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We present magnetotransport measurements as well as micromagnetic simulations of magnetization reversal
in magnetic nanowires having strong transverse magnetocrystalline anisotropy. The interplay between ex-
change, demagnetizing, and magnetocrystalline energies gives rise to a micromagnetic configuration involving
vortices with alternative chirality along the wire. Despite the complexity of the field angle-dependent magne-
tization reversal process, a very good agreement is obtained between experiments and simulations. This
provides evidence that the reported magnetization process appears generally in nanowires with strong trans-
verse magnetocrystalline anisotropy. Moreover an analytical expression is established for the angular depen-
dency of the core switching field. The simulations indicate the occurrence of Bloch points during the core
reversal.
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Magnetism at a small scale addresses both important fun-
damental and application aspects. Shrinking the dimensions
of magnetic systems down to the typical magnetic length
scales is a novel opportunity to get insights into nanomag-
netism. Also applications are likely to take advantage of geo-
metrically confined magnetic states, such as single domains,
for data storage or localized magnetic field sources. Nano-
wires are model objects for such purposes. However, focus-
ing on small and single nanomagnets is still challenging. A
powerful tool in such concern is to combine magnetotrans-
port measurements and micromagnetic simulations.

Using nanoporous templates,1,2 it is possible to grow well-
defined cylindrical ferromagnetic nanowires with diameters
as small as 20 nm and extremely large aspect ratios �up to a
thousand�. Therefore, being quasi-one-dimensional systems,
they can be compared with analytical solutions of coherent
reversal such as Stoner-Wohlfarth3 and curling models.4 For
Ni, Fe, and their alloys, the nanowire properties are domi-
nated by the shape anisotropy5 and the behavior is now well
understood. It has been established that the reversal of the
magnetization is governed by the nucleation of a reverse do-
main at the wire extremities and its subsequent propagation
along the wire.6–8

For Co nanowires, a strong transverse magnetocrystalline
anisotropy �MCA� can be introduced, leading to a more com-
plicated behavior.7,9,10 Under certain electroplating condi-
tions Co grows in the hexagonal phase, giving rise to a
strong transverse MCA, of the order of magnitude of the
shape anisotropy.11,12 In that case, the high degree of sym-
metry is broken due to the interplay between shape and mag-
netocrystalline anisotropies. In previous studies on such
nanowires, magnetic force microscopy �MFM� observations
and anisotropic magnetoresistance �AMR� measurements
have shown that, at remanence, states with strong out of the
wire-axis component can be present.10,13,14 One concern is
the transition between single domain, domains with trans-

verse magnetization, and flux-closure state along the
wire.10,13,15,16 The latter has drawn a lot of interest in flat-
magnetic elements, especially with the singularity arising
from magnetic vortices. More recently, there is growing in-
terest in ultrafast vortex-core reversal through the propaga-
tion of a Bloch point.17,18

In this Brief Report we focus on the magnetic properties
of high aspect ratio �60 nm diameter and several �m long�
nanowires with a strong perpendicular to the wire-axis aniso-
tropy. Important results on the magnetization-reversal
mechanism come from the angular dependency of the AMR
measured on a segment of a long Co nanowire by a multi-
probe technique14,19 and its understanding in light of micro-
magnetic simulations �Fig. 1�. The magnetization reversal
involves vortex states that provide an opportunity to pre-
cisely control the nanowire switching field. The micromag-
netic simulations show a direct core reversal through the
propagation of a Bloch point.

The multiple contacts along the single nanowire have
been realized by electron-beam lithography as detailed
elsewhere.19 For such a purpose the nanowires are extracted
from the nanoporous media and spread over a silicon sub-
strate. The OOMMF software20 has been used for the micro-
magnetic simulation. We have shown in a previous study that
such Co nanowires grow in hexagonal phase and that for the
present growth conditions the so-called c axis of the grains
can be either parallel, perpendicular, or at an angle respect to
the wire axis.14 The typical grain size was found to be around
1 �m.

The angular dependence of the AMR presented in Fig.
1�a� can be understood in the light of the structural proper-
ties. The high-�low-�resistance state indicates that the micro-
magnetic configuration has a large magnetization component
parallel �perpendicular� to wire axis. At remanence, the sys-
tem is in a low-resistance state close to the value obtained in
the perpendicular-saturated state. This corresponds to a mag-
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netic state with a strong component of the magnetization
lying in the perpendicular to the wire direction. This is un-
usual in the case of high aspect-ratio wires where usually
high resistance states are found at remanence. Moreover, this
is independent of the magnetic history, showing that the sys-
tem always goes to a very similar magnetic state whatever
the initial saturation direction. Also, in the parallel direction,
the reversal starts well before the field reversal, correspond-
ing to the decrease in the resistance. This suggests that the
measurements were performed on a grain having a strong
perpendicular to the wire MCA. The MCA forces the mag-
netization to be mostly perpendicular to the wire at rema-
nence, corresponding to the fundamental state.

