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Abstract

The control and understanding of magnetization reversal mechanisms and
magnetostatic interactions in nanomagnet arrays is a critical point that has
to be overcome in order to reach industrial applications. However, usual
magnetic characterization techniques can only provide information on the
overall array behaviour and are not able to discriminate relevant local prop-
erties. In this work, we show that the first-order reversal curve (FORC)
method is a unique tool to identify weakly-interacting uniaxial single do-
main (SD) particles in systems with complex mixed magnetic states. We
compare the FORC diagrams of two sets of Ni nanowire (NW) arrays elec-
trodeposited in hexagonally ordered nanoporous alumina templates: A) with
a uniform length distribution (interacting SD particles), and B) with a non-
uniform length distribution. For non-uniform length distributions, regions
of isolated NWs occur in the array, creating a complex mixture of strongly
and weakly-interacting SD particles. These weakly-interacting NWs are here
identified by a characteristic ridge along the coercive field axis of the FORC
diagram. Micromagnetic simulations confirmed the presence of this weakly-
interacting magnetic behaviour in the array with non-uniform length distri-
butions. Combining FORC results with micromagnetic simulations, we show
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that the magnetization reversal of interacting wires occurs by the nucleation
of transverse domain walls at the NWs’ ends, while isolated wires nucleate
vortex domain walls. This work thus highlights the importance of the FORC
method for the accurate identification and understanding of local magnetic
behaviours in nanomagnet arrays.

Keywords:
Magnetic nanowires, FORC, magnetostatic interactions, single domain
state, switching field distribution
07.05.Tp, 75.60.Ej, 75.60.Jk, 75.75.-c, 81.07.Gf

1. Introduction

The increased interest in magnetic nanodevices has boosted the recent
research on the magnetic properties of nanoelement arrays. In particular, Ni
nanowire (NW) arrays are potential candidates for applications in magnetic
storage devices, sensors, biomedical chips and magnetically assisted drug car-
riers [1, 2, 3, 4]. The accurate understanding of the magnetic properties of
such NW arrays is thus extremely important for their correct implementa-
tion in future devices. In addition, the use of low-cost fabrication techniques,
such as Al anodisation [4, 5] and electrochemical deposition [6, 7], has at-
tracted much attention as it further allows the cheap industrialization of such
nanomagnet arrays with controlled dimensions.

To study the overall magnetic properties of NW arrays one usually mea-
sures the corresponding major magnetic hysteresis loops [M (H )] with the
magnetic field (H) applied parallel or perpendicular to the NWs long axis
[6, 7]. These major M (H ) loops allow one to extract important parameters,
such as the coercive field, remanence and saturation magnetization of the
magnetic array. Nevertheless, the magnetostatic interactions between neigh-
bouring elements, which are known to highly influence the magnetization
reversal processes of nanomagnet arrays [8, 9, 10, 11, 12, 13], are not well-
described by these major M (H ). A simple method to study these interactions
is by measuring multiple minor hysteresis loops, the so-called first-order re-
versal curves (FORCs). This method, proposed by Mayergoyz in 1985 [14],
was shown to be quite efficient and powerful in the study of arrays of highly
interacting magnetic elements [9, 13, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28]. Each FORC is measured by first saturating the sample at a
high positive saturation magnetic field (HSat), and then measure the magne-
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tization by stepping H from a particular reversal field Hr up to a maximum
field Hmax (Hmax < HSat). The FORC method then consists in measuring
a set of FORCs starting at different Hr values that increase in ∆Hr steps
(−Hmax ≤ Hr ≤ Hmax, ∆Hr = Hmax/50). These FORCs are then stud-
ied through the accurate analysis of the FORC diagram, which is a graph-

ical representation of the FORC distribution ρFORC(H,Hr) = −1
2
∂2M(H,Hr)

∂H∂Hr
,

with H ≥ Hr. To simplify the analysis of the FORC diagram one usu-
ally defines the coercive and interaction field axis as Hc = (H −Hr)/2 and
Hu = −(H + Hr)/2, respectively. The quantitative analysis of the ρFORC

profiles along the Hu axis provides information on the magnetostatic interac-
tion fields ∆Hu, measured as the half width at half maximum of the FORC
distribution elongation parallel to the Hu axis [10, 25].

