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Abstract
The hysteresis of multilayer nanowires composed by a soft magnetic cylindrical wire, a
non-magnetic spacer layer and an external hard magnetic shell is investigated. The external
magnetic shell originates a non-homogeneous magnetic field on the inner wire, which is
responsible for a displacement and a change of the width of the hysteresis curve of the wire.
Moreover, different reversal modes occur at each branch of the hysteresis loop, which can be
understood by analyzing the interaction magnetostatic field along the wire. Our results open the
possibility of controlling two parameters of the hysteresis loop, the coercivity and the bias,
providing an interesting system to be investigated.
(Some figures in this article are in colour only in the electronic version)

appear since, depending on the geometry, the internal and
external layers can be close enough to interact via a strong
dipolar coupling [3]. This interaction is responsible for the
appearance of interesting magnetic properties, such as the
dipolar magnetic bias previously reported in microwires [4, 5].
In this paper we focus on this latter property, investigating, by
means of numerical simulations, how the hysteresis loop bias
varies as the outer layer thickness changes. Our results show
that there exists a displacement and a change of the width of
the hysteresis curve due to the magnetostatic field. Also we
observe the existence of different reversal processes at each
branch of the hysteresis curve, which can be understood by
analyzing the non-homogeneous magnetostatic field along the
wire due to the external tube.

1. Introduction
In recent years a great deal of attention has been focused on
developing novel nanostructures which can be fundamental
to future applications. In particular, patterned magnetic
nanostructures such as arrays of wires, tubes, stripes or rings
have been developed in order to be used in data storage,
microelectronics or biomedical processes like cell separation
or biosensing. Among the different types of nanostructures,
tubes offer an additional degree of freedom as compared to
nanowires, because not only the length and diameter can be
varied, but also the thickness of the tube walls [1]. Other
similar nano-objects are the multilayer microwires, introduced
by Pirota et al [2], consisting of two metallic layers separated
by an intermediate insulating microlayer. Different techniques,
like quenching and drawing, sputtering and electroplating,
have been combined to prepare these particles with controlled
geometry. The synthesis of multilayer microwires, magnetic
nanowires and nanotubes opens the possibility of fabricating
multilayer nanowires where new magnetic properties can
0957-4484/09/445707+05$30.00

2. Model
The system we have in mind consists of a multilayer wire
composed by a cylindrical wire of soft magnetic material, a
spacer layer made of non-magnetic material and an external
1
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rather complicated due to the dipolar interaction, in the vicinity
of each local minimum we can analyze the transitions as
regulated by simple energy barriers of the form K e Ve , where
K e is an effective anisotropy constant taking into account
several energy contributions, and Ve is an effective volume.
Thermally activated transitions naturally lead to the definition
of a blocking temperature TB ∝ K e Ve [8], so we use this idea
to relate temperature and size. In order to keep the thermal
activation process invariant under the scaling transformation,
the energy barriers must also be invariant; therefore, the
temperature should scale as the volume, that is, T  = χ 3η T .
This technique was presented by Vargas et al [7] and has been
used before to investigate magnetic dots [9], tubes [10], and
wires [11], showing good agreement with experiments and
micromagnetic calculations.
Our goal is to examine the reversal process of the inner
wire, subject to the magnetostatic field of the external layer.
Usually experiments of this kind involve a premagnetization
process, in which a field near the saturation value for
the outer shell is applied. The hysteresis loops are then
obtained by varying the external field within limits much lower
than the premagnetizing field [2]. Therefore, a reasonable
approximation is to consider that the outer shell does not
change during the reversal process of the soft nucleus. The
spacer layer thickness is chosen such that exchange coupling
between the two magnetic layers can be safely neglected.
In this picture we write the energy of the α th magnetic
moment in the wire as

Figure 1. Definition of parameters of the geometry of the multilayer
wire.

