig. 8. Angular dependence of the coercive field (a) and squarness (b) for the nanowire arrays investigated; f is the angle between the applied magnetic field and the long wire axis.
Solid lines in (a) are best fits of Equation (2) to the experimental data; main fitted parameter values are quoted in Table 3.

J.S. Riva et al. / Journal of Alloys and Compounds 688 (2016) 804e813810
in Fig. 11a illustrates this effect in the field range of ±9 T, while that
at the bottom shows the range up to 2 T, where a negative
magnetoresistance is observed.
The magnetoresistance of the same Fe90Rh10 sample array at



Table 3
The effective demagnetizing factors Neff, the nucleus effective demagnetizing factors
n⊥ and nk, the shape Kshð¼ 1=2m0ðN⊥ � NkÞJ2S Þ and the effective uniaxial Ku anisot-
ropies are given together with values of the exchange length Lexð¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Am0=J

2
S

q
Þ.

Sample Ku 105 [Jm�3] Ksh 105 [Jm�3] Neff nk n⊥ Lex [nm]

Fe 8.2 9.2 0.20 0.420 0.247 2.0
Fe90Rh10 5.8 7.5 0.14 0.126 0.347 2.2

Fig. 9. Temperature dependence on the coercivity (a) and squareness (b), in Fe and Fe90Rh10 nanowires. PA and PE indicate that the magnitude is measured with the magnetic field
applied parallel or perpendicular to the nanowire long axis. Lines in plot (a) are the best linear fits to Equation (4).

Table 4
Coercive field in absence of thermal activation m0H0 and the apparent activation energy at zero applied field E0. PA and PE indicate that the field is applied parallel or
perpendicular to the long wire axis, respectively.

Sample m0H0PA [mT] m0H0PE [mT] E0PA E0PE

[kJ/mol] [eV] [kJ/mol] [eV]

Fe 253 ± 4 59 ± 3 250 ± 10 2.6 ± 0.1 306 ± 10 3.1 ± 0.1
Fe90Rh10 210 ± 4 48 ± 3 396 ± 20 4.1 ± 0.1 553 ± 20 5.7 ± 0.1
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Fig. 10. Temperature dependence of the relative resistance in Fe and Fe90Rh10 nano-
wire arrays, as measured in a two probe configuration as illustrated in the inset.
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10 K is shown in Fig. 11b, for an applied field between ±9 T. The low
field magnetoresistance at this temperature is shown in Fig. 11c,
together with the hysteresis loop displayed in Fig. 7 to illustrate the
correlation between magnetization and magnetoresistance.

At low temperature, Fig. 11b, a different behavior is found when
the applied field increases starting from remanence; first, resis-
tance rapidly decreases and after a sharp minimum, it increases
again to a local maximum that is higher than the remanent value.
Then, after going through this local maximum the magnetoresis-
tance decreases almost linearly, goes through a second minimum
and finally increases monotonously with the applied field (~B2), in a
regime mostly controlled by Lorentz Magnetoresistance (LMR). By
further decreasing the magnetic field, the resistance first decreases
reversibly down to about 2 T and then, it reduces until remanence
exhibiting hysteresis.

From Fig. 11c it may be observed that longitudinal magnetore-
sistance exhibits hysteresis mainly within the field range where a
large portion of nanowires in the array reverse their polarization,
developing a netmagnetization in the direction of the applied field;
the decrease in resistance beyond the local maxima is then con-
nected with the final magnetic moments reversible rotation to-
wards the applied field. This can be understood in the framework of
the anisotropic magnetoresistance (AMR) phenomenon related to
the change in the orientation between magnetization and current.
In addition, these results also suggest that a multidomain-like
configuration should be present in these nanowires near zero
fields, with the magnetization of these domains partially oriented
along the normal to the wire. The magnetization reversal process
initiates by the nucleation of a reversed domain; this first nucle-
ation process is accompanied by a new domain nucleation in the
neighboring region, activated by the change in stray field produced
by the first domain nucleation. The domain nucleation ‘‘avalanche’’
continues until the whole magnetization of the wire has been
reversed.



Fig. 11. Longitudinal magnetoresistance in Fe90Rh10 arrays at (a) 300 K and (b) 10 K. The inset in (b) illustrates details of the low field curve with evident hysteresis and (c) depicts
the relationship between the magnetization process and magnetoresistance.
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A similar low field behavior, has been reported by Ref. [40] at
4.2 K, for magnetoresistance in iron wires with intermediate
diameter of ~250 nm wide and 60 mm long, epitaxially deposited
onto a GaAs (110) template. Such a behavior was not observed for
larger diameters.
4. Summary

Bimetallic nanowires of nominal composition Fe90Rh10, 20 nm
in diameter and about 1e3 mm long, are AC electrodeposited into
the cylindrical pores of AAO templates. As deposited nanowires are
biphasic polycrystals, with large a-Fe grains (~150 nm long and
~20 nm diameter) and between them, agglomerates of quite small
(~1.7 nm) grains of the ClCs-type a0- Fe42Rh58 phase are observed.
Because of the nanowire large aspect ratio and the quite irregular
(branched) shape they have an enhanced volume to surface ratio.

The easy magnetization axis of the arrays is parallel to the wire
length as expected for a dominant contribution of shape effects to
the effective uniaxial anisotropy in the system; this fact also ex-
plains the lower coercivity measured in Rh containing arrays.

The angular and temperature dependences of coercivity in both
Fe and Fe90Rh10 nanowires are consistent with a magnetic polari-
zation reversal mechanism controlled by the nucleation of inverse
domains by local curling. The apparent activation energy at zero
fields is larger in Rh containing wires, while the critical field for
nucleation at 0 K is lower.

Between 4 K and 300 K, electric resistance in both arrays in-
creases with temperature following a metallic-like behavior; at low
temperature, the curves for Fe and Fe90Rh10 nanowires deviate
from the Matthiessen's rule, going through a shallow minimum at
about 14 K.

In Fe90Rh10 arrays, longitudinal magnetoresistance at room
temperature is negative, exhibits hysteresis in the low field region
and it displays a continuous drift. At low temperature this drift is
absent and at high field a reversible, nearly parabolic behavior of
the magnetoresistance is observed, corresponding to Lorentz
magnetoresistance. Hysteresis is also observed at low fields for
values below coercivity; in this range, magnetoresistance is
sequentially negative, positive and again negative corresponding to
AMR, electronic scattering by domain wall formation and
displacement, and AMR again, respectively.
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