In order to understand this unusual behavior, micromag-
netic simulations were performed considering a wire
having a perpendicular MCA. The parameter values are

1400�103 A /m, 2�1011 J /m, and 4.5�105 J /m3 for the
magnetization at saturation �Ms�, the exchange constant, and
the magnetocrystalline energy, respectively. The geometry is
described in the schematic of Fig. 1�c� �other geometries
have been also put to test and show similar results�. The
60-nm-diameter wire consists of three 500-nm-long grains.
Only the central grain has a MCA axis oriented along �Oy�,
the two surrounding grains keep away the wire ends that are
strong sources of demagnetizing field. The MC axis of the
central grain is oriented perpendicular to the wire axis, as
deduced from the AMR measurements. The field is applied
in the plane defined by �yOz�, � being the angle between the
applied field and the wire axis �Oz�. The cell size is 5 nm
along the wire axis and 2.5 nm along �Ox� and �Oy� axes.
The application of successive discrete field steps simulates
the magnetic cycle. At each applied field, the AMR value in
the central grain area is estimated as the average of cos2���
with � the angle between the local magnetization and the
wire axis.21 The angular dependency of the calculated AMR
is shown in Fig. 1�b�.

A very good agreement is found between the experiment
and the simulations. Indeed, the jumps corresponding to the
reversal as well as the changes in the slope of the curves at
positive and negative field values are reproduced. The rem-
anent state corresponds also to a low-resistance state. While
close to the parallel direction the resistance is strongly modi-
fied during the reversal, the changes in resistance are much
less pronounced close to the perpendicular direction. Thus
the micromagnetic configurations obtained in the simulation
are well representative of the experimental situation.

Figure 2 depicts the micromagnetic configuration ob-
tained in the central grain area at remanence. Independently
of the magnetic history, the remanent state involves two
magnetic vortices along the wire with alternate chirality.
Compared to a single-domain transverse state, a vortex re-
duces the demagnetizing energy at the cost of exchange en-
ergy. It should be noted that the vortex is not fully symmetric

FIG. 1. �Color online� �a� Experimental and �b� calculated an-
gular dependency of the AMR. The field direction is indicated by
the arrow. The angle � between the applied field and the wire axis is
indicated in the figures. In �b�, I, II, III, IV, and V refer to the
magnetic sketches depicted in Figs. 2 and 3. �c� Schematic of the
simulated system with the central grain having a MCA along �Oy�.

FIG. 2. �Color online� Micromagnetic configuration at rema-
nence inside the central grain. Top: longitudinal cut through the
center and bottom: three transversal views at the positions indicated
by the arrows �the out of the plane component is color coded�.

FIG. 3. �Color online� Micromagnetic sketches of the reversal
process for the general case ��75° at the steps indicated in Fig.
1�b� �see the color code for the out of the plane direction�: �I� after
saturation, �II� after nucleation �the remanent state �III� is displayed
in Fig. 2�, �IV� before and �V� after core reversal.
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since the MCA induces a deformation of the close loop of the
magnetization vector along �Oy�, source of stray field. The
two vortices along the grain length are of opposite chirality
�clockwise and counter clockwise� in order to further lower
the demagnetizing energy. In the transition region between
the two vortices �domain wall�, the cores of the two vortices
are expelled at the surface of the wire, in opposite directions.
In the middle plane, all spins are perpendicular to the wire,
along the MCA direction.

The magnetization maps for the 45° cycle are shown in
Fig. 3 where I, II, IV, and V refer to the corresponding resis-
tance values in the AMR curve in Fig. 1�b�. It is the same
plane as shown in the left-transversal view of Fig. 2 of the
central grain area. This well represents the general case
�i.e., ��75°� of the magnetization reversal. In I, the system
is in a saturated single-domain state oriented at 45°. When
the field value is decreased the magnetization starts to relax
toward the wire axis �corresponding to the increase in resis-
tance�. Reducing further the field, the magnetization of adja-
cent spins splits, allowing the creation of the circular path
required for the vortex nucleation �II�. At that point the mag-
netization is mostly along the wire axis. The circular path
appears at the wire border as it is found for dots. Decreasing
the field value down to zero lets the spins rotate transverse to
the wire axis, whereas the vortex cores move toward the wire
axis �the resistance is decreasing�. In III, the system is at
remanence and the vortex core is located at the wire center as
in Fig. 2. The vortex core is oriented along the wire axis and
points toward the saturation direction.

When the field is reversed the vortex core starts to move
toward the other wire border, opposite to its nucleation point
�IV�. This is also observed for magnetic vortices in dots. The
volume parallel to the field direction increases at the cost of
the volume antiparallel to it, making the vortex core move
from one side to the other. There is a reduction of the vortex-
core dimension since it is antiparallel to the axial-field com-
ponent. When the field is strong enough, the situation with
the vortex core pointing in the opposite to the field direction
is not possible any more and the core reverses. After the
reversal �V�, the magnetization is mostly pointing along the z
direction with still the circular path similar to the curling
state. The two domains have again opposite chirality. The
reversal corresponds to an important increase in the resis-
tance and clearly identifies the core-switching field Hsw.
When the field is further increased, the annihilation occurs
and corresponds to the change in the slope of the AMR
curve. Similar behaviors are found for other angles when � is
kept lower than 75°.