Recent works on the study of the magnetostatic interactions in NW and
nanotube arrays showed that one can distinguish between local and mean
interactions by analysing the ρFORC profile along the Hu axis [8, 10, 29].
If a distribution narrowly confined around Hc is observed, local magnetic
interactions are dominant. However, if the ρFORC profile is broad along
the Hu axis, illustrating a flat top, then mean magnetostatic interactions
prevail. On the other hand, weakly-interacting single domain (SD) particles
have also been detected by analysing FORC diagrams of complex magnetic
systems [20, 30, 31, 32]. These particles were found to have a unique FORC
signature that could be used to isolate their contribution from other magnetic
components [30]. In particular, the FORC diagram of an array of weakly-
interacting SD particles illustrates a narrow ridge along the Hc axis that can
be clearly identified even in complex magnetic mixtures [20, 30, 31, 32].

In this work, we use the FORC method to study the magnetic proper-
ties of two different Ni NW arrays: (A) with uniform length distributions
(L ∼ 9 µm); and (B) with non-uniform length distributions (L ∼ 3− 9 µm).
Ni was electrodeposited by pulsed deposition into nanoporous alumina tem-
plates with diameters of 35 nm and interpore distances of 105 nm, as de-
scribed in reference [33], which allowed an accurate control of the NWs’
length distribution. A recent study using ferromagnetic resonance showed
that the existence of a non-uniform length distribution highly affects the
magnetostatic interactions of the array [12]. It is thus highly interesting to
further investigate such interaction behaviour using complementary magnetic
characterization techniques such as the FORC method. In 2006, Beron et al.
reported the use of the FORC method to detect the existence of a distribution
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of wire lengths in an array of CoFeB NWs with diameters of 175 nm [13]. The
analysis of the FORC diagram allowed them to detect two different reversal
processes that were ascribed to the existence of two populations of magnetic
entities acting differently. However, this model was still under study, and
no reports were found afterwards on the detection of weakly-interacting SD
states in magnetic NW arrays. Therefore, in this work, we present signifi-
cant evidence of the use of the FORC method to detect weakly-interacting
NWs (that act as SD states) in an array of mixed interacting and weakly-
interacting wires. Micromagnetic simulations were also performed using the
Object Oriented MicroMagnetic Framework (OOMMF) code from NIST [34],
confirming the different switching field distributions of the two sets of NW
arrays. Furthermore, using the FORC method we were also able to deter-
mine the types of magnetic interactions present in the two different arrays.
In particular, for the Ni NWs with inhomogeneous length distributions, a
mixture of local and mean magnetic interactions was found. A small ridge
along the Hc axis of the FORC diagram was also observed for this array, con-
firming the existence of weakly-interacting SD states with larger switching
field distributions.

2. Experimental details and methods

Hexagonally ordered nanoporous alumina templates were fabricated by a
two-step anodisation process of an Al foil (99.997% purity) in 0.3 M oxalic
acid at 40 V and 2◦C [4, 5]. Prior to the anodisation process, the Al surface
was cleaned in acetone and ethanol, and electropolished in a HClO4:C2H5OH
solution (volume ratio 1:4) at 20 V for 2 min. The first and second anodisa-
tions were then performed for 24 and 4 h, respectively, leading to 10 µm-thick
alumina templates with highly ordered hexagonal arrays of nanopores (35 nm
in diameter and 105 nm of interpore distance).

For the electrodeposition of Ni NWs inside the pores, a pulsed electrode-
position method was employed [6, 33]. The depositions were performed for
1 h in a two-electrode cell with a Pt mesh as the anode and the Al foil as
the cathode. The electrolyte used was the so-called Watts bath, composed
of 1.14 M NiSO4

·6H2O, 0.19 M NiCl2
·6H2O and 0.73 M H3BO3, at 40◦C.

