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Electrodeposited nanowires are an excellent scenario to study and control magnetic domain wall motion in 
nanostructures. In particular, the introduction of local changes in composition during the growth procedure 
has been proven to be very efficient for controlling the magnetization dynamics. In this work, we show the 
possibility of introducing compositional gradients in FeNi electrodeposited nanowires by gradually changing 
the Fe/Ni ratio along their axis. These compositional gradients produce an asymmetrical landscape for domain 
wall motion which is reflected in asymmetrical magnetization processes under an applied magnetic field. By 
studying nanowires with different compositional gradients we were able to correlate composition and magnetic 
asymmetry. Our results pave the way towards full control of the movement of domain walls along the nanowires.
The control of magnetization processes is key in developing novel 
magnetic devices. In particular, full control of the movement of do-
main walls (DWs) along elongated nanostructures under magnetic field 
or spin-polarized currents is on the basis of a novel generation of 
spintronics devices. Up to now, most of the studies on magnetization 
dynamics in these systems have been focused on 2-dimensional elon-
gated structures with square cross-section — nanostripes — looking for 
applications in logic [1,2] or magnetic storage devices [3,4]. In order 
to manipulate the dynamics of domain walls within these systems, lo-
cal changes in the geometry of the nanostripes are introduced. These 
geometrical notches are strategically placed along the axis of the nanos-
tripes to create targeted changes in the local energy of the domain walls, 
thus acting as local pinning sites [5]. To fully harness domain wall 
motion, it is crucial to take a further step in the design process. This 
involves developing devices where information travels only in a single, 
predetermined direction [6]. This domain wall ratchet effect has been 
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reported in different 2-dimensional magnetic structures by introduc-
ing asymmetric energy landscapes for domain wall motion: triangular 
submicrometric antidots in thin films [7], changes in shape anisotropy 
induced by piezoelectric materials in heterostructures [8] or introduc-
ing local changes of anisotropy in nanostrips [9].

In recent years, 3D magnetic systems [10] and curvilinear nanos-
tructures [11] have appeared as exciting alternatives for developing 
novel spintronics applications. Nanowires (NWs) are among the most 
studied curvilinear systems. In these systems, it is possible to stabilize 
complex topologically protected domain walls [12], giving rise to novel 
effects like the suppression of the speed limit for the domain wall move-
ment, the so-called Walker Breakdown [13]. Magnetic NWs can be easily 
fabricated by template-assisted electrodeposition [14,15], a technique 
that allows control of the geometry and composition of the NWs, and 
thus tailoring their magnetization configuration [16–19].
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Fig. 1. SEM micrograph of: (a) top view of the alumina templates used for 
electrodeposition. Pore diameter (𝐷𝑝 = 100 ± 10 nm) and interpore distance 
(𝐷𝐶 = 300 ± 10 nm) are shown. (b) Cross section of the system after the elec-
trodeposition process. The length of the nanowires (𝐿 = 30 μm) is shown.

Regarding the control of domain wall motion, two strategies have 
been mainly used: the introduction of geometrical [20,21] or composi-
tional changes along the axis of the nanowires [22–24]. In both cases, 
the local energy of domain walls along the axis is modified, creating ef-
ficient local pinning sites for domain wall motion. Also it is possible to 
introduce asymmetric energy landscapes for a ratchet effect in the do-
main wall motion by introducing asymmetrical changes in the diameter 
along the axis [19,25].

This ratchet effect has been previously reported in ferromagnetic 
FeCo/Cu NWs in which an asymmetry is introduced along the axial 
direction by increasing the lengths of magnetostatically coupled ferro-
magnetic segments [26]. In this system, the ratchet effect is produced 
by the different reversal fields of the segments due to the asymmetrical 
landscape of the magnetostatic coupling. However, for real applications, 
it would be very beneficial to have all segments with the same length 
— same bit length. In addition, it would also be interesting to have an 
asymmetric landscape for domain wall energy, producing the ratchet 
effect by controlling the domain wall motion instead of the remagne-
tization of the ferromagnetic segments. In this work, we demonstrate 
asymmetrical magnetization processes in ferromagnetic Fe-Ni NWs by 
introducing compositional gradients along the axial direction, i.e., grad-
ually changing the Fe/Ni ratio of the alloy along the axis. The design 
and magnetic characteristics of these NWs make them suitable for real 
device applications.