For applied field angles very close to the perpendicular
direction, ��75°, the mechanism involved during the mag-
netic hysteresis is slightly modified. For the nucleation, in-
stead of the intermediate curling state with the magnetization
lying mostly along the wire axis, the vortices directly enter
the nanowire. The configuration with vortices of opposite
chirality is conserved since this lowers the demagnetizing
energy along the wire. The circular path required for the
formation of the vortices appears at the wire border. The
vortex core is a little away from the wire center and moves
toward the wire center as the field is decreased to zero. At
remanence the system is in the same configuration as in Fig.

2. When the field is reversed, the vortex cores move toward
the other wire border before being expelled.

Figure 4 shows the angular dependence of the vortex-core
switching field �indicated by the increase in resistance be-
tween situation IV and V�. In both experiments and simula-
tions �rods and cylinder shape� the switching field evolves as
1 /cos���, except when very close to the perpendicular direc-
tion ���75°� where a slightly different reversal mechanism
takes place. This evidences that the axial component of the
applied field is responsible for the reversal of the vortices
core and can be expressed, as a function of � the applied field
angle with respect to the wire axis, by

Hsw��� = Hsw�� = 0�/cos��� �1�

with Hsw, the vortex core switching field.
When the longitudinal component of the applied field

reaches the value needed to reverse the vortex core for �
=0, the reversal occurs. This is also found in the simulation
for both square and cylinder shapes. Even if different values
for Hsw��=0� can be obtained on other geometries, this is
still observed. This situation ensures a deterministic reversal
law driving the irreversible part of the reversal. The volume
of spins in the core lying in the opposite direction of the
axial-field component has an important contribution to the
Zeeman energy. This volume is large enough to determine
the maximum axial-field component that the system can sup-
port before reversal begins. This appears to be a general rule
of the reversal properties of the vortices in such elongated
magnetic systems and gives the opportunity to geometrically
control the switching field.

The simulations show that for ��75° the core of the two
vortices reverse through the nucleation of vortices with op-
posite core polarity, but same chirality, that propagate along
the central grain area. The reversed vortices nucleate at the
vicinity of the domain wall �the plane with the transverse
magnetization� that separates the two original vortices. This
mechanism uses a Bloch point at the front line between the
cores of opposite polarity. For the 500-nm-long grain and
using a 0.02 damping parameter, the reversal occurs in
roughly 2 ns. In contrast to the core reversal with a Bloch
point in flat-magnetic elements, this situation is observed
even at large angles with respect to the polarization axis.

FIG. 4. �Color online� Angular dependence of the axial compo-
nent of the vortex-core switching field �Hsw

z =Hsw�cos���� recorded
in the experiments and the simulations �wire with square rod and
cylindrical shapes�.
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This study further supports the importance of Bloch points in
the magnetization reversal of low-dimensional systems.

From the simulations, the nucleation and annihilation
fields of the vortices appear as changes in the slope of the
AMR curves. Their values can thus be extracted unambigu-
ously from the experimental measurements. Both nucleation
and annihilation fields increase with �, showing that the vor-
tices state is more stable when the field is applied at an angle
from the wire axis. The absolute value of the annihilation
field is always slightly larger ��10 mT� than the nucleation
field. This behavior is quite different for the vortex-reversal
properties in magnetic dots or rings where a large difference
is observed between the nucleation and annihilation fields.

This situation is compatible with MFM observations of
similar nanowires.14 Moreover, AMR measurements either
on numerous nanowires remaining in the membrane or on
single and isolated nanowires, even with smaller diameters,
reveal similar angular dependencies, showing that this rever-
sal is general in such high aspect-ratio nanowires with trans-
verse MCA. Different nanowire configurations �grain length,
wire diameter, perpendicular MCA orientation� have been
used in the simulations, they also show similar results. For
smaller diameters, the annihilation field corresponds to the
reversal of the vortex core. While the present situation has
some similarities with the curling reversal, it is emphasized

that the magnetization reversal starts before the field is re-
versed.

To conclude, we have evidenced the magnetic-vortices
state in high aspect-ratio systems such as nanowires with
transverse-magnetocrystalline anisotropy. Using a simple
model, the micromagnetic simulations reproduce the mag-
netic hysteresis observed in the experiments and reveal an
original vortex state. The nucleation, core reversal and anni-
hilation are always at well-differentiable field values, so that
they always occur during the magnetic hysteresis cycle. Im-
portant results come from the angular dependency of the
core-switching field. It appears that the axial component of
the applied field �thus antiparallel to the vortex core� deter-
mines the core-reversal field. The reversal is completely
driven by the anisotropic properties and the geometry, mak-
ing the magnetization reversal less sensible to the presence
of defects and from sample to sample variations. This novel
form of vortex state in nanowires provides the opportunity to
control the switching field and to study in more detail the
Bloch point singularity.
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