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ABSTRACT

Noble/transition bimetallic nanowires of nominal composition FexRhigo-x (x =15, 25, 54) are AC elec-
trodeposited into 20 nm diameter hexagonally self-assembled nanopores of anodic alumina membranes.
Nanowires about 18 nm in diameter and 1 pm long are polycrystalline and, depending on composition,
different crystalline phases are obtained. Iron-rich (x = 54) wires are biphasic, composed by large a-Fe
grains (>100 nm in length) and clusters of small (3 nm in average) grains of fcc y-Rh(Fe) phase, with
composition near (30 +5) at% Fe. Rh-rich (x = 15, 25) nanowires are formed by very small grains of y-
Rh(Fe) phase. Grain size depends on Rh content: grains in wires with x = 15 are the smallest with a mean
size of (2.1 + 0.9) nm. The low temperature magnetic properties of these small grained nanowires exhibit
new features: they are all ferromagnetic at 5K while, at room temperature wires with 54 at.% Fe and
25 at.% Fe are ferromagnetic and those with 15 at.% Fe are weakly superparamagnetic. These behaviors
are consistent with non-compensated and very small ferrimagnetic grains surrounded by a grain
boundary disordered spin-glass-like phase that freezes below 40 K. This frozen intergranular phase fa-
vors a strong exchange coupling between the ferrimagnetic grains, which undergo a cooperative,
ferromagnetic-like behavior under an external magnetic field. Above 40 K nanowires with 54 at.% Fe are
ferromagnetic and those containing 25 at.% Fe exhibit a ferromagnetic-like behavior arising from blocked
antiferromagnetic grains. Nanowires 15 at.% Fe are weakly superparamagnetic above 40 K. Arrays con-
taining 54 at.% Fe and 25 at.% Fe exhibit a polarization reversal mechanism involving localized nucleation
and further expansion of inverse domains; this thermally activated, magnetic field assisted mechanism
exhibits an apparent activation energy between 229 kj/mol (2.3 eV) and 298 kJ/mol (3.1 eV) for nano-
wires 25 at.% Fe and 54 at.% Fe, respectively.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Microstructure requirements for these applications include
polycrystalline multiphase wires, with small grain size as they

Nanostructures containing noble and magnetic metals may be
tailored to improve their performance in catalysis and sensing, by
controlling their size, shape, composition and surface properties
[1—4]. Bimetallic nanowires with high aspect ratios are also found
to be suitable for applications in sensors and/or catalysts and
electro-catalysts.
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provide irregular surfaces with areas chemically and crystallo-
graphically different, with also distinct properties. In this sense Lee
et al. [5] showed that both, the H, detection limit and the response
time, are smaller in nanowires with a rough surface, approximately
20 times shorter than that of the smooth, as-grown one.

Near the equiatomic composition, FeRh alloys undergo a mag-
netic and structural transformation [6] from an antiferromagnetic
to a ferromagnetic phase on heating above about 400K [7]. This
transformation makes these alloys active materials in heat pumps
and refrigerators [8,9]. Moreover, nanostructures with Rh-rich
compositions are important catalysts in many organic reactions
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[10].

In addition to the magnetic functionality, magnetic catalysts
have the advantage that they may be easily recovered and reused
many times providing a practical technique for recycling the
magnetized nanostructured catalysts [11].

In recent research works we reported the first results in Fe-rich
Fe-Rh nanowires [12,13]. However, no data are available at present
concerning Fe-Rh nanowires containing 50—85 at.% Rh.

In this article, Fe-Rh nanowires with different nominal compo-
sitions are successfully synthesized by AC electrodeposition into
alumina hard templates. For the first time, Rh-rich nanowires are
investigated. The complex “as synthesized” microstructures are
characterized in detail and the magnetic hysteresis properties, such
as coercivity and relative remanence, are determined in the tem-
perature range between 5K and 300 K. The magnetization mech-
anism in these granular, multiphase nanowires is investigated, and
the activation energy barrier for inverse domain nucleation as a
function of the observed microstructure is roughly estimated.