Arrays of FeNi NWs were electrodeposited using Anodized Alu-
minium Oxide (AAO) as nanoporous templates. AAO templates were 
prepared by hard anodization, from 500 μm-thick Al disks, with a purity 
of 99.999% (Goodfellow). After cleaning and electropolishing, the disks 
were anodized in a 0.3 M oxalic acid and ethanol solution at 0 − 1 ◦C, 
with an applied potential of 140 V for 150 min. Afterwards, the remain-
ing Al was removed by chemical etching in a 1:4 mixture of CuCl2 and 
HClO and the pores opened with H3PO4 5% vol. at 35 ◦C for 75 min. 
Following this procedure, the final diameter of the pores of the AAO 
templates is around 100 nm. A top view of an example of a template 
used is shown in Fig. 1.a.

Electrodeposition was carried out at room temperature in a three-
electrode electrochemical cell, using a Pt mesh as a counter electrode 
and a Ag/AgCl (3 M NaCl) electrode as a reference electrode. Before 
electrodeposition, a Ti(10 nm)/Au(200 nm) film was sputtered on one 
side of the membrane to act as working electrode. The Au layer was 
thickened up to 1 μm using electrodeposition to increase the conductiv-
ity of the electrode. The electrolyte used is composed of NiSO4 (0.8 M) 
and NiCl2 (0.02 M) as Ni2+ sources, FeSO4 (0.02 M) as Fe2+ source and 
H3BO3 (0.4 M) as additive. All chemicals were of analytical grade and 
mixed in deionized water without further purification. The pH was ad-
justed to 2.3 using H2SO4 10% vol. The electrodeposited NWs have a 
diameter of 100 nm, and they follow the hexagonal order of the tem-
plate, with a distance between each other of 300 nm, measured from 
center to center (see Fig. 1.a). A cross section of the template after the 
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growth of the nanowires is shown in Fig. 1.b.
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The morphology of the NWs was studied by Scanning Electron Mi-
croscopy (SEM) using a Carl Zeiss SIGMA y 6335F JEOL microscope. 
The composition was quantified by Scanning Transmission Electron Mi-
croscopy (STEM) using a JEOL JEM 3000F microscope. Transmission 
X-ray microscopy (TXM) was performed at the MISTRAL beamline of 
the ALBA Synchrotron, equipped with a transmission X-ray microscope 
operating in the soft X-ray range that utilizes photons extracted from a 
bending magnet source [27]. The NWs were deposited flat on top of a X-
ray-transparent silicon nitride membrane mounted in a sample holder 
installed at the microscope. For these studies, the NWs were released 
from the templates, removing first the Au contact layer by wet etch-
ing with a I2 (0.1M) and KI (0.6M) water-based solution and afterwards 
the template, also by wet etching, using a H3PO4 (0.4M) and H2CrO4
(0.2M) solution.

The composition of electrodeposited Fe-Ni NWs can be controlled 
during growth by changing the applied potential [28]. However, con-
sidering the anomalous codeposition and its dependence on geometry, 
it is essential to establish the relationship between the composition of 
the Fe-Ni alloy and the potential for each particular geometry. For that, 
we have grown Fe-Ni NWs using the already described AAO templates 
and two different electrolytes, with different relative Fe2+ concentra-
tions (16% and 28% related to the total number of electroactive ions 
(Fe2+ y Ni2+) in the electrolyte), varying the growth potential from 
−0.9 V to −1.5 V. The composition of the samples, measured by Energy-
dispersive X-ray spectroscopy, is plotted in Fig. 2.a as a function of the 
growth potential, together with the relative concentration of Fe in the 
electrolyte for both electrolytes (horizontal lines). The composition has 
been measured in large areas, with large concentration of nanowires, 
after releasing the NWs from the templates. Therefore, it should be 
considered as an average of the composition of each array of NWs. As 
expected, there is clear evidence for anomalous codeposition in all sam-
ples, as the relative Fe concentration in the samples is much higher 
than the relative concentration of Fe2+ in the electrolyte [29]. As re-
ported in previous works [28], at low overpotentials, there is a large 
Fe concentration in the alloy whereas, when increasing the potential 
and electrodeposition moves towards the mass-transport-controlled re-
gion, curves approach a constant Fe concentration, whose value is close 
to the Fe:Ni ratio of the electrolyte. From the figure, it is clear that 
significant changes in composition, and thus in the saturation magneti-
zation, are expected when changing the growth potential from −0.9 V 
to −1.5 V, making possible the introduction of a compositional gradient 
in the nanowire and so, a gradient in the saturation magnetization.