For the deposition current pulse to be applied, the insulating barrier layer
present at the bottom of the alumina template was thinned by exponentially
decreasing the anodisation voltage, creating dendrites at the bottom of the
pores [33]. By tuning the barrier layer thickness (δb), one is able to con-
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Figure 1: SEM cross-sectional images, histograms of the nanowires’ length distribution
and schematic representations of the two different Ni NW arrays studied in this work
illustrating the uniform (sample A) and non-uniform (sample B) length distributions.

trol the pore filling percentage and length distribution of the subsequently
deposited NW arrays, as previously reported [33]. The Ni NW arrays repli-
cated the ordered hexagonal array of pores of the alumina template, having
around 35± 2 nm in diameter and 103± 3 nm of center-to-center distance.

In this work we have analysed in detail the magnetic properties of two
extreme cases: (A) Ni NW arrays with homogeneous length distributions
(L ≈ 9.0 ± 0.5 µm); and (B) Ni NW arrays with a non-uniform length
distribution (L between around 3 and 9 µm). The length distributions of
the deposited NWs were tuned using different values of δb and were eval-
uated by scanning electron microscopy (SEM, FEI Quanta 400FEG) using
the cross-sections of the as-deposited samples. These results were reported in
reference [33] for δb between 2 and 16 nm, in which the most uniform length
distributions were obtained for δb between 8 and 12 nm. Figure 1 illustrates
the two extreme cases analysed in this work by the FORC method: (A) with
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δb = 9 ± 1 nm and (B) with δb = 2 ± 1 nm. The histograms, made by
analysing around 70 NWs in each sample, emphasize the uniform length dis-
tribution present in sample A (almost 100% of NWs with L ≈ 9 µm), and
the non-uniform length distribution in sample B (only around 15% of NWs
have L ≈ 9 µm and the remaining have an average length of 4.9 µm with
a standard deviation of 0.3 µm, estimated by the log-normal fit in Fig. 1).

The Ni NW arrays were magnetically characterized using a vibrating sam-
ple magnetometer (VSM, LOT-Oriel EV7) with an applied magnetic field H
of up to 15 kOe. To analyse the overall magnetic properties of the array,
major M (H ) loops were measured with the applied magnetic field parallel
and perpendicular to the NWs’ long axis. FORC measurements were also
performed using VSM, which allowed to extract information on the mag-
netic interactions and reversal modes of Ni NW arrays with different length
distributions.

Micromagnetic simulations were performed using the OOMMF code [34],
setting the saturation magnetization value of Ni to 490 × 103 A/m and the
stiffness constant to 9 × 10−12 J/m. A parallelepipedic mesh with unit cell
size of 4×4×5 nm3 along the x-, y- and z-directions, respectively, was used.
The stopping condition used in the simulations was |dm/dt| = 1 deg/ns with
a damping factor of 0.015.

3. Results and Discussion

3.1. Major magnetic hysteresis loops

Figure 2 shows the normalized major magnetic hysteresis loops obtained
when applying the magnetic field parallel and perpendicular to the NWs’
long axis for both samples. As previously reported in reference [33], inde-
pendently of the different length distributions of each sample, the M (H )
loops evidence an highly anisotropic magnetic behaviour with large square-
ness (remanence divided by the saturation magnetization) and coercivity
values along the parallel direction (easy axis of magnetization) and small
squareness and coercivity values along the perpendicular direction (hard axis
of magnetization). This is characteristic of single domain-like particles with
dominant shape anisotropy, illustrating that the array of magnetic NWs can
indeed be considered as an array of SD particles.