2. Experimental details

Anodized aluminum oxide (AAO) membranes, used as hard
templates, are prepared by the well-known two-step anodization
method [14], starting from a high-purity aluminum foil (99.995%,
Alfa AEsar). The aluminum foils were first degreased with acetone,
electro-polished in a H,SO4 + H3PO4 + Hy0 2:2:1 solution, and
finally etched with NaOH to remove aluminum oxide from the
surface. The foil was anodized under a constant voltage of 20V in
0.3 M H,C,04 for 4hat 276K to form a layer of porous alumina.
After the first anodizing step, the aluminum oxide film was dis-
solved in 0.20 M Cr,03 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 conditions as the first one, for another 2 h. In these con-
ditions, arrays of ordered pores, 20 nm in diameter and about 3 pm
in length, were obtained (Fig. 1a). The membrane porosity P was

estimated as P = (m/24/3) (D/Dine)*=0.10+0.01 [15], with D=
(20+2) nm the pore diameter and Dj;= (60 +4) nm the mean
centre-to-centre interpore distance in the array.

Fe-Rh nanowires were prepared by AC electrodeposition from
an aqueous electrolytic bath containing different proportions of
FeSO4-7H,0 and RhCl3, 0.75 g/L ascorbic acid (to avoid iron oxida-
tion), and 30 g/L H3BO3, maintaining the pH value at 4.0. Electro-
deposition was carried out at room temperature with an AC voltage
between 15 and 20 Vs and 60—100 Hz during a few minutes. 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 Ko radiation (A = 1.5418 A), in the 20 range
from 30° to 90°.

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 ultra-
pure water, dispersed nanowires were obtained, as illustrated in
Fig.1lbto 1d.

The nanowire morphology was investigated in a scanning
electron microscope FE-SEM Zeiss; the mean array composition
was determined by energy-dispersive X-ray spectroscopy (EDS) in
the SEM, after three determinations involving large areas in each
array. Thus, samples are named by the iron content as Fe54
(Fes4Rhgg), Fe25 (FeasRhys) and Fel5 (FeisRhgs). These mean
compositions are actually nominal, because some nanowires are
multiphase, as will be seen below.

The individual wire nanostructure and composition were
investigated by transmission electron microscopy (TEM) in a Philips
CM200 UT and a FEI TECNAI F20 G2 microscopes, operating at

Fig. 1. SEM micrographs showing: (a) a side view of an alumina template of 20 nm pore diameter; inset: top view. Nanowires Fe15 (b), Fe25 (c) and Fe54 (d) are observed after the
removal of the aluminum support and the partial dissolution of the alumina template (see text for samples' nomenclature).
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200 kV. The mean composition of each phase was determined with
an EDS nanoprobe in the TEM. 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-Rh nanowires were measured in a
SQUID magnetometer at different temperatures up to a maximum
field of 1.5T. The external field was applied parallel (PA) and
perpendicular (PE) to the nanowire long axis. Samples had areas of
(6 x 2) mm?. 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 esti-
mated after subtracting the other contributions.

When necessary, the hysteresis loops were analyzed consid-
ering a linear contribution superimposed to a ferromagnetic one
given by Ref. [16]:

Jmm = 2—7175 arctan [(HZI:C) tan (%)} (1)

Here Js, upHc and Jg are the saturation polarization, the coercive
field and the remanent polarization, respectively, associated to the
ferromagnetic contribution and ugH is the applied field.

3. Results and discussion
3.1. Morphology and structure

Fig. 1 a shows a SEM image of the cross section of a ~3 um thick
alumina membrane (an upper view is provided in the inset). Fig. 1b
to 1 d illustrate the nanowire morphology after removing the
aluminum support and partially dissolving the alumina template in
0.1 M NaOH. Nanowires of about 20 nm in diameter and (1.1 + 0.4)
pum in length are observed.

