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This work investigates the subtle magnetic interactions within the NixFe1�x (x¼0.3, 0.5, and 1.0) nano-

wires by probing spin-dependent behaviors of the two constituted elements. The wires were fabricated

by electro-deposition and an anode aluminum oxide template to produce free-standing nature, and the

Ni–Fe interactions were probed by x-ray magnetic spectroscopy across a BCC-FCC structural

transition. The wires’ magneto-structural properties were predominated by Ni, as reflected by a

decrease but an increase in total magnetization and FCC x-ray intensity with increasing x, even if the Fe

moment increased simultaneously. Upon annealing, a prominent charge transfer, together with the

changes of spin-dependent states, took place in the Ni and Fe 3d orbitals, and a structural disordering

was also obtained, for the wires at x¼0.3. The charge transfer led to a local magnetic-compensation for

the two elements, explaining the minor change in total magnetization for x¼0.3 probed by a

vibrational sample magnetometer. When x was increased to 0.5, however, the charge transfer became

inactive due to persistent structural stability supported by Ni, albeit resulting in nearly invariant

magnetization similar to that of x¼0.3. The complexity of the Ni–Fe interactions varied with the

composition and involved the modifications of the coupled magnetic, electronic and structural degrees

of freedom. The study identifies the roles of Ni and Fe as unequally-influential in NixFe1�x, which

provides opportunities to re-investigate the compound’s properties concerning its technological

applications.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Because permalloy (Ni80Fe20) [1,2] and invar (Ni65Fe35) [3,4]
alloys are the central components of many modern technologies,
shaping NixFe1�x into various forms in a controllable manner, and
investigating the varying properties corresponding to the shaping
have captured great research popularity. Although the properties
of NixFe1�x have been reported in several systems [5,6], probing
Ni–Fe interactions in nanostructures continues to provide a
playground for realizing the compound’s fundamental properties,
as well as for developing principles to create the functional
structures.

Motivated by this cause, we combined pulse-electrodeposition
and an anodic aluminum oxide (AAO) template to fabricate
NixFe1�x nano-wires with a precise control over the size and
shape. The wires’ coupled magnetic, electronic and structural
degrees of freedom that determine the wires’ macroscopic mag-
netism were realized by the element-specific probes of Ni and Fe.
An annealing-induced, spin-dependent Ni–Fe charge transfer
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effect was especially focused in this study. The modifications in
microscopic magnetism, and associated electronic re-establish-
ments, are often neglected if changes in macroscopic magnetism
are imperceptible. Nevertheless, the invisible electronic interac-
tions are essential, as they drive the magnetic ordering, also
serving as the cause for many anomalous effects. This is a serious
concern in NixFe1�x, because the compound disobeyed the Slater–
Pauling prediction [7,8] at certain compositions, depending on the
system and treatment [9,10]. This implies that the magnetism of
NixFe1�x is not simply the sum of the local moments of Ni and Fe
but rather depends on the local interactions of the two. The
interactions may vary with x, because increasing x altered the
crystallographic structure of NixFe1�x [5,6]. The underlying phy-
sics is still under debate due to incomplete understanding of
NixFe1�x and hence is worthy of exploration.

Using x-ray magnetic spectroscopy, we successfully discrimi-
nated the magnetisms of Ni and Fe with varying x. Further,
employing rapid thermal annealing (RTA) we were able to create
structural instability, and examine the correlation between the
structural instability and the wires’ magnetic and electronic
responses with x-dependency, based on the isolated Ni(Fe)
behaviors. We discovered a flow of spins from Fe to Ni 3d
conduction band when the structural stability was lost, despite
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the total magnetization of the wires remaining almost unaltered.
This resulted in a decrease but an increase in Fe and Ni local
moments, together with the changes of the electronic states of the
two. The element-specific probe uncovered the local magnetic-
compensation of the wires invisible to the conventional probes,
perfectly explaining the minor change in magnetization upon
annealing. However, such phenomenon was absent when the
structural stability was persistent, which can be related to the
increased dominance of Ni. In summary this work investigates
the properties of the NixFe1�x bimetallic wires from a microscopic
picture. This work subverts our thoughts that the two elements
are equally-influential in NixFe1�x, and therefore opens research
opportunities concerning the compound’s properties from both
technical and fundamental aspects.
Fig. 1. (a) Cross-sectional SEM image of the as-deposited NixFe1�x nano-wires and

