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Arrays of Ni nanowires have been studied by means of first order reversal curves (FORC) diagrams. The dependence of the coercivity
of the arrays as a function of the length of the nanowires has been experimentally investigated. We have shown that the FORC diagrams
provide detailed information about the distribution of interactions and coercivities and allowed us to observe the reversible component
of magnetization. Our results are in good agreement with analytical calculations obtained by means of a simple model.

Index Terms—First order reversal curves (FORC), magnetic nanowires.

1. INTRODUCTION

HE study of highly ordered arrays of magnetic wires is
Ta topic of growing interest. The high ordering, together
with the magnetic nature of the wires, may give rise to out-
standing cooperative properties of fundamental and technolog-
ical interest [1]—-[3]. In these arrays, inter-element interactions
play an important role and have been subject to strong investi-
gation [4]-[6].

For the study of these systems, different techniques have been
used. For the structural characterization usually scanning elec-
tron microscopy (SEM) and atomic/magnetic force microscopy
(AFM/MFM) has been used. The magnetic characterization is
usually made by measuring hysteresis curves. However it is not
possible to obtain information of interactions and coercivity dis-
tributions from these measurements. Then, and within this con-
text, the first order reversal curves (FORC) diagrams appear
as a useful tool for the characterization of magnetic systems
[7]-[11]. The FORC diagrams of these arrays allow us to get
also an insight on the relative proportions of reversible and irre-
versible components of the magnetization which are important
for technological devices. In this work we investigate the FORC
diagrams of three arrays of Ni nanowires which lead us to obtain
important information of the magnetic behavior of the arrays as
a function of the length of the nanowires.

II. EXPERIMENTAL SETUP

Three hexagonal arrays of Ni nanowires of diameters
d = 2R = 50 nm and lengths . = 1,4 and 12 pm have
been prepared by electrodeposition into nanopores of alumina
membranes with interpore distance D = 100 nm [12], [13].
The electrodeposition was performed at a constant potential (dc
electrodeposition at —1.0 v). The morphology of the individual
nanowires after the dissolution of the alumina was studied by
means of scanning electron microscopy (SEM) with a JEOL
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5900 LV and transmission electron microscopy (TEM) using
a JEOL 2010 F, checking the high ordering of the hexagonal
arrays and their large aspect ratio [6].

The chemical characterization of the nanowires was made
by means of energy-dispersive analysis of x-rays (EDAX), ob-
taining a clear peak corresponding to the emission spectrum of
Ni. The magnetization measurements were performed with a
home-made alternating gradient force magnetometer (AGFM),
with the applied field parallel to the axis of nanowires, and at
ambient temperature. The samples contain ~10° Ni nanowires
each.

III. RESULTS AND DISCUSSION

Fig. 1 illustrates the hysteresis curves for the three arrays of
nanowires as a function of the length L of the nanowires. In this
figure a strong increase of the coercivity and remanence with
the length L is evidenced. These measurements lead us to ob-
tain the coercivity of the three samples, as illustrated with dots
in Fig. 2. In order to understand the dependence of the coer-
civity on the length, we developed analytical calculations using
a simple model. We considered that each nanowire is along the
z axis and reverse its magnetization from one of its minima,
M = Mz to the other, M = — M,z by means of the prop-
agation of a transversal wall [14]. To calculate the coercivity of
an isolated wire we used an adapted Stoner-Wohlfarth model in
which the length of the particle which experienced a coherent
rotation is replaced by the length of the domain wall. We also
included the effect of dipolar interactions of the array, which
lowers the energy barriers for the switching. The interaction
field was calculated using the expression developed by Laroze
et al. [15] for the interaction energy of two nanowires a distance
D apart

r- Ein D
Eint(D) %
_ qugRQ 1

1 — =
2LD /1+D_’_-;

To compare with our experimental results we calculated
the non-dimensional magnetostatic interaction energy
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Fig. 1. Hysteresis curves for samples with lengths L = 1,4, and 12 pm, inter-
pore distance D = 100 nm, and diameter d = 2R = 50 nm, produced under
the same chemical conditions. The external magnetic field was applied parallel

to the axis of nanowires.
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Fig. 2. (Solid line) coercivity calculated for an array of nanowires with d =
2R = 50 nm, and D = 100 nm. (Black dots) experimental values obtained
from Fig. 1, and (dash line) the non-dimensional magnetostatic interaction en-
ergy per wire as a function of the length L.

per wire by adding all the contributions in the array,

f\:ll Z?;H_l (Eint(D)/poMZN), with N the number
of nanowires in the array. Due to present computational capa-
bilities we considered N = 70000. This energy is illustrated
in Fig. 2 with a dashed line. Using these results and following
calculations in [6] we obtain the coercivity as a function of the
length of the array, which is also depicted with a solid line in
Fig. 2. In this figure a good agreement between experimental
and analytical results is observed. As a result of the decrease of
the interaction energy with the increasing length of the wires in
the array, the coercivity decreases approaching the result for the
non interacting case (Ej,, = 0). It is also expected a decrease
of the interaction field with increasing L because of the relation
between the interaction energy and field.