The growth rate also depends on the growth potential. Therefore, 
before growing the samples with compositional gradients we calibrate 
the growth rate by measuring the length of nanowires deposited with 
different growth potentials for the electrolyte containing a 16% of 
Fe2+. Fig. 2.b collects the measured deposition rate as a function of 
the potential. As expected, the evolution of the growth rate follows 
the behavior of the cathodic electrochemical current predicted by the 
Butler-Volmer equation. Considering this dependence of growth rate on 
potencial, pulse plating (using pulses of variable voltage and length) 
should be used for creating and controlling compositional gradients. 
Fig. 2.c shows an example of two of these pulse trains.

A sketch of a segment grown under the application of one of these 
pulses is shown in Fig. 2.d. The color-code corresponds to the color-
code shown in Fig. 2.c for the different potential pulses. The vertical 
axis shows an approximate atomic percentage of Ni (green) and Fe 
(red) along the nanowire axis. Specifically, it can be observed that low 
overpotentials correspond to Fe-rich regions. The composition gradually 
shifts from a Fe-rich one towards a Ni-rich alloy. Once the variation 
of composition has been established, the length of the pulses can be 
varied by applying a factor, producing larger or smaller compositional 
gradients. In particular, three different samples have been grown in 
this work. In all cases, the Fe content varies from 65% to 10% in 
segments of 1 μm, 2 μm, and 4 μm, respectively. The number of seg-

ments was repeated in all cases for a final nanowire’s length of 30 μm. 
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Fig. 2. (a) Composition as a function of the growth potential for two different electrolytes. (b) Deposition rates for the different Fe-Ni composition. (c) Potential 
pulses used for the growth of the NWs with compositional gradient. (d) Schematics of a segment with a compositional gradient in a cylindrical nanowire. Color-code 
represents the voltage pulses showed in (c). The vertical axis corresponds to the approximate atomic percentage of Fe (red) and Ni (green). (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)
A 30 μm-length permalloy sample (Ni80Fe20) was also grown to serve 
as reference.

Fig. 3.a shows a XAS image measured by TXM at the Fe L2 X-ray 
absorption edge in a nanowire grown under the conditions described 
in Fig. 2.c. In this image, dark areas (low transmission) correspond to 
Fe-rich regions while brighter areas correspond to Ni-rich regions. As 
can be seen in the figure, the contrast along the wire changes gradually 
along the axis in a segment and presents a large jump when a new 
segment starts. This change in contrast, which is proportional to the 
amount of Fe in the wire, is clearly observed by plotting the line profile 
along the length of the NW (Fig. 3.b). The composition was quantified 
by STEM in Fig. 3.d. The image represents a compositional EDX map 
at the Fe edge (red) and Ni edge (green) of the STEM image shown in 
Fig. 3.c. Initially, a majority red color represents a Fe-rich segment. This 
is followed by an equal mixture of red and green colors, corresponding 
to a similar atomic percentage of Ni and Fe. As we move towards the 
right side, the green color increases, and therefore the content in Ni. 
Finally, the last segment at the right takes again majority of red color, 
implying the start of a new ratchet segment. The compositional gradient 
along the axis is visualized in a line profile along the image in (c).

In order to understand the magnetic interactions which occur during 
the magnetization processes, we have measured the First Order Rever-
sal Curves (FORC) in arrays of NWs. For these measurements, NWs were 
kept inside the pores of the membrane, and thus magnetic interactions 
among them play an important role in the magnetic response [30]. In 
addition, experimental FORC distributions include border effects and 
other features that might be associated with local inhomogeneity, e.g. 
different lengths of the NWs. The FORC measurements consisted of the 
measurement of multiple sequential minor hysteresis loops, beginning 
at different reversal fields (𝐻𝑅), and then evolving back to the posi-
tive saturation state (see Figs. 4.a and 4.b). Therefore, this technique 
3

provides information on the magnetization states of the system not ac-
cessible by hysteresis loops. FORC provides statistically averaged results 
of the whole sample, as in the measurements of hysteresis loops. This as-
pect contrasts with local probe analysis techniques e.g. Magnetic Force 
Microscopy, where a limited localized area is characterized. For these 
local measurements topology and dimensions of the analyzed features 
can be precisely accounted for. FORC results offer precise information 
about the magnetic interactions in the sample, including contributions 
from areas where the response may differ from the average, such as 
external boundaries. Since the magnetic (dipolar) interactions among 
NWs play an important role in the magnetic response of NW ensembles, 
the distance and orientation between NWs must be controlled, so that 
the signature of intra-wire phenomena signals can be identified and iso-
lated. Thus we performed the experiment on NW assemblies kept inside 
the membrane pores, where the distance and orientation are statisti-
cally controlled. We will not discuss well-known effects such as NWs at 
the side boundaries of the sample but focus on the most relevant found 
features. The FORC distribution 𝜌 is calculated through a second-order 
mixed derivative of magnetization, 𝑀 , for the externally applied field 
(𝐻) and the reversal field (𝐻𝑅) based on the Preisach model [31,32]:

𝜌(𝐻,𝐻𝑅) = −1
2
𝜕2𝑀(𝐻𝑅,𝐻)

𝜕𝐻𝜕𝐻𝑅

(1)

In the FORC diagram (Fig. 4.c) the values of 𝐻𝑈 and 𝐻𝐶 are defined 
by:

𝐻𝐶 =
𝐻 −𝐻𝑅

2
(2)

𝐻𝑈 =
𝐻 +𝐻𝑅

2
(3)

Room temperature hysteresis loops, first magnetization curves and 
FORC diagrams were measured in a vibrating sample magnetometer 

(VSM, model Microsense EZ-7). Before the measurements, samples were 
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Fig. 3. (a) TXM-XAS image at the Fe-L2 absorption edge of a ratchet-type Fe-Ni cylindrical nanowire. Periodic gradual changes in composition can be observed. (b) 
Intensity profile along the wire axis. (c) STEM image of a 100 nm diameter ratchet-type cylindrical nanowire. (d) Top: STEM-EDS compositional map of Ni edge 
(green) and Fe edge (red). Bottom: Atomic percentage quantification along the axial direction.

Fig. 4. Scheme of the most representative parameters of FORC distribution. (a) Hysteron (in blue) and first magnetization curve (in green). (b) FORC definition. 
Measurements start with an applied field of value 𝐻𝑅 , with the magnetization measurements along the FORC plotted as function of 𝑀(𝐻𝑅 , 𝐻) for magnetic field 
applied from negative to positive values, until reaching the saturation field (𝐻 𝑡). (c) Preisach distribution (or FORC diagram) plotted as a function of 𝐻 and 𝐻 .
𝑠𝑎

submitted to a demagnetization process using an alternating magnetic 
field along the NWs’ main axis, with decreasing amplitude starting from 
a saturation field of 0.3 T. FORC diagram precision is governed by the 
magnetic field and reversal field steps, 𝐻 and 𝐻𝑅, respectively. In this 
work, the acquisition covered ±0.15 T, performing curves with 5 mT 
field spacing and a saturating magnetic field of 0.3 T. The time between 
subsequent measurements was 3 s.

The diagrams summarizing the FORC results are shown in Fig. 5. 
Panel (a) displays the FORC diagram of an array of permalloy NWs (ref-
erence sample). It presents what is usually described as a bent T-shape 
structure [33–36] with an elongated distribution along the 𝐻𝑈 axis, 
with an interaction field value < 0.075 T, and a less prominent ridge 
along the 𝐻𝐶 axis [37–39], centered at 0.022 T. It is usually assumed 
that, while strong magnetostatic interactions produce the distribution 
in the axis of the interaction field, the coercive field distribution can 
be caused by different factors, some of them intrinsic to the system as 
chemical composition, while others can be adscribed to length and in-
terwire array distributions.

Samples with gradients in composition (Figs. 5b, 5.c and 5.d) present 
an evident and substantial deviation from the reference one (Fig. 5.a). 
The FORC diagrams illustrate the expected elongated distributions 
along 𝐻𝑈 , associated with strong magnetostatic interactions, and lo-
cated at similar 𝐻𝐶 values (0.025-0.014 T) to those observed in (a). 
However, these distributions are not symmetric along 𝐻𝑈 axis but ap-
pear distorted. In the cases (c) and (d), in addition, an asymmetric nega-
tive interaction field distribution (a negative FORC density ridge) arises 
at low 𝐻𝐶 fields, shifted towards positive 𝐻𝑈 values. These asymme-
tries increase for stronger composition gradients.