Analysing Fig. 2 one can extract the coercivity (Hc) and squareness (S )
values for the parallel (‖) and perpendicular (⊥) directions (see Table 1).
One can easily observe that the results obtained are similar for both samples,

6



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 2: Magnetic hysteresis loops of samples A and B measured with the applied mag-
netic field parallel (‖) and perpendicular (⊥) to the NW long axis.

with only a slight tilting along the magnetic field axis for the sample with
non-uniform length distributions (sample B). Together with the fact that the
main parallel coercive field is not sensitively changing in both hysteresis loops,
differences in the intrinsic magnetic properties of the nanowires suggest the
presence of higher magnetostatic interactions between the NWs (which will
be confirmed by micromagnetic simulations and FORC analysis in sections
3.3 and 3.4, respectively). Note also that for sample B a slightly larger
susceptibility is detected, seen also as a decrease in the axial anisotropy field
(H⊥a ) extracted from the perpendicular hysteresis loops (Table 1), which
suggests a smaller axial effective anisotropy (likely arising from a reduced
effective shape anisotropy [35]). Nevertheless, these results do not allow to
fully understand the influence of the different length distributions on the
magnetic properties of the array. Therefore, to deepen our study on the
magnetic properties of the two different sets of Ni NW arrays, the FORC
method was subsequently employed.

3.2. Detecting weakly-interacting SD states by FORC analysis

To further analyse the magnetization reversal processes in Ni NW arrays,
FORC measurements were performed with the magnetic field applied parallel
to the NWs’ long axis. Prior to each FORC measurement the samples were
saturated at a high positive magnetic field of HSat = 15 kOe. During each
FORC measurement the maximum amplitude of the magnetic field was set
to Hmax = 2500 Oe, and the reversal field (Hr) was measured in steps of
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Table 1: Coercivity (Hc), squareness (S ) and axial anisotropy field (H⊥a ) values of the
studied samples extracted from the major magnetic hysteresis loops measured along the
parallel (‖) and perpendicular (⊥) directions of applied magnetic field.

Sample H
‖
c (Oe) H⊥c (Oe) S‖ (%) S⊥ (%) H⊥a (kOe)

A 850±5 195±5 98.1±0.1 5.9±0.1 5.0±0.4
B 850±5 170±10 91.9±0.1 7.5±0.3 3.6±0.4

50 Oe. The FORC distribution was then obtained using a homemade MatLab
program, in which two auxiliary piecewise cubic spline functions are used
to obtain a smoother FORC diagram [19, 36]. Figure 3 shows the FORC
diagrams obtained for each sample.

Sample A is made of a uniform array of Ni NWs with similar diameters
(35 nm), lengths (9 µm) and center-to-center distances (105 nm). This re-
sults in an homogeneous distribution of the magnetization along the array,
allowing to express the magnetostatic interaction among the NWs as a net
demagnetizing field. This behaviour can be described by the mean field in-
teraction theory (MFIT) in which the interaction field (Hint) is proportional
to the net magnetization (m), Hint = −αm, where α denotes the strength
of the demagnetizing field at saturation [37, 38, 39]. The FORC distribution
of a system which follows the MFIT corresponds to a T-shape, as described
elsewhere [9, 17, 27, 29, 40, 41]. The FORC diagram in Fig. 3(a) illustrates a
T-shape (evidenced by the black dotted guide line), arising from the magnetic
interactions between the nanowires. It is worth mentioning that the distribu-
tion observed at larger Hc values does not correspond to real hysterons with
such a large coercivity in the system. Coercive values of this ridge towards
higher coercive fields correspond to the intrinsic switching field distribution
of the magnetically harder nanowires still influenced by the magnetostatic
interactions [42]. Since these processes always take place at the end of the
overall magnetization reversal, the contribution of the magnetostatic inter-
actions cannot be completely removed by the FORC method, illustrating
apparent large coercivity values in the FORC diagram.