The measurement of a FORC starts by saturating the sample
at a large positive applied field. Then the field is decreased to
a reversal field, H,. The FORC is defined as the magnetization
curve that results when the applied field is increased from H,
back to saturation. The magnetization at the applied field H; on
the FORC with reversal point H, is denoted by M(H,, Hy),
where Hy, > H,.

A statistical model that describes the system as a set of bi-
estable entities (hysterons) based on the Preisach model [7], [16]
is used to illustrate and obtain information from the FORC. The
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Fig. 3. First order reversal curves (FORC) for samples with different lengths.
The external magnetic field was applied parallel to the nanowire axis. Each
FORC have been measured with external field intervals of 100 Oe between
points.

extended probability density function (pdf) of the ensemble is
defined by [9], [17]

1 0?’M
20H,0H,"

This function extends over the entire plane H,, H,. A FORC
diagram is a contour plot of the pdf (1), and can be pre-
sented in terms of the variables H. = (H, — H,)/2 and
H; = (Hy + H,)/2 which are the fields of switching (coer-
civity of hysteron) and interaction (bias of each hysteron) [9],
allowing to capture the reversible component of the magneti-
zation, which appears focused on H. = 0. The pdf (1) of a
sample is obtained by numerically derivation of M (H,, H}),
which contains all FORC measurements. The FORC diagram
is obtained performing the contour plot of the pdf (1).

Fig. 3 illustrates the FORCs obtained for the three arrays in-
vestigated and Fig. 4 depicts the corresponding contour plots of
the pdf (1), i.e., the FORC diagrams of the samples.

In the FORC diagrams of the samples (Fig. 4) a very large
distribution of the interaction fields (in the H; direction) is ob-
served, which is expected for highly interacting systems. One
can also observe from the diagrams that as L increase the distri-
bution of interaction decrease. This result is in agreement with
our analytical results presented in Fig. 2 (dash line) where a

p(Hme) = O
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Fig. 4. The FORC diagrams for the three samples studied. These FORC dia-
grams were obtained performing the contour plots of the pdf (1), and changing
to variables H . (coercive field) and H; (interaction field), according to the text.

strong decrease of the interaction energy by increasing L is
shown. Since the interaction energy is proportional to the in-
teraction field, the decrease of the distribution of the interac-
tion fields when the length of the wires increase, observed in
the FORC diagrams, follows the same tendency of the dashed
line in Fig. 2.

Fig. 5 depicts the distribution of coercivities at the interac-
tion field H; = 0, i.e., p(H., H; = 0)/po. In this figure it is
shown that by increasing L the coercivity distribution slightly
enhances and the field at which the maximum occur is shifted
to higher values. This last feature of the coercivity distribution
is in agreement with the behavior of the measured coercivity,
which increases for longer nanowires, as shown in Fig. 2. The
maximum of the coercive distribution for the three samples are
at H. = 574 Oe, H. = 600 Oe and H. = 700 Oe for samples
with L = 1,4, and 12 pm respectively.

Another important feature which appears in the FORC dia-
grams is the reversible component of the magnetization. The
relative importance of this component, which appears in the
FORC diagram at H. = 0 (Figs. 4 and 5), is not evidenced
by measuring the hysteresis curves. This reversible component
vanishes as L increases (Fig. 5), as expected, since a system with
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Fig. 5. Distribution of coercivities for the interaction field H; = 0, i.e.,
p(H.,H; =0)/po. In the small box it is shown a snapshot of the peaks of the
coercivities distribution. At H. = 0 it is observed a decrease in the reversible
component of the magnetization as L increases.

higher coercivity has a smaller reversible component. Further-
more it is possible to quantify the amount of reversible magne-
tization of the system as a function of the amount of irreversible
magnetization [11], [18].

IV. CONCLUSION

The magnetic properties of arrays of Ni nanowires were in-
vestigated by means of hysteresis curves and FORC diagrams.
Our experimental results were compared with analytical cal-
culations obtained by means of a simple model. The FORC
diagrams lead us to obtain a more complete characterization
of these systems, giving the coercivity distribution and the re-
versible and irreversible component of the magnetization, which
are difficult to obtain from a simple hysteresis curve. The mea-
sured coercivities as a function of the length L of the wires are in
agreement with our analytical results. By increasing the length
of the wires in the array an increase of the coercivity and an en-
hancement of the coercivity distribution are evidenced, as well
as a decrease of the reversible component.
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Arrays of Ni nanowires have been studied by means of first order reversal curves (FORC) diagrams. The dependence of the coercivity
of the arrays as a function of the length of the nanowires has been experimentally investigated. We have shown that the FORC diagrams
provide detailed information about the distribution of interactions and coercivities and allowed us to observe the reversible component
of magnetization. Our results are in good agreement with analytical calculations obtained by means of a simple model.