Negative values in FORC distributions arise in complex nanosystems 
4

[40,41] and magnetic exchange springs [42] where multiple coupled 
𝐶 𝑈

magnetic phases co-exist. The appearance of distorted features is also 
confirmed due to high-speed variations of the magnetic fields during the 
measurements [43]. In the present case we have to note that all sam-
ples have been measured at the same moderate speed. However, to the 
best of our knowledge, the observed FORC distributions are not com-
monly present in NW array systems. The only mention of similar FORC 
distributions of NW arrays was recently reported and discussed for Ni-
Fe-Ga-NW arrays [44] in terms of structural phase change, but certainly 
not evidenced or hypothesized for other types of NW array systems. 
In our case, we can exclude the interpretation of this negative ridge 
solely as a statistical distribution of hysterons or an artifact due to a 
fast measurement rate. The negative distributions for the (b-d) samples 
resemble populations of hysterons with similar 𝐻𝐶 and asymmetrical 
distributed 𝐻𝑈 . This allows us to rule out pure dipolar magnetostatic 
type interactions as their main physical origin. Moreover, the positive 
distributions associated with magnetostatic interactions, similar to that 
of the reference sample (a), appear distorted. This should be linked to 
the modulation of the composition of the NWs (magnetic ratchet) and 
its effect on the collective magnetic response of the array, compared 
to a regular NW array. The negative distributions for the (b-d) samples 
resemble populations of hysterons with similar 𝐻𝐶 and asymmetrical 
distributed 𝐻𝑈 . This excludes pure dipolar magnetostatic type interac-
tions as their main physical origin.

We propose the hypothesis that these facts are compatible with the 
complex combined existence of similar energy barriers inside an inho-
mogeneous magnetic field in the system. The negative distributions, 
with similar narrow values of 𝐻𝐶 i.e. similar energy level for the chem-
ical modulated NW samples endorse the existence of energy barriers 
inside the NW array. The inhomogeneous magnetic field arises from 

the finite length of the NWs (30 μm). In this scenario, the magnetic 
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Fig. 5. FORC diagrams measured in NWs’ arrays of 30 μm in length. (a) Reference sample, Permalloy NWs. (b-d) NWs with gradients in composition where the 
content of Fe and Ni changes from Fe20Ni80 to Fe70Ni30. The length of the chemical gradient in each sample is 4 μm, 2 μm and 1 μm, respectively. On the right side 
of the scale bar it is shown a schematic of the chemical configuration of the NWs, where green corresponds with Fe Ni and red with Fe Ni .
field at the top/bottom edges is different than that in the center. There-
fore, each chemical gradient located at different position, within the 
NWs of the array, experiences a heterogeneous global magnetic field. 
This magnetic field is not static. It changes dynamically according to 
the magnetization state of each NW or each segment of the NW. The 
magnetization reversal of NWs in this type of arrays is an asynchronous 
process [45]. The magnetization in single continuous NW initiates with 
the nucleation of a domain wall at its edge and evolves by its fast prop-
agation along NW. But, in this case due to chemical gradients, these 
domain walls can nucleate not only at the edges of the NW and also 
in the edges of each segment containing a chemical gradient. In addi-
tion, they will experience pinning effects in their propagation along the 
NW. However, and as we mentioned above, we cannot expect that all 
the domain walls of each NW do propagate synchronously in all NW at 
the same time. Most probably, some domain walls will remain pinned 
meanwhile some domain walls of surrounding NWs will have enough 
energy to overtake the energy barriers. These events modify the local 
field and may induce the reversible backward motion of those domain 
walls that previously were pinned due to the chemical gradient [41]. 
Note that the backward motion is limited between the two peaks of 
Fe concentration. This situation will be equivalent to a soft/hard phase 
coupling [42]. This justifies the negative FORC distribution with val-
ues of 𝐻𝐶 close to the positive one. Moreover, it is evidenced by the 
asymmetric and the distorted positive distribution associated with mag-
netostatic interactions. The observed broadening of 𝐻𝐶 with the shorter 
length of chemical gradients, is a direct consequence of the existence of 
larger number of energy barriers and their statistical value spreading.

To sum up, we have demonstrated the experimental realization of in-
troducing gradual changes in composition in Fe-Ni ferromagnetic NWs 
along their axis via electrodeposition process. The distortions observed 
in the FORC diagrams of the NWs with chemical gradients compared to 
the one of the reference sample, (distortions that are larger for larger 
gradients), are the first indirect evidence of asymmetry in the magneti-
zation process induced during the growth in cylindrical NWs. Although 
more direct evidence on domain wall motion may be extracted in the 
future from micromagnetic simulations or measurements on individual 
5

nanowires, the results shown in this work clearly indicate that a varia-
10 90 65 35

tion in composition along the axis allows tuning the energy landscape 
for the domain wall motion, which is reflected in asymmetric magneti-
zation processes, paving the way toward full control of the movement 
of domain walls along these NWs.
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