X-ray diffractograms of the as-prepared Fe-Rh nanowires
embedded into the AAO template, are shown in Fig. 2. The
aluminum substrate was partially removed from the backside of the
samples, since the (200) diffraction line from Al is still visible.
Additionally, (111) and (200) diffraction lines from Cu are observed,
arising from residual copper crystals from the saturated copper
solution in HCI used to remove the Al support.

In addition to these lines, XRD profiles of Fe-Rh samples exhibit
small and broad peaks, probably due to small grain size and crys-
talline defects. The presence of the a-Fe(Rh) bcc phase (PDF # 00-
006-0696) cannot be ruled out, since its most intense diffraction
line coincides with the position of the residual aluminum line. For
the three samples investigated, diffractograms reveal broad and
small humps at 20 ~41°, which are indexed as the (111) line of the y-
Rh(Fe) fcc phase (PDF # 00-005-0685), suggesting the presence of
this phase with a very small grain size. This fcc phase is further
confirmed by TEM results, but no lattice parameter could be
accurately estimated. Different values have been reported; C. C.
Chao et al. measured a = 3.778 A for Fe25 and a = 3.779 A for Fe15
[17], in single-phase, metastable fcc Fe-Rh alloys obtained by rapid
quenching from the liquid. L. J. Swartzendruber [18] reports similar
values (a=3.776 A for Fe25 and a=3.788A for Fel5), both
measured at room temperature.

The nanostructure and composition of the individual Fe-Rh
wires were further investigated by TEM. Nanowires with the
higher iron content (Fe54) exhibit a branched shape, with a quite
irregular surface and mean length < 1.5 um, as can be seen in the
bright field (BF) TEM micrograph presented in Fig. 3 a. Selected area
electron diffraction (SAED) patterns and EDS spectra indicate that
the Fe54 nanowires are biphasic, consisting of segments of bcc o-Fe
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Fig. 2. XRD patterns of FexRhqgo.x Nanowire arrays embedded into the pores of the
alumina templates, after dissolving in a large extent the aluminum substrate.
Diffraction lines from a-Fe(Rh) and y-Rh(Fe) phases are indicated, together with the
corresponding ones for residual copper crystals and aluminum substrate.

phase and between them another segments of a fine grained fcc y-
Rh(Fe) phase. The individual spots and indices shown in the inset of
Fig. 3 a correspond to the bcc a-Fe phase (indicated with red rings),
and the diffraction rings, marked with yellow segments, to the fcc
v-Rh(Fe) phase (for the indices corresponding to the fcc structure
please see Fig. 4a). Ferromagnetic o-Fe segments are composed by
quite large grains with longitudinal sizes >100 nm and lateral sizes
similar to the wire diameter (mean diameter of (25 +6) nm). As
already observed in Fe and FeggRhp nanowires [12], the a-Fe seg-
ments are coated by a thin layer of magnetite, (4 +2) nm thick,
formed by very small grains, (2+ 1) nm grain size (Fig. 3b). The
additional diffraction rings observed in the SAED pattern of Fig. 3 a,
marked with white arrows, are assigned to the magnetite phase
(Fe304). This superficial oxide forms during the subsequent baths
applied during sample preparation for TEM. In Fig. 3b, a HRTEM
image of a Fe nanowire, with a magnetite layer, beside a Rh-rich
nanowire segment can be observed. This image corresponds to
the zone marked with a red rectangle in the BF micrograph of the
inset, showing the two kinds of segments found in sample Fe54.
The FFT (Fast Fourier Transform) of the complete image, displayed
in the other inset, shows two rings of spots corresponding to the
111 and 200 fcc reflections of the y-Rh(Fe) nanowire segment,
indicated with red circles, and additional spots (Fe and M) corre-
sponding to the a-Fe nanowire and its layer of magnetite, respec-
tively. The bright field image (Fig. 3c) and corresponding dark field
image (Fig. 3d) of a group of nanowires illustrate the different
morphologies of the two segments. The a-Fe segment is observed
as a single bright grain in the DF image, while the y-Rh(Fe) segment
shows much more smaller grains. Fig. 3e and 3 f depict the wire
diameter histograms of each kind of segment; note that the mean
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Fig. 3. Fe54 nanowires. (a) Bright field (BF) TEM micrograph and corresponding SAED pattern (included as inset). See text for details. (b) HRTEM image of the zone marked with a
red rectangle in the BF micrograph of the inset, showing a detail of the two kinds of segments found in sample Fe54. The FFT of the complete image shows two rings corresponding
to the 111 and 200 fcc reflections of the y-Rh(Fe) nanowire and additional spots corresponding to the a-Fe nanowire (Fe) and its layer of magnetite (M). (c) Bright field image and (d)
corresponding dark field image of a group of segments with both 111 fcc and 110 bcc reflections. (e) Wire diameter histograms for a-Fe and (f) y-Rh(Fe) segments, and it corre-
sponding log-normal fits, resulting from TEM data. (g) y-Rh(Fe) phase grain size histogram and its corresponding log-normal fit. (h) EDS spectrum of the Fe54 nanowires. Cu lines
arise from the TEM grid. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