Analysing the FORC diagram of Sample B [Fig. 3(b)], one can clearly
distinguish the presence of a small elongation along the Hc axis and, more
importantly, towards lower values of the coercivity. This effect is similar
to the narrow ridges found along the Hc axis of FORC diagrams of mixed
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Figure 3: FORC diagrams of samples (a) A and (b) B, when applying the magnetic field
parallel to the NWs long axis. The red and black dotted lines are guides to the eye.

complex magnetic systems [30, 31, 32]. These elongations were previously
reported as unique signatures of the presence of weakly-interacting SD mag-
netic particles [30, 32]. Taking into account that the T-shape only shows a
ridge towards higher coercivity values from the main distribution, this effect
cannot be ascribed to a mere increase of the intrinsic switching field distri-
bution (SFD) because the T-shape should be preserved. The appearance of
such distribution towards lower values of coercivity, together with the rhom-
bohedral shape of the most intense peak (red), suggests that two different
and, in principle, independent SFDs are present in the system. The FORC
diagram can thus be seen as the superposition of two different FORC distri-
butions, as illustrated by the red and black dotted guide lines in Fig. 3(b).
The first distribution, similar to that of sample A, arises from the pres-
ence of a large number of NWs having the same mean length and therefore
showing a T-structure. On the other hand, the NWs whose lengths differ
largely from the mean NWs’ length, feel a reduction of the magnetostatic
interactions since these depend on the distance between the ends of neigh-
bouring NWs where magnetic charges accumulate in ideal magnetic dipoles.
In the present case, the length distribution is so pronounced that the NWs
with larger length deviation only feel weak interactions, behaving as weakly-
interacting SD particles. Furthermore, these NWs with larger differences in
their lengths have different switching/coercive fields (also evidenced by mi-
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Figure 4: Simulated FORC diagram obtained by combining the experimental FORC data
of sample A with a non-interacting switching field distribution, evidencing the presence of
two different switching field distributions.

cromagnetic simulations in section 3.3), thus increasing the intrinsic SFD,
which will correspond to a FORC distribution elongated along the Hc axis
[40, 37, 43].

In Fig. 4, a simulated FORC diagram is represented, in which a superpo-
sition of two different FORC distributions have been used: a non-interacting
SFD (〈Hc〉 = 821 Oe; standard deviation σ = 217 Oe) and the experimental
FORC data of sample A. The magnetization curves of the non-interacting
SFD were simulated by integration of a normal Gaussian distribution along
the magnetic field axis. Then, these magnetization curves were superposed
with the experimental ones measured in sample A. Finally, the FORC was
evaluated, providing the diagram of the mixed system. The values of 〈Hc〉
and σ chosen for the non-interacting distribution were those that better fit
with the experimental FORC diagram of sample B by direct comparison of
the diagrams. After the evaluation of the FORCs, the resultant FORC dis-
tribution (Fig. 4) illustrates a similar shape to the experimental one obtained
for sample B [Fig. 3(b)], pointing out that the distortion of the FORC dis-
tribution along the Hc axis comes from a superposition of the magnetization
reversal of weakly-interacting SD nanowires (non-interacting SFD).

To better distinguish between the coercivity distributions of the two sam-
ples, cross-sections of the FORC diagrams along the Hc axis are represented
in Fig. 5, where a clear broadening of the ρFORC profile can be observed for
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Figure 5: Cross-sections of the FORC diagrams along the Hc axis for the two sets of Ni
NW arrays electrodeposited, illustrating the broadening of the coercivity distribution for
sample B.

sample B.

3.3. Magnetization reversal: micromagnetic simulations

The magnetization reversal mechanisms of a hexagonal array of Ni NWs
with different length distributions were also studied by micromagnetic simu-
lations using the OOMMF code [34]. Seven Ni NWs with 36 nm in diameter
disposed in an hexagonal array with 105 nm of center-to-center distance were
simulated. The length, L, of the NWs varied between 100 and 200 nm, en-
suring aspect ratios higher than 2.5 and avoiding long simulation times. Two
sets of simulations were performed: sample A (7 NWs with L = 200 nm),
and sample B (6 NWs with L = 100 nm and a central NW with L = 200 nm).
Note that, according to the histograms in Fig. 1, the longer NWs are only
present in around 15% of the sample, which corresponds to approximately
1 NW out of 7. To better understand the effect of the magnetic interac-
tions and the NW’s aspect ratio on the magnetization reversal processes,
two individual Ni NWs with 100 and 200 nm in length, respectively, were
also simulated. The magnetic field was applied from 10 to -10 kOe along
the axis of the NWs (z-direction) and perpendicular to the NWs’ long axis
(x-direction).