(b) top-viewed SEM image of the annealed NixFe1�x nano-wires, with a larger

magnification.
2. Experimental

Pulse-electrodeposition method combined with an AAO tem-
plate were used to fabricate highly aligned NixFe1�x nano-wires
with varying compositions (x¼0.3, 0.5, and 1). To do so, a
commercial AAO featuring 60 mm in thickness and 0.25 mm in
pore-diameter (aspect-ratio¼300) was patterned by a Ti/Cu
electrode only on one side using a sputtering facility, where Ti
served as an adhesion layer between the AAO and the Cu seed
layer. The AAO inter-pore distance was about 0.45 mm. The Cu
seed layer of the Ti/Cu electrode was not completely homoge-
neous, so an extra Cu-electrodeposition on the AAO/Ti/Cu was
followed to provide better quality of Cu, operating at a deposition
current of 15 mA and a deposition time of 1.5 h. Afterwards, the
AAO/Ti/Cu was immersed into a deposition bath containing
FeSO4 �7H2O, NiSO4 �6H2O, H3BO3 and ascorbic acid, subjected
to an electrodeposition operated at 30 mA and a total duration of
20 min. The deposition was pulse-based, with an interval of 1 s
between current-on and -off, at which on and off were both held
for 1 s in an alternating manner for the entire deposition. Since
the pulse-delay time (Toff) was kept constant, the anomalous co-
deposition of Ni and Fe that may result in a higher deposition rate
of Fe, as suggested by Salem et al. [11], was not expected in our
case. The concentrations of Ni and Fe were controlled by the use
of FeSO4 �7H2O and NiSO4 �6H2O, and were identified by energy
dispersive spectrometry (EDX), subsequent to the removal of the
wires from the substrate. The EDX analysis only showed Ni and Fe
signals, which excluded the possibility that Cu electrode may
form the alloy with NiFe upon annealing. RTA of 300 1C-2 min was
applied to the samples, and the annealed samples were compared
with the non-annealed ones in terms of all analyses. The samples’
morphologies, crystallographic structures and magnetic proper-
ties were identified using a scanning electron microscope (SEM),
an x-ray diffraction (XRD) facility and a vibrating sample
magneto-meter (VSM), respectively, all without the AAO protec-
tion. The wires’ magnetic easy-axis was found to be the long-axis,
so the magnetic hysteresis (M–H) curves presented here were all
taken from the long-axis measurements. A high-resolution trans-
mission electron microscope (HRTEM, JEM-2100F, operated at
200 keV) was used to probe the microstructure of the wires. To
further understand the wires’ magnetism with elemental specifi-
city, x-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichrosim (XMCD) taken with total electron yield (TEY)
and total fluorescence yield (TFY) modes were employed to probe
the spin-dependent states of Ni and Fe, at BL11A, National
Synchrotron Radiation Research Center (NSRRC). The XMCD
spectra were taken by having the x-ray photon wave-vector
parallel to the wires’ long-axis under an applied field of 1 T. This
forced the Ni and Fe moments to be measured in a way parallel to
the wires’ easy-axis, which promised a quantitative comparison
with the VSM data. Each XAS/XMCD spectrum presented in this
work was the average of more than 5 data points collected on
different spots of the same sample, and the deviation was very
minor among the spectra, which suggests the sample homogene-
ity to be of reliable quality. Finally, spin (Sz) and orbital (Lz)
moments were estimated by sum-rule analysis [12] to elucidate
the Ni and Fe moments in a detailed way. The use of n3d in sum-
rule analysis was carefully treated, as detailed in the text,
considering the varying electronic states of Ni and Fe.
3. Results and discussion

Fig. 1(a) shows the SEM image of the NixFe1�x nano-wires on
the Ti/Cu electrode after the AAO removal, where the high-
ordering, free-standing nature of the wires can be clearly
assessed. The wires’ dimensions were precisely controlled by
the AAO and they were identical for all compositions in order to
have a quantitative comparison in magnetic properties. Upon the
RTA, the morphologies of the wires remain unaltered as con-
firmed by Fig. 1(b). The isolations of the wires were well
preserved as demonstrated by SEM with a larger magnification.