Index Terms—First order reversal curves (FORC), magnetic nanowires.

1. INTRODUCTION

HE study of highly ordered arrays of magnetic wires is
Ta topic of growing interest. The high ordering, together
with the magnetic nature of the wires, may give rise to out-
standing cooperative properties of fundamental and technolog-
ical interest [1]—-[3]. In these arrays, inter-element interactions
play an important role and have been subject to strong investi-
gation [4]-[6].

For the study of these systems, different techniques have been
used. For the structural characterization usually scanning elec-
tron microscopy (SEM) and atomic/magnetic force microscopy
(AFM/MFM) has been used. The magnetic characterization is
usually made by measuring hysteresis curves. However it is not
possible to obtain information of interactions and coercivity dis-
tributions from these measurements. Then, and within this con-
text, the first order reversal curves (FORC) diagrams appear
as a useful tool for the characterization of magnetic systems
[7]-[11]. The FORC diagrams of these arrays allow us to get
also an insight on the relative proportions of reversible and irre-
versible components of the magnetization which are important
for technological devices. In this work we investigate the FORC
diagrams of three arrays of Ni nanowires which lead us to obtain
important information of the magnetic behavior of the arrays as
a function of the length of the nanowires.

II. EXPERIMENTAL SETUP

Three hexagonal arrays of Ni nanowires of diameters
d = 2R = 50 nm and lengths . = 1,4 and 12 pm have
been prepared by electrodeposition into nanopores of alumina
membranes with interpore distance D = 100 nm [12], [13].
The electrodeposition was performed at a constant potential (dc
electrodeposition at —1.0 v). The morphology of the individual
nanowires after the dissolution of the alumina was studied by
means of scanning electron microscopy (SEM) with a JEOL
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5900 LV and transmission electron microscopy (TEM) using
a JEOL 2010 F, checking the high ordering of the hexagonal
arrays and their large aspect ratio [6].

The chemical characterization of the nanowires was made
by means of energy-dispersive analysis of x-rays (EDAX), ob-
taining a clear peak corresponding to the emission spectrum of
Ni. The magnetization measurements were performed with a
home-made alternating gradient force magnetometer (AGFM),
with the applied field parallel to the axis of nanowires, and at
ambient temperature. The samples contain ~10° Ni nanowires
each.

III. RESULTS AND DISCUSSION

Fig. 1 illustrates the hysteresis curves for the three arrays of
nanowires as a function of the length L of the nanowires. In this
figure a strong increase of the coercivity and remanence with
the length L is evidenced. These measurements lead us to ob-
tain the coercivity of the three samples, as illustrated with dots
in Fig. 2. In order to understand the dependence of the coer-
civity on the length, we developed analytical calculations using
a simple model. We considered that each nanowire is along the
z axis and reverse its magnetization from one of its minima,
M = Mz to the other, M = — M,z by means of the prop-
agation of a transversal wall [14]. To calculate the coercivity of
an isolated wire we used an adapted Stoner-Wohlfarth model in
which the length of the particle which experienced a coherent
rotation is replaced by the length of the domain wall. We also
included the effect of dipolar interactions of the array, which
lowers the energy barriers for the switching. The interaction
field was calculated using the expression developed by Laroze
et al. [15] for the interaction energy of two nanowires a distance
D apart

r- Ein D
Eint(D) %
_ qugRQ 1

1 — =
2LD /1+D_’_-;

To compare with our experimental results we calculated
the non-dimensional magnetostatic interaction energy
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Fig. 1. Hysteresis curves for samples with lengths L = 1,4, and 12 pm, inter-
pore distance D = 100 nm, and diameter d = 2R = 50 nm, produced under
the same chemical conditions. The external magnetic field was applied parallel
to the axis of nanowires.
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Fig. 2. (Solid line) coercivity calculated for an array of nanowires with d =
2R = 50 nm, and D = 100 nm. (Black dots) experimental values obtained
from Fig. 1, and (dash line) the non-dimensional magnetostatic interaction en-
ergy per wire as a function of the length L.

per wire by adding all the contributions in the array,

f\:ll Z?;H_l (Eint(D)/poMZN), with N the number
of nanowires in the array. Due to present computational capa-
bilities we considered N = 70000. This energy is illustrated
in Fig. 2 with a dashed line. Using these results and following
calculations in [6] we obtain the coercivity as a function of the
length of the array, which is also depicted with a solid line in
Fig. 2. In this figure a good agreement between experimental
and analytical results is observed. As a result of the decrease of
the interaction energy with the increasing length of the wires in
the array, the coercivity decreases approaching the result for the
non interacting case (Ej,, = 0). It is also expected a decrease
of the interaction field with increasing L because of the relation
between the interaction energy and field.