wire diameter for the a-Fe phase, excluding the oxide film, results

including both kinds of segments. Analyzing only the Rh-rich
phase, a composition of (30+5) at.% Fe - (70+5) at.% Rh is

in an average of 17 nm, which is indistinguishable with the one
obtained for the y-Rh(Fe) segments: (19 +4) nm. The grain size
distribution of the fcc y-Rh(Fe) phase was fitted by a lognormal
function leading to a mean value of about (3 + 1) nm, see Fig. 3 g.
The EDS spectrum in Fig. 3 h corresponds to the Fe54 nanowires,

obtained.

Nanowires with iron contents below 30 at.% are single-phase. In
samples Fe25 and Fe15 the only phase detected is the fcc y-Rh(Fe)
phase, which is reported to be paramagnetic [18]. Fig. 4 shows
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Fig. 4. Fe25 nanowires. (a) TEM overview and corresponding SAED pattern. Indexed electron diffraction rings (indicated with yellow segments) correspond to the y-Rh(Fe) fcc
phase. (b) HRTEM image of a Fe25 nanowire. The FFT of one grain, corresponding to the [011] y-Rh(Fe) zone axis, is shown in the inset. (c) Bright field micrograph and (d) cor-
responding dark field image with 111 fcc reflection, showing small y-Rh(Fe) grains. (e) Wire diameter and (f) grain size histograms and corresponding log-normal fits, resulting from
TEM data. (g) EDS spectrum of the y-Rh(Fe) phase nanowires. Cu lines arise from the TEM grid. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

different aspects of Fe25 nanowires; at this scale they exhibit a
quite irregular and “granular” morphology (Fig. 4a) with mean
lengths <1.7 um. They are composed of very small grains of fcc y-
Rh(Fe) phase, as can be observed in the SAED pattern (Fig. 4 a inset)
and the HRTEM image in Fig. 4 b, where a grain oriented in the [011]
fcc zone axis can be identified by its FFT in the inset of the figure. To
obtain a statistical analysis of the grain size, bright and dark field
images were acquired, as shown in Fig. 4c and d. The wires’'

diameter distribution in the array and the y-Rh(Fe) phase grain
diameter were also fitted by log-normal functions, leading to a
mean nanowire diameter of (10 + 3) nm and a mean grain size of
(4+1) nm (Fig. 4e and 4f). The composition of the small y-Rh(Fe)
grains, obtained from EDS spectra, results in (29 +5) at.% Fe -
(71+5) at.% Rh (Fig. 4g), which is statistically indistinguishable
from the composition of this phase in Fe54 nanowires.