We first focus on the wires without the RTA treatment.
Fig. 2(a) shows the x-dependent M–H curves for the wires. The
saturation field and coercive field of the wires highly depend on
the manufacturing recipe [13–15], aspect-ratio [16] and pore-
diameter [11,14,17,18]. In our case, the saturation field is larger
than 5000 Oe and the coercive field is about 75 Oe in average.



Fig. 2. (a) x-Dependent M–H curves. (b) TFY M–H curves of Fe (black) and Ni (red) for x¼0.5, and the same curve is seen in x¼0.3. (c) HRTEM image of x¼0.5. Similar

polycrystalline microstructure is seen in x¼1.0 and 0.3. (d) x-dependent XRD patterns. For the FCC–BCC mixed phase case as x¼0.5, the characteristic peaks are hard to

identify so they are not indexed. However, for x¼0.3, the characteristic peaks are close to Fe BCC so they are indexed. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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The wires appear to lose saturation magnetization (Ms) with
increasing x. This suggests that the role of Ni is to reduce the
wire’s magnetization, agreeing well with the general picture of
the Slater–Pauling curve [9,10]. Element-specific M–H curves
performed over the L3-edges of Ni and Fe are given in Fig. 2(b).
The Ni and Fe share similar field-dependency as shown in the M–
H curves probed by the VSM (Fig. 2(a)), suggesting that the two
elements are coherent in magnetization reversal. A HRTEM image
demonstrating a homogeneous polycrystalline microstructure for
x¼0.5 is shown in Fig. 2(c). Similar micrograph is seen in other
samples (hence, not provided), in agreement with the literatures
[9,18] reporting that the electro-deposition generally produces a
polycrystalline microstructure for nano-materials.

Upon the introduction of Ni, a structural transition takes place,
changing from mainly BCC (x¼0.3) [19], then BCCþFCC (x¼0.5)
[5,17,20] and finally to FCC (x¼1.0) [21], as shown in Fig. 2(d).
The structural transition can be tracked by the transition of the
characteristic peaks; i.e., the Fe BCC-(110) setting at 45.23 degree
(x¼0.3), then shifting to a lower angle of 44.15 degree corre-
sponding to the BCC–FCC mixed case (x¼0.5), and finally relocat-
ing at a higher angle of 44.76 degree assigned by Ni FCC-(111)
(x¼1.0). The transition of the characteristic peaks is consistent
with Glaubitz et al. [5] also dealing with a BCC-FCC transition in
the NixFe1�x thin films. It came to our attention that the
structural ordering of the Fe-rich sample is weaker than that of
the Ni-rich sample, from the fact that the Fe-rich sample’s (x¼0.3)
XRD intensity is less pronounced than that of the Ni (x¼1.0) one.
One may notice that the intensity of Cu (111) increases with
increasing x, therefore arguing that the crystallization of Ni could
have been facilitated by a better crystallized Cu electrode, rather
than an intrinsic property of Ni itself. However, all the AAO/Ti/Cu
substrates were prepared in the same batch and the quality-
variation was very minor. This can be validated by the
comparable peak intensities of Cu (200) and Cu (220) from
sample to sample. Therefore, the enhanced intensity of Cu (111)
could be explained as having an overlap with the Ni (111) but not
the quality-variation of the electrode. Thus, the results imply that
the Ni FCC is more energetically favored within the wire struc-
ture. This could explain the dominance of Ni over the wire’s
magnetic properties as detailed below, considering that the
structural and magnetic properties are often coupled in magnetic
materials [22–25].