The measurement of a FORC starts by saturating the sample
at a large positive applied field. Then the field is decreased to
a reversal field, H,. The FORC is defined as the magnetization
curve that results when the applied field is increased from H,
back to saturation. The magnetization at the applied field H; on
the FORC with reversal point H, is denoted by M(H,, Hy),
where Hy, > H,.

A statistical model that describes the system as a set of bi-
estable entities (hysterons) based on the Preisach model [7], [16]
is used to illustrate and obtain information from the FORC. The
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Fig. 3. First order reversal curves (FORC) for samples with different lengths.
The external magnetic field was applied parallel to the nanowire axis. Each
FORC have been measured with external field intervals of 100 Oe between
points.

extended probability density function (pdf) of the ensemble is
defined by [9], [17]

1 0?’M
20H,0H,"

This function extends over the entire plane H,, H,. A FORC
diagram is a contour plot of the pdf (1), and can be pre-
sented in terms of the variables H. = (H, — H,)/2 and
H; = (Hy, + H,)/2 which are the fields of switching (coer-
civity of hysteron) and interaction (bias of each hysteron) [9],
allowing to capture the reversible component of the magneti-
zation, which appears focused on H. = 0. The pdf (1) of a
sample is obtained by numerically derivation of M (H,, H}),
which contains all FORC measurements. The FORC diagram
is obtained performing the contour plot of the pdf (1).

Fig. 3 illustrates the FORCs obtained for the three arrays in-
vestigated and Fig. 4 depicts the corresponding contour plots of
the pdf (1), i.e., the FORC diagrams of the samples.

In the FORC diagrams of the samples (Fig. 4) a very large
distribution of the interaction fields (in the H; direction) is ob-
served, which is expected for highly interacting systems. One
can also observe from the diagrams that as L increase the distri-
bution of interaction decrease. This result is in agreement with
our analytical results presented in Fig. 2 (dash line) where a

p(Hme) = O
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Fig. 4. The FORC diagrams for the three samples studied. These FORC dia-
grams were obtained performing the contour plots of the pdf (1), and changing
to variables H . (coercive field) and H; (interaction field), according to the text.

strong decrease of the interaction energy by increasing L is
shown. Since the interaction energy is proportional to the in-
teraction field, the decrease of the distribution of the interac-
tion fields when the length of the wires increase, observed in
the FORC diagrams, follows the same tendency of the dashed
line in Fig. 2.

Fig. 5 depicts the distribution of coercivities at the interac-
tion field H; = 0, i.e., p(H., H; = 0)/po. In this figure it is
shown that by increasing L the coercivity distribution slightly
enhances and the field at which the maximum occur is shifted
to higher values. This last feature of the coercivity distribution
is in agreement with the behavior of the measured coercivity,
which increases for longer nanowires, as shown in Fig. 2. The
maximum of the coercive distribution for the three samples are
at H. = 574 Oe, H. = 600 Oe and H. = 700 Oe for samples
with L = 1,4, and 12 pm respectively.

Another important feature which appears in the FORC dia-
grams is the reversible component of the magnetization. The
relative importance of this component, which appears in the
FORC diagram at H. = 0 (Figs. 4 and 5), is not evidenced
by measuring the hysteresis curves. This reversible component
vanishes as L increases (Fig. 5), as expected, since a system with
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Fig. 5. Distribution of coercivities for the interaction field H; = 0, i.e.,
p(H.,H; =0)/po. In the small box it is shown a snapshot of the peaks of the
coercivities distribution. At H. = 0 it is observed a decrease in the reversible
component of the magnetization as L increases.

higher coercivity has a smaller reversible component. Further-
more it is possible to quantify the amount of reversible magne-
tization of the system as a function of the amount of irreversible
magnetization [11], [18].

IV. CONCLUSION

The magnetic properties of arrays of Ni nanowires were in-
vestigated by means of hysteresis curves and FORC diagrams.
Our experimental results were compared with analytical cal-
culations obtained by means of a simple model. The FORC
diagrams lead us to obtain a more complete characterization
of these systems, giving the coercivity distribution and the re-
versible and irreversible component of the magnetization, which
are difficult to obtain from a simple hysteresis curve. The mea-
sured coercivities as a function of the length L of the wires are in
agreement with our analytical results. By increasing the length
of the wires in the array an increase of the coercivity and an en-
hancement of the coercivity distribution are evidenced, as well
as a decrease of the reversible component.
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