Figure 6 shows the simulated magnetic hysteresis loops obtained between
-5 and 5 kOe of applied magnetic field for sample A, sample B and the
two individual NWs with different lengths, when applying the magnetic field

11



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 6: Magnetic hysteresis loops simulated for sample A (red diamonds), sample B
(black stars) and a single nanowire with 100 nm (blue open circles) and 200 nm (green
filled circles) in length, with the magnetic field applied (a) parallel and (b) perpendicular
to the NWs’ long axis.

parallel [Fig. 6(a)] and perpendicular [Fig. 6(b)] to the NWs’ long axis. Large
squareness and coercivity values are obtained along the z-direction (easy
magnetization axis parallel to the NWs’ long axis), while very low coercivities
and squarenesses are obtained when applying the magnetic field along the
x-direction (hard magnetization axis perpendicular to the NWs’ long axis).
As expected, individual NWs have a much higher parallel coercivity (2.4 −
2.8 kOe) than the respective array (1.0−1.4 kOe), as the interactions between
neighbouring NWs (in sample A and B) facilitate the nucleation of magnetic
domain walls at the NWs’ ends, thus reducing the parallel magnetic switching
field. When analysing the two individual NWs, the magnetization reversal
process along the z-axis is found to be equal for both samples, and thus
independent on the NW’s length. Nevertheless, a smaller susceptibility was
detected for the longer NW [Fig. 6(b)], likely arising from its higher effective
shape anisotropy.

The simulated magnetic hysteresis loops for samples A and B also evi-
dence the different switching field distributions obtained when applying the
magnetic field parallel to the NWs’ long axis. For the 6 NWs located in the
outer part of the hexagonal array, the switching field along the z-direction
is between 1.0 and 1.4 kOe. However, the central NW exhibits a different
magnetic switching field in both studied arrays. For sample A, with NWs
of equal lengths, the central NW reverses its magnetization at an applied
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Figure 7: Illustration of the magnetization reversal process in two isolated Ni nanowires
with 100 and 200 nm in length, when applying the magnetic field along the z-axis.
The colour scale represents the normalized magnetization along the NWs’ long axis (z-
direction).

magnetic field between 1.4 and 1.6 kOe, which is similar to the switching
field of the neighbouring NWs. However, when simulating sample B, with a
central NW twice as long as its neighbouring wires, the switching field of the
central NW becomes much higher, reaching values between 3.2 and 3.4 kOe.

To better illustrate the magnetization reversal processes of individual Ni
NWs and their respective arrays, 3D representations of key equilibrium and
time-evolution states were plotted using Paraview [44]. Figure 7 illustrates
the magnetization reversal process of the two individual Ni NWs, which
occurs at the same applied magnetic field and by the nucleation and prop-
agation of vortex domain walls at the NW’s ends. Figure 8 shows the key
stages in the magnetization reversal process of samples A and B. For the 6
external NWs, independently of their length, magnetization reversal occurs
by the nucleation of transverse magnetic domain walls at the top and bottom
ends of the NWs that evolve towards the central part of the NW [Figs. 8(a)
and (d)]. The fact that the reversal process starts at the external NWs can
be seen as a mere effect of using a low number of NWs in the simulated
cell. Therefore, in this case, the lowest energy of the system is most likely
achieved by switching the external NWs first, thus blocking the magnetiza-
tion of the central NW of the cell and avoiding magnetic frustration. Note
also that, while moving towards the centre, the nucleated transverse domain
walls evidence a combined transverse/vortex character, as also described in
references [45, 46, 47]. As for the central NW, it exhibits a different reversal
process, depending on the length of the neighbouring wires. In sample A,
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Figure 8: Illustration of the magnetization reversal processes in samples (a, b and c) A
and (d, e and f) B, after saturating the nanowires at 10 kOe along the z-axis. The colour
scale is the same as the one in Fig. 7.
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where all NWs have equal lengths, the central NW reverses its magnetiza-
tion the same way as its neighbouring NWs, at just a slightly higher applied
magnetic field [Fig. 8(c)]. However, in sample B the magnetic moments of
the central NW are well stabilized by the antiparallel coupling with the outer
NWs [48] [Fig. 8(e)]. In this case, the simulations evidence that the longer
central NW (in sample B), not only needs a much higher magnetic field to
switch its magnetization, but it does so by nucleating a single vortex domain
wall at the top end of the NW [Fig. 8(f)], which then propagates towards the
lower end of the wire. These results evidence the non-interacting behaviour
of the central longer NW, as its magnetization reverses by nucleating a vor-
tex domain wall, as observed in a single NW, and at the most isolated end of
the wire. Micromagnetic simulations thus confirm the presence of a mixture
of interacting and weakly-interacting NWs in sample B, as measured and
interpreted by the FORC method in the previous section.