The Ni and Fe XAS spectra with varying x are presented in
Fig. 3(a) and (b), respectively. Both Ni and Fe are found to be oxidized
by the evidence of edge-splitting. In general, Fe is more sensitive to
oxidation than Ni due to a higher oxidation potential [26], and the
oxidation that can be easily acquired at the L3 as this edge, especially
with the TEY XAS, is renowned for fingerprinting the chemical state of
Fe [27–30]. In XAS, x-dependency is almost imperceptible for Ni and
Fe. However, XMCD reflecting the Ni and Fe moments exhibits
opposite dependencies with x. In Fig. 4(a), the Ni XMCD intensity is
found to decrease with increasing x. Conversely, the Fe XMCD
intensity not only increases but also turns to be more metallic-like
with increasing x, as presented in Fig. 4(b). For x¼0.5 in particular, its
Fe XMCD line-shape deviates from those of Fe2O3 and Fe3O4 [27,28]
but is rather similar to metallic Fe [5,12], which suggests that the
oxidation is minor for this concentration. Also, from the TEM results
(not shown) we did not obtain any oxidized layer at the wire’s
surface. For Fe, the XAS with light oxidation but the XMCD with a
metallic spectral shape can be found in Tsai et al. [29] and Kim et al.
[30], for the cases of CoFeB/MgO thin films and Fe substrate,
respectively, very similar to our situation. In both references Fe was
treated to be metallic and ferromagnetic considering the limited
oxidation effect, and therefore the same principle can be followed for
x¼0.5 here. However, the Fe oxidation cannot be neglected in x¼0.3,
as the oxidation effect is evident in the XMCD spectral shape.



Fig. 3. x-Dependent (a) Ni L2, L3 XAS and (b) Fe L2, L3 XAS.
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Fig. 4(c) presents the x-dependent sum-rule analyses (SzþLz)
for Ni and Fe. Qualitatively, the microscopic analyses from the
sum rule are consistent with the macroscopic analyses from
the VSM throughout the paper, indicating the reliability of the
analyses. The sum-rule results suggest that Ni and Fe exhibit
contrary dependencies, where the Fe moment increases, whereas
the Ni moment decreases, with increasing x. The increased Fe
moment can be explained by the more metallic and enhanced Fe
XMCD as x increases from 0.3 to 0.5 (Fig. 4(b)), while the
decreased Ni moment can be understood as the suppressed XMCD
signal, with increasing x, after spectral normalization [31]. The
weighted sum of Ni and Fe presumably equals to the total
magnetization of NixFe1�x, which decays with increasing x. It is
noteworthy that the same trend has been discovered in Fig. 8 of
Glaubitz et al. [5]. Both Glaubitz’s and our results show the fact
that despite NixFe1�x following the Slater–Pauling prediction for
magnetism, Ni and Fe take contrary paths locally, in spite of their
coherent magnetization reversal. Interestingly, despite unclear
mechanism for the decreased Ni moment with increasing x, when
concentration is weighted Ni’s magnetic strength is still sufficient
to pull down the wire’s total magnetization matching the Slater–
Pauling prediction. In combination with the XRD (Fig. 2(c)), Ni
seems to be more dominant than Fe in terms of magnetic and
structural degrees of freedom, as will be further validated by the
results from the RTA in the following.

Now we turn focus to the RTA effects particularly for x¼0.3
and 0.5 samples. Fig. 5(a) and (b) presents the M–H curves and
XRD patterns for x¼0.3 affected by the RTA, respectively.
The saturation magnetization drops by only 5% with the RTA, so
the magnetism is affected by the treatment in a very minor way.
However, for x¼0.3, notable changes are obtained in the Ni/Fe
XAS (Fig. 5(c) and (d)), with the Ni and Fe XAS white-line
intensities being suppressed and enhanced, respectively. The
XAS here corresponds to the Ni/Fe 2p-3d photo-excitation
process with the white-line intensity reflecting the available
vacancy in the 3d orbital. Since Ni exhibits suppressed intensity
than that of Fe, it indicates a charge transfer from Fe to Ni via
orbital hybridization that results in higher d-band vacancy of Fe,
i.e., a more oxidized state for Fe but a more reduced state for Ni,
under the influence of the RTA. The more oxidized state for Fe is
due to a more pronounced intensity in L3 pre-edge, while a more
reduced state for Ni is linked to the suppressed XAS along with
the disappearance of the shoulders around the edges.