The morphology and structure of Fel5 nanowires are very
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similar to the ones of samples Fe25; Fig. 5 resume the main results
for these nanowires. From the overview of the nanowires and the
corresponding SAED pattern (Fig. 5a), it can be observed that they
also exhibit an irregular morphology, are single-phase and
composed by y-Rh(Fe) fcc grains. In the HRTEM image shown in
Fig. 5 b, even though the small grains cannot be clearly identified, a
ring corresponding to the 111 reflection of the fcc y-Rh(Fe) grains
can be observed in the FFT of the image. Fig. 5c and 5 d illustrate

1013

typical bright and dark field images of the nanowires, from which
the histograms in Fig. 5e and 5 f were built; a mean wire diameter of
(17 +£5) nm and a grain size of (2.1 + 0.9) nm were obtained. The
composition of these nanowires was estimated from EDS spectra in
(14 + 3) at.% Fe - (86 + 3) at.% Rh (Fig. 5g). The very small sizes of the
v-Rh(Fe) phase, observed in the three samples investigated,
explained the absence of intense diffraction lines of this phase in
the XRD profiles shown in Fig. 2.
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Fig. 5. Fe15 nanowires. (a) TEM overview. The corresponding SAED pattern is included as an inset. Electron diffraction rings of y-Rh(Fe) fcc phase are indicated with yellow
segments. (b) HRTEM image of a Fe15 nanowire. The FFT of the complete image shows a ring corresponding to 111 fcc reflection. (c) Bright field TEM image of a bunch of Fe15
nanowires and (d) corresponding dark field image with 111 fcc reflection. (e) Wire diameter and (f) grain size histograms and corresponding log-normal fits, resulting from TEM
data. (g) EDS spectrum of the y-Rh(Fe) phase nanowires. Cu lines arise from the TEM grid. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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3.2. Temperature dependence of the hysteresis properties

Magnetic hysteresis loops of Fe54 nanowire arrays are shown in
Fig. 6; polarization vs. magnetic field was measured with the field
applied parallel (PA) and perpendicular (PE) to the nanowire long
axis. Samples are predominantly ferromagnetic in the entire tem-
perature range between 5K and 300 K as shown in Fig. 6a and 6 b.
respectively, mainly due to the large a-Fe grains; they exhibit the
magnetization easy axis along the nanowire axis due to a large
aspect ratio, leading to appreciable shape anisotropy.

The hysteresis loops corresponding to samples Fe25 are dis-
played in Fig. 7. In this case the loop at 5K (below the Tsz =40K)
and that at 300K are also both ferromagnetic-like. It is worth
noting that loops Fe25 and Fe15 show a relatively large diamagnetic
contribution and that the magnetic signal (about 50—70 pemu) is
one magnitude order lower than in Fe54 (about 800 pemu).
Nanowires Fe15 also exhibit a ferromagnetic-like behavior at low
temperature but above 40K the loops have a predominant
diamagnetic contribution arising from the alumina template as
shown in Fig. 8. Only a small kink near zero fields suggests a very
small superparamagnetic contribution. The fcc y-Rh(Fe) phase in all
the nanowires in the present work have very small grain size
(2—4 nm), leading to large volume fractions of the chemically and
atomically disordered phase at the grain boundaries. Then the
different behaviors of Fe25 and Fe15 nanowires may be explained
by a lower Fe content and the smaller grain size in samples Fe15.

Coercivity and squareness measured at 5K as functions of the
iron content in the nanowires are not monotonic, but depend on
the phases formed (Fig. 9). Hysteresis is observed at this temper-
ature because all samples undergo collective magnetization
mechanisms. Larger values of poHc and S correspond to samples
with high iron contents (>50%) because they all contain the bcc a-
Fe phase, contributing to high values of shape anisotropy. As ex-
pected, a lower magnetic hardness is observed in nanowires with
less iron content and entirely composed by small ferrimagnetic fcc
v-Rh(Fe) grains, exchange coupled through the frozen spin-glass
intergranular phase.