Finally, the susceptibility of sample B, measured along the x-axis, was
also found to be slightly higher than that of sample A [Fig. 6(b)]. In par-
ticular, sample A (composed of 7 NWs with L = 200 nm) exhibits the same
susceptibility as a single NW with L = 200 nm; while sample B (composed
of 6 NWs with L = 100 nm and only one NW with L = 200 nm) presents a
susceptibility value similar to the one found in a single NW with L = 100 nm.
These results are in agreement with the experimental data plotted in Fig. 2,
thus confirming the presence of a smaller axial effective anisotropy in sample
B due to the reduced effective shape anisotropy of the majority of the NWs.

3.4. Magnetostatic interactions by FORC analysis

A quantitative analysis of the FORC diagrams presented in Fig. 3 was
also performed along the Hu axis, providing additional information on the
magnetic interactions (∆Hu) between the Ni NWs in the arrays. Figure 9
shows the ρFORC profiles parallel to the Hu axis for both samples. According
to the moving Preisach model [49, 50], the magnetostatic interactions can
be seen as a combination of local and mean interaction fields. When local
interactions are dominant, the ρFORC profile along the Hu axis is charac-
terized by a distribution narrowly confined around Hc. On the other hand,
if mean magnetostatic interactions between neighbouring NWs prevail, the
ρFORC profile is broadened along the Hu axis, usually presenting a flattened
top [8, 10, 29].

Analysing Fig. 9 one can see that sample A (solid red line) exhibits a
broad peak with a flattened top, indicating the presence of major mean mag-

15



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 9: Cross-sections of the FORC diagrams along the Hu axis for the two sets of
Ni NW arrays electrodeposited, illustrating the different shapes of the interaction field
distributions.

netostatic interactions (∆HA
u ≈ 500 ± 100 Oe) between neighbouring NWs.

Since all NWs have similar lengths (L ≈ 9.0 ± 0.5 µm), and thus constant
center-to-center distances (∼ 105 nm), the dominance of mean magnetic in-
teractions between adjacent wires was expected. On the other hand, sample
B (dashed black line) presents a distribution narrowly confined around Hc

with a broad base, emphasizing the presence of a mixture of local and mean
magnetostatic interactions between the NWs. As observed in the previous
sections, the non-uniform length distribution of the NWs in sample B pro-
vides a unique mixture of states. The bottom part of the sample is composed
of highly interacting NWs with L ≈ 5± 2 µm and constant center-to-center
distances (∼ 105 nm). This part exhibits a mean magnetostatic interaction
field between the NWs slightly higher than the one exhibited in sample A
(∆HB

u ≈ 640 ± 100 Oe), but still very close to ∆HA
u when considering the

measurement error. Note that the field error has been estimated as 100 Oe
since a field step of 50 Oe was used and two measurements (Hr and H )
performed during the acquisition of the FORCs, thus almost duplicating the
field error to around 100 Oe. Moreover, as sample B is the superposition of
two different distributions, the Hu profile has to be deconvoluted, and the
narrowly confined distribution of the non-interacting phase may result in an
overestimation of the interaction field of the interacting distribution within
the error. Nevertheless, this minor increase of the mean magnetostatic in-
teractions between the NWs in sample B was also previously observed in
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Table 2: Magnetostatic interaction fields (∆Hu) obtained for the two set of samples using
the FORC method.