The charge transfer consequently modifies the spin-
polarizations of the two constituents as reflected by their XMCD,
as given in Fig. 5(e) and (f). For Ni, the suppressed XAS gives rise
to an enhanced XMCD as a consequence. Conversely, oscillation
emerges in the Fe XMCD around the L3, indicating a highly
oxidized Fe as Fe2O3 and Fe3O4 [27,28]. In Fig. 5(b), the Fe BCC
is found to disappear after the RTA. In fact, a heavily smeared
peak near Cu (111) is barely detectable in the XRD of the annealed
x¼0.3, which can be due to the disappeared Fe (110). This
indicates that some degrees of structural ordering still persist
upon RTA to support the magnetic hysteresis observed in Fig. 5(a),
but it is difficult to be identified due to limited resolution of the x-
ray facility, so we rather prefer to claim the phase to be close to
amorphous. This is unusual because the heat treatment usually
facilitates the crystallization of the materials especially in bulk
forms. However, since the NixFe1�x is formed in nano-wires, the
large thermal stress raised by the RTA in a very short period is
unlikely to be relieved within such a low and confined dimension,
and therefore causes deterioration of the structure, especially
when the structural ordering is intrinsically weak prior to the
RTA. Here, the Ni–Fe charge transfer occurs with the disappear-
ance of Fe (110), perhaps due to more overlapped Ni/Fe 3d
electron wave-functions with the structural disordering, and
examples of structural-disordering induced charge transfer can
be referred to from Refs. [32–34]. Since the magnetic and
structural properties are strongly coupled, the annealing-
induced structural disordering would modify the magnetism of
NixFe1�x accordingly. Interestingly, though the modification is
obscure with a macroscopic probe, it is unambiguously probed by
a microscopic one, hence revealing the importance of the latter.

Fig. 6 presents the sum-rule results (SzþLz) for Ni and Fe
before and after the RTA, for x¼0.3. Considering the substantial
changes in the chemical states of Ni and Fe, n3d for both metallic
and fully oxidized (Ni2þ , Fe3þ) cases were used in various
combinations to examine if any deviation in the trend of (SzþLz)
is seen. The deviation was less than 15% for the extreme case and
had no significant influence on the trend. The results reveal that
the charge transfer is spin-dependent, resulting in a decrease but
an increase in the Fe and Ni moments. Therefore, the minor
magnetization change probed by the VSM (Fig. 5(a)) can be
understood as a local magnetic-compensation. It arises from the
spin exchange between the two elements with the loss of
structural stability, a phenomenon invisible to the conventional
measurement.

For x¼0.5, the magnetization also drops imperceptibly after
the RTA, as shown in Fig. 7(a). However, the induced structural
disordering is less pronounced than that of x¼0.3, as the char-
acteristic peaks of the mixed-phase are still visible in Fig. 7(b),
especially the peak near Cu(111). The persistence of structural
stability deactivates the electronic modifications of Ni and Fe, as
reflected by their XAS provided in Fig. 7(c) and (d), respectively.



Fig. 4. x-Dependent (a) Ni L2, L3 XMCD and (b) Fe L2, L3 XMCD. All spectra are normalized to the integrations of corresponding XAS spectra. (c) Sum-rule (SzþLz) analyses

for Ni, Fe, and weighted NiþFe, with x-dependency. In (c), lines through data points are guides for the eyes, and the scale of the y-axis is selectively presented for the

purpose of clarity.