Magnetization vs. temperature was measured between 5 K and
300K for the PA orientation, following the Zero Field Cooling-Field
Cooling (ZFC-FC) protocol, under an applied magnetic field of
10 mT. Fig. 10 depicts these curves, which display special features.
All the curves show hysteresis: that corresponding to Fe54 displays
ferromagnetic-like characteristics above 50K, with an irrevers-
ibility temperature above 300K. In Fe25 nanowires the
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temperature of complete irreversibility is also above 300 K, but the
curve profile suggests a ferromagnetic-like contribution probably
associated to blocked grains [19]. That corresponding to Fel5 is
superparamagnetic-like above 50 K. The ferromagnetic behavior of
Fe54 in all the temperature range is expected due to the large a-Fe
segments present in the wires. However, the bulk y-Rh(Fe) phase is
reported to be paramagnetic above 273 K.

The three curves exhibit a marked maximum at low tempera-
ture, at about 40 K. These maxima are found in the zero field cooled
sample, in the subsequent cooling under a static field of 10 mT and
in the second heating (the actual field cooled curve). A similar
behavior has been reported by different authors in bulk Fe-Rh al-
loys where a highly disordered y-Rh(Fe) (in metastable or stable
condition) is present [20—22]. In fact, they demonstrated that the
maxima and also the irreversibility in the curves displayed in Fig. 10
are associated with a nanometric grain size, in particular with a
spin-glass-like phase in the intergranular region. The coexistence of
both ferromagnetic and antiferromagnetic interactions in Fe-Rh
alloys, added to chemical disorder and a broad distribution of
interatomic distances in the highly disordered intergranular region,
are likely to account for this spin-glass-like phase. In this picture
the local temperature maxima at Tsg= 40 K correspond to the spin-
glass phase freezing. Then, the different magnetic regimes
observed below and above T, arise from the spin-glass-like char-
acter of this intergranular region.

The behavior exhibited by the (Fe, Rh) containing nanowires are
conditioned by the coexistence and significant interplay of ferro-
and antiferromagnetic interactions. Navarro et al. [21] propose that
nanocrystalline FexRh1go-x (X< 50) alloys consist of an ensemble of
weak ferrimagnetic-like nanocrystals or grains, with uncompen-
sated magnetic moment, which are surrounded by an external shell
with spin-glass-like characteristics. Considering that in the central
part of the grains magnetic disorder is also expected, these grains
are more likely to have sperimagnetic order, more than ferrimag-
netic as proposed by Ref. [21]. At low temperature, the exchange
between uncompensated moments in the nanograins, carried
through the frozen moments of the boundaries, gives rise to a
cluster glass arrangement and the sample magnetizes coopera-
tively. As the temperature rises reaching the freezing temperature
of the boundary phase, the grains become uncoupled and the
susceptibility reaches a maximum. Above this freezing tempera-
ture, depending on the grain size and the distribution width, these
grains may behave as pararamagnetic, superparamagnetic or as
blocked single domains (ferromagnetic like). This is confirmed by
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Fig. 6. Magnetic hysteresis loops of Fe54 nanowire arrays. PA and PE indicate that the magnitude is measured with the magnetic field applied parallel or perpendicular to the
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Fig. 7. Magnetic hysteresis loops of Fe25 nanowires. PA and PE indicate that the magnitude
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measured with an applied field of 10 mT parallel to the nanowire major axis.

Mossbauer Effect Spectroscopy [22] in samples FesgRhsg and
Fe,sRh74 obtained by melt-spinning and subsequent intensive ball-
milling, with grain sizes of 6—12 nm.

The hysteresis loops of as-prepared nanowire arrays Fe54 and
Fe25 were measured at different temperatures between 50 K and
300K. The evolution of coercivity and squareness with tempera-
ture, are shown in Fig. 11. Both magnitudes gradually increase at
low temperature; coercivity as well as squareness are larger in
samples Fe54, as expected for an effective anisotropy ruled by
magnetostatic/shape effects.