hard magnetic shell. In some experiments with multilayered
microwires the spacer layer is usually made of Pyrex glass and
a layer of gold, necessary for the addition of the outermost
layer of hard magnetic material [2]. Figure 1 shows the
definition of the important parameters in this geometry.
In this work we consider that the innermost layer is a
uniform Ni nanowire with radius Rw = 15 nm, built along
the [001] direction of a fcc lattice with parameter a0 = 3.52 Å.
The spacer layer has a width ts = 15 nm and the thickness
te of the external magnetic layer, made of Co, ranges from
0 to 300 nm. The length of the multilayer particle is L =
500 nm. Such a system contains about 109 atoms, which is
out of reach for a regular Monte Carlo simulation with dipolar
interactions, considering the available computational power.
In order to reduce the number of interacting atoms we make
use of a scaling technique, proposed by d’Albuquerque et al
[6], originally formulated to investigate the equilibrium phase
diagram of cylindrical particles of height h and diameter d .
The authors showed that this diagram is equivalent to the one
for a smaller particle with d  = dχ η and h  = hχ η , with
χ < 1 and η ≈ 0.56, if the exchange constant is also scaled
as J  = χ J . It has also been shown [7] that the scaling
relations can be used together with Monte Carlo simulations
to obtain the general magnetic state of a nanoparticle. We
use this idea starting from the desired value for the total
number of interacting particles we can deal with, based on the
available computational facilities. As will be shown later, the
atoms in the inner and outer shells have different roles in the
simulations. We have estimated N ≈ 1000 for the inner wire,
leading to the scale value χ = 2.0 × 10−3 and 903 magnetic
moments. This scaling leads to an outer layer with 2000–
500 000 magnetic moments, depending on the chosen value
for te . In its original formulation, the scaling technique did
not include temperature. However, since thermal activation
is a key issue for transitions between metastable states and
the energy landscape depends on the value of χ , temperature
must also be scaled. Temperature scaling is still an open
issue. We considered that, even if the energy landscape is

E α = −m
 α · Bα = −m
 α · μ0 Hα ,

(1)

 α , including
where Hα is the effective field acting on m
a ), exchange of the inner
contributions from
the
applied
field
(
H

wire ( Hx = J j ∈{nn} m
 j ), magnetostatic field within the

3(m
 j ·n̂ α j )n̂ α j −m
j
w

wire ( Hm = j ∈{w}
) and the magnetostatic field
rα3 j

3(m  j ·n̂ α j )n̂ α j −m  j
generated by the external layer ( Hme = j ∈{e}
),
r3
αj

in the form

Hα = Ha + Hx + Hmw + Hme ,

(2)

where J is the exchange coupling constant, {nn} the set of
nearest neighbors of α , {e} the set of magnetic moments in
the external layer, {w} the set of magnetic moments in the
inner wire, rα j the distance to the j th atom, and n̂ α j the
unitary vector along rα j . According to our assumption the
term corresponding to Hme does not vary in time and has to
be calculated only once. For the hard outer layer we assume
that m  = 1.71 μB , corresponding to cobalt. For the wire we
take the saturation value of nickel, that is m = 0.615 μB . The
corresponding value for the exchange coupling constant of Ni
is J = 1600 kOe/μB [12, 13].
Monte Carlo simulations were carried out at T = 300 K,
using the Metropolis algorithm [14] with the new orientation
of the magnetic moments restricted according to the scheme
proposed by Nowak et al [16]. Only the magnetic moments in
the inner wire were considered for Monte Carlo moves. The
initial state had Ha = 15 kOe, higher than the saturation field,
and all magnetic moments parallel to Ha . The field was then
linearly decreased until −5 kOe and then increased at a rate
2
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Figure 3. Bias field as a function of the width of te .

Figure 2. Hysteresis loops for (a) te = 10 nm, (b) te = 50 nm,
(c) te = 90 nm, (d) te = 150 nm, (e) te = 200 nm, and
(f) te = 300 nm.

of Ha = 0.01 kOe for every 300 MC steps. In this way,
about 200 000 MC steps are needed to go from saturation to
the coercive field.