Fig. 5. (a) M–H curves (b) XRD patterns (c) Ni L2, L3 XAS (d) Fe L2, L3 XAS (e) Ni L2, L3 XMCD and (f) Fe L2, L3 XMCD, for x¼0.3 before and after the RTA treatment.
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Here, the Ni XAS remains unaltered, but a minor deviation is
obtained in the Fe XAS after the RTA, and a likeness is seen in their
XMCD (Fig. 7(e) and (f)). The identical Ni XAS before and after the
RTA suggests no electronic-modification; i.e., no charge transfer in
the Ni conduction band. Thus, the limited change in the Fe XAS
can be realized as the minor oxidation at the surface, instead of
the electron removal as that happened at x¼0.3. Apparently, the
Fig. 6. Sum-rule (SzþLz) analyses for Ni, Fe, for x¼0.3 before and after the RTA

treatment. The scale of the y-axis is selectively presented for the purpose of

clarity.

Fig. 7. (a) M–H curves (b) XRD patterns (c) Ni L2, L3 XAS (d) Fe L2, L3 XAS (e) Ni L2, L3 XM

Mix0 and Mix00 represent the three characteristic peaks of the BCC–FCC mixed phase j

the RTA.
charge transfer effect is both composition- and structure-
dependent. It only occurs when the structural stability is lost
such as x¼0.3. However, for x¼0.5, the charge transfer is
invisible, due to the robust structural stability supported by the
larger fraction of the Ni FCC. The results indicate that the
properties of NixFe1�x are complex, involving the interactions
among the magnetic, structural and electronic degrees of freedom
which all vary with x, and are probably hard to be predicted by
the Slater–Pauling curve alone. In particular, the role of Ni is
found to be supreme in NixFe1�x as it dominates the total
magnetization and structural stability, and thus its influence
should be more weighted than Fe, which is essential for attempts
to tailor the properties of NixFe1�x.

In bimetallic magnetic compounds, we find that if one of the
constituents dominates the magnetic properties, there must be at
least a physical parameter, such as crystal or electronic structure
itinerantly coupled with the magnetism of the dominant consti-
tuent, to support its dominance. For example, in Yang et al. [23]
only 6% of Co doping was sufficient to alter the magnetic phase of
the Ni rod along with the change of microstructure from nano-
crystalline to polycrystalline. In Telling et al. [35], Co was more
magnetically dominant than Mn in Co2MnAl, due to a smaller gap
in the Co minority spin-band. Even in the theoretical work Wang
et al. [36] pointed out that in a Cu–Co bimetallic cluster system,
CD and (f) Fe L2, L3 XMCD, for x¼0.5 before and after the RTA treatment. In (b), Mix,

ust near the characteristic peaks of Cu, and these peaks are still observable after
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the introduction of Cu atoms would cause a dramatic enhance-
ment of magnetism due to geometrical characters. All these
phenomena suggest that, in a bimetallic system the physical
proximity effects would lose balance if any two physical degrees
of freedom of one constituent are more coupled than the other
constituent. This will lead to the dominance of the constituent
with the stronger coupling, if one of its degrees of freedom is
elaborated. Assigning this principle to our case, we elaborate the
structural instability to imbalance the physical proximity effect
between Ni and Fe, which sharply discriminates the electronic
responses of the two. Correlating the structural information with
the local and macroscopic magnetism, it is easy to observe the
dominance of Ni in NixFe1�x. Finally, the invariant magnetizations
with the RTA for x¼0.3 and 0.5, therefore, need to be described by
different microscopic pictures. For the former, it results from the
spin exchange between Ni and Fe. However, the latter is char-
acterized by the static, inactive interactions between the two
elements as a result of the persistent structural stability.
4. Conclusion

In this study we have demonstrated how Ni–Fe magnetic
interactions influenced the NixFe1�x nano-wires’ magneto-
structural properties, by isolating the Ni and Fe elemental
behaviors while the wires underwent the structural transition.
The influences of the two elements were found to be incompar-
able, with Ni being superior to Fe in terms of magnetic and
structural properties. Upon RTA, the wires at x¼0.3 became
amorphous, where the Ni and Fe moments compensated mutually
by exchanging the 3d electrons. This reasoned the nearly unal-
tered magnetization of the wires. A similar macroscopic behavior
was seen at x¼0.5, while its invariant magnetization needed to be
described as the inactive electronic interaction between the two
elements, because of persistent structural properties resulting
from a larger fraction of Ni.
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