Assuming a thermally activated, nucleation controlled magne-
tization reversal mechanism, the temperature and field depen-
dence of the activation energy barrier and the coercive field may be
described as [23]:

d
150 Qo
= i Fe54
£ 100
T g
= N
50+ -
Fe25
0 T T T
0 100 200 300

Temperature [K]

E=E (u%) )

Hp25 k
poHe = oty — X224 7 3)

Here parameters Ey and ugHy are the apparent activation barrier
height and the critical field for reversal, respectively, extrapolated

to T=0K. The slope is then given by f§ = "O—Emfi Values for these

parameters, determined by a linear fitting of experimental data are
given in Table 1, together with values corresponding to Fe nano-
wires for comparison [13]. The activation energy values are com-
parable to those reported (2.4—5.1 eV) for a mechanism of inverse
domain nucleation in Fe nanowires by Paulus et al. [24].

The apparent activation energy barrier is found to decrease as
the Fe content reduces, suggesting that shape anisotropy is
important. In the cases of Fe and Fe54 nanowires, nucleation
(curling in a critic volume [25]) takes place in the bcc a-Fe phase
while in Fe25, the nucleus form in the ferrimagnetic fcc y-Rh(Fe)
granular phase, still blocked above 40 K up to room temperature.

4. Conclusions

For the first time, Rh-rich Fe-Rh granular nanowires with very
small grain size have been synthesized by AC electrodeposition into
porous alumina templates, and their magnetic properties evalu-
ated. Near the nominal equiatomic concentration nanowires are
biphasic, composed of large a-Fe grains and between them, ag-
glomerates of quite small (~3 nm) grains of y-Rh(Fe) phase. Nano-
wires with lower Fe concentrations (Fe25 and Fel5) are single
phase, conformed by very small grains of y-Rh(Fe) phase, with
mean sizes of about 2—4 nm. At low temperature, a reversible local
maximum is observed in the magnetization vs. temperature curves

Table 1

Parameter values arising from the best fit of eqn. (3) to data shown in Fig. 9 a. Critical
switching field at T= 0K, ugHp, slope given by § = % and the resulting values
of activation energy E, are given in eV and in kJ/mol.

Sample toHo [mMT] B[1074T/K] Eo [eV] Eo [kJ/mol]
Fe 253+ 4 -21+02 26 250
Fe54 166 +2 -1.7+0.1 3.1 298
Fe25 75+2 ~0.7+0.2 23 229
0.90
b
Fe54
-9
.90 i
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wv - . oo )
Fe25 = T
| .
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Fig. 11. Coercivity (a) and squareness (b) in Fe54 and Fe25 nanowires measured with the applied field parallel (PA) to the nanowire major axis at different temperatures.
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near 40K in all the samples, which arise from the y-Rh(Fe) phase.
This temperature is consistent with the freezing of a spin-glass-like
phase at the grain boundaries of the y-Rh(Fe) phase. Hysteresis
loops measured at 5 K indicate that all samples are ferromagnetic.
Above 40 K samples with 54 at.% Fe (Fe54) are also ferromagnetic
because of the large a-Fe grains. Samples with 25 at.% Fe (Fe25)
behave as ferromagnets due to a blocked superparamagnetic phase
composed by ferrimagnetic uncoupled grains. Instead, samples
with the lower iron content (Fe15) and the smaller grain size are
superparamagnetic from 40K to 300 K. Below 40K the Rh-rich
samples exhibit a cooperative, ferromagnetic-like behavior, due to
the freezing of the grain boundary disordered phase with the
consequent exchange coupling of grains through this intergranular
phase. Above 40 K, the coercive fields in samples Fe54 and Fe25 are
linear functions of temperature, indicating that the magnetization
reversal mechanism is controlled by the nucleation of inverse
domains.
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