3. Results
Figure 2 illustrates the hysteresis loops of the internal wire
for te = 10, 50, 90, 150, 200 and 300 nm. The dots depict
different moments along the reversal process which will be
further investigated in detail. In this figure we observe that, as
te is varied, the hysteresis loop is shifted towards positive fields,
presents variations in its width and becomes non-symmetric,
evidencing the existence of different reversal modes at each
branch.
In order to quantify the shift, or bias, of the hysteresis loop,
we define the bias field, Hb , in terms of the coercive fields at
the right and left branches, Hc+ and Hc− , as

Hb =

Hc+ + Hc−
.
2

Figure 4. Variation of the loop width for te = 0 relative to the width
for an isolated wire (with te = 0).

layer, defined in the same fashion as Hc0. Figure 4 shows
a non-monotonic behavior for , with a maximum at te =
90 nm, followed by a continuous decrease reaching the noninteracting width at te  200 nm. From the definition of 
it is clear that the coercivity decreases, reaching a minimum
value at te = 90 nm, and increases again up to the isolated wire
value.
The asymmetry in the hysteresis loops cannot be
quantified in a simple fashion. To understand its cause one
has to examine the reversal process in detail. Before this, let us
review the general features of the field Hme due to the external
layer.
Figure 5 shows a schematic representation of the field Hme
acting on the inner wire for an external layer magnetized in the
+z direction, together with the applied field Ha . Away from
the wire tips the field is practically parallel to the cylinder axis,
and its magnitude decreases towards the center of the wire.
The shift in the hysteresis loop is easy to understand. If the
external layer is magnetized in the +z direction the magnetic
moments in the wire experience a field smaller than Ha and a

(3)

Figure 3 shows the behavior of Hb for te ranging from 10
to 300 nm. We observe that, by increasing the width of the
hard magnetic layer, the shift of the hysteresis loop increases
γ
following the power law Hb = cte , with c = 0.2 and γ =
0.63.
For the loop width we define the relative width variation,
, as
 = |Hc − Hc0|,
(4)
where Hc0 is the average coercive field of the isolated inner
wire, that is Hc0 = (Hc0+ − Hc0− )/2. Hc is the average
coercive field for the inner wire in the presence of the external
3
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Figure 7. Left side: snapshots for te = 90 nm. Right side:
representation of the corresponding magnetic field.
Figure 5. Schematic view of the field Hme due to external layer acting
on the inner wire. Since the external tube is made of a harder
magnetic material this field may be kept constant during the
hysteresis loop of the inner wire, acting as a unidirectional field.
Another important characteristic of this field is its non-homogeneity.
This field intensity in the central part of the inner wire is weaker than
the one at the tips.

Figure 8. Left side: snapshots for te = 300 nm. Right side:
representation of the corresponding magnetic field.

component of the magnetization (m̄ z ) while the other two (inplane) components are given by the solid and dashed lines.
Figure 6 corresponds to te = 10 nm and an almost
symmetrical hysteresis loop. The field profile indicates a
narrow region, with size comparable to the domain wall width,
of strong magnetostatic field, where the domain walls nucleate.
Along the rest of the wire the field is weak and varies very
little. Extreme values of field are 0.08 and 1.14 kOe, leading
to an overall variation around 1 kOe along the wire. Therefore,
besides the shift, the hysteresis loop resembles those for the
reversal of isolated nanowires [15]. For te = 90 nm we observe
a different situation. In this case we have extreme values of
0.8 and 4.8 kOe, leading to a 4 kOe variation. In the +z
to −z inversion process (figure 7(a)), after the nucleation and
launching, the domain walls are accelerated by a strong field.
When the walls reach the central part, where the magnetostatic
field is weaker, they slow down, leading to a change of the
slope in the left hysteresis branch at the point illustrated
with a white dot in figure 2(c). In the −z to +z inversion
a different mechanism appears, since now the magnetostatic
field enhances the stability of the wire magnetized in the −z
direction. In this case the walls nucleated at the tips are almost
static while additional walls appear at the central part of the
wire, where the magnetostatic field is weaker, and propagate
towards the tips.
Finally, for te = 300 nm, the field is very intense along the
tube and almost homogeneous, except for the tips, as shown in
figure 8. The overall variation is about 6 kOe, but excluding the
tips we observe a variation smaller than 2 kOe, although field