Sample ∆Hu (Oe)
A interacting: 500± 100

B
interacting: 640± 100

non-interacting: 110± 100

the M (H ) measurements as a small decrease in S‖ (see Fig. 2 and Table 1).
These slightly higher interactions may be ascribed to the stronger antiparallel
coupling between the shorter and longer NWs, as seen in the micromagnetic
simulations. On the other hand, the longer NWs (with L ≈ 9.0 ± 0.5 µm)
behave as weakly-interacting SD particles. The center-to-center distance be-
tween these NWs’ top ends is so large, that local magnetostatic interactions
prevail. These are identified by the narrowly confined distribution around
Hc presented in the ρFORC profile along the Hu axis (Fig. 9). Note, however,
that the non-interacting distribution along the Hc axis has a finite width
along the Hu axis due to the measurement resolution and the chosen ∆Hr

value [Fig. 3(b)]. As this distribution is not a delta peak it will appear in the
Hu profile, giving a strong contribution to the signal around Hu = 0. There-
fore, the non-interacting field presented in Table 2 should be considered as
an approximated value.

The FORC method can thus give us valuable information on the mag-
netization reversal processes and magnetostatic interactions in nanomagnet
arrays, that traditional major magnetic hysteresis loops fail to provide.

4. Conclusions

This work shows how one can use the FORC method to differentiate two
types of interactions and switching field distributions in a magnetic array.
To achieve that, two kinds of samples have been pre-designed having the
same NWs diameters and hexagonal order, but different length homogeneity
distributions. Major magnetic hysteresis loops allowed us to conclude that
the NWs in the array behave as single domain-like particles dominated by
shape anisotropy. However, these measurements were not able to differen-
tiate the magnetic interactions of the different magnetic arrays. Therefore,
the FORC method was here used as a way to extract further information
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on the magnetostatic interactions present in the array. In sample A, the
Ni NWs with uniform length distributions were found to exhibit dominant
mean magnetostatic interactions, seen by the broad and flattened peak of
the FORC profile along the Hu axis. On the other hand, the Ni NW array
with non-uniform length distributions (sample B) presented a mixture of lo-
cal and mean magnetostatic interactions. These arose from the two sets of
NW arrays deposited in sample B: a bottom part composed of interacting
NWs with small center-to-center distances (105 nm), and thus higher mean
magnetostatic interactions; and an upper part constituted by the isolated
longer NWs (average center-to-center distance of NWs’ top ends higher than
1 µm), thus exhibiting dominant local magnetic interactions. Micromagnetic
simulations confirmed the weakly-interacting behaviour of the longer NWs
in sample B. In particular, the magnetization reversal of interacting wires
was found to occur by the nucleation of transverse domain walls at the NWs’
ends, while isolated wires nucleated vortex domain walls. The analysis of the
FORC diagrams also allowed us to state that the Ni NWs with larger length
deviations from the array behaved as weakly-interacting single domain par-
ticles, as evidenced by the elongation along the Hc axis. This elongation is
a unique signature of weakly-interacting SD particles, that can be used to
isolate their contribution from other magnetic components. Therefore, the
FORC method has proved to be extremely valuable in the identification and
study of local and mean magnetic behaviours in nanomagnet arrays.
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Highlights: 

• Study of Ni nanowire (NW) arrays with uniform and non-uniform length distributions  
• First-order-reversal curve (FORC) analysis and micromagnetic simulations are used 
• Strongly- from weakly-interactions in a magnetic array are distinguished using FORC 
• Distinct magnetization reversal modes for interacting and isolated NWs are obtained 