Figure 6. Left side: snapshots for te = 10 nm. Right side:
representation of the corresponding magnetic field.

magnetic moment in the +z direction which is inverted at a
field smaller than the coercive field for the isolated wire. The
opposite behavior appears for moments in the −z direction,
leading to a hysteresis loop shifted to positive values of the
applied field. This effect becomes stronger as te increases.
Variations in the reversal process are related to the nonhomogeneity of Hme . For the dimensions considered, the
reversal occurs via domain wall propagation [15]. Domain
walls nucleate non-simultaneously at the tips of the wire and
propagate towards the central part. Therefore, at the beginning
of the reversal process Hme has a larger value than at the end,
when the walls are about to meet each other. We examined
this behavior by monitoring the value of m̄ i (z) ≡ M̄i (z)/M0 ,
i = x, y, z , which is the average value of the magnetization
components at a height z , relative to the saturation value.
Figures 6–8 show snapshots at six different stages of the
reversal process, denoted by dots in figures 2(a), (c) and (f),
together with the magnetic field due to the external layer,
shown in a color scale on the right side. In these figures
columns (a) and (b) correspond to the left and right branches of
the hysteresis loops, respectively. This scale has been chosen
such that the value 1 (white) corresponds to the maximum
magnitude of Hme . The dotted line represents the average axial
4
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values are high. In the +z to −z inversion process nucleation
and propagation is very fast. Notice that the propagation speed
is so high that the nucleation of the second wall, at the other tip,
was not observed in this specific simulation. The slowing down
occurring when the walls reach the central part is not so evident
in this case. In the −z to +z inversion again the wall stability
is enhanced by the magnetostatic field; however, the field is
almost homogeneous and so intense that the nucleation of walls
in the central part is not possible. As a result the right branch
of the hysteresis loop is initially rounded, corresponding to the
walls moving against the stronger fields (white part), and then
they are accelerated by the weaker central field.

loops. The behavior of these systems is the result of
a competition between the strength of the magnetostatic
field due to the external shell and its inhomogeneity.
Multilayer nanowires open the possibility of controlling two
parameters of the hysteresis loop, the coercivity and the bias,
providing an interesting system to be explored theoretical and
experimentally.
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4. Discussion and conclusion
In summary, we have investigated the magnetostatic biasing
effect in multilayer nanowires. Using Monte Carlo simulations
we obtained the hysteresis loops of a wire covered by an
external magnetic shell of varying width. Our results show a
shift of the hysteresis loop towards positive fields due to the
dipolar interaction between the wire and the magnetic shell,
which is also observed in multilayer microwires [4]. This bias
field generates a shift that increases with the thickness of the
external shell. We also observe variations in the width of the
hysteresis loop. What is interesting in this system is the nonhomogeneity of the bias field. Apart from the tips the field due
to the external layer is weaker in the central part such that the
field experienced by the moving wall effectively changes along
the reversal process. Also, the field gradient depends on te
becoming less important as this thickness increases. Regarding
the left branch of the hysteresis loop, where the bias field favors
the propagation, the weaker field region may slow down the
walls, generating a change of slope whenever the field reaches
a small enough value as observed in the te = 90 nm case. For
te > 90 nm the field is high enough along the wire that this
effect is less pronounced, as observed in the te = 150, 200 and
300 nm cases. On the right branch the bias field hinders the
propagation, pinning the walls nucleated at the tips, leading to
the nucleation of walls in the central part of the wire, where
the field is weaker. These central walls are responsible for the
inversion, as depicted in figure 7, and enhance the coercivity.
As te increases, the field is strong enough in the central part of
the wire, inhibiting the formation of the second pair of walls. In
this case the coercivity again decreases, but a clear slow-down
of the nucleation and propagation of walls is evidenced by the
rounding of the initial part of the right branch of the hysteresis
loop, as observed in figure 8.
In conclusion, the dipolar field of the external layer
originates a bias of the hysteresis loop. The inhomogeneity
of this field is responsible for the existence of different
reversal processes, which lead to non-symmetrical hysteresis
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