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Abstract. The angular dependence of the transverse and vortex modes in a magnetic nanotube is investi-
gated as a function of the tube geometry, by means of analytical calculations and numerical simulations. A
critical radius defining the transition between vortex and transverse reversal modes is determined, leading
to low or high coercivity modes just by varying the direction of the external field, in a fixed nanotube.

PACS. 73.63.Fg Nanotubes – 74.25.Ha Magnetic properties

1 Introduction

As fabrication technology pushes the dimensions of struc-
tures into the nanoscale, understanding the magnetization
processes of these nanostructures becomes an important
issue for its applications in spintronic devices [1,2]. For
most of these applications, spherical and cylindrical parti-
cles have been the preferred. However, since these shapes
have only one surface for modification, the generation of
multifunctional objects turns out to be limited. Since 2004
magnetic nanotubes have been grown providing particles
with two adjustable surfaces (internal and external) [3–5].
Nanotubes have magnetic properties that allow them to be
traced directly using magnetic resonance imaging, making
them useful in diagnosis applications [6]. Also, they are in-
teresting for different biological applications [4] since they
are able to float in solutions due to their low density.

One of the most important properties of nanomagnets
is the coercivity, which is strongly dependent on geometric
parameters. Although the current experimental facilities
allow the fabrication of tubes with a variety of geome-
tries, precision is still a problem. A given fabrication pro-
cedure may yield tubes with wall thickness with a typical
dispersion of 3 nm in thin nanotubes [7]. Therefore, the
possibility of controlling the coercivity by other means is
highly desirable. Since coercivity is directly related to the
reversal mechanism, one alternative is to induce different
reversal modes by modifying external parameters, such as
the direction of the applied field.

In this work we investigate, using an analytical model
and numerical simulations, the angular dependence of the
magnetization reversal of Ni nanotubes, considering the
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different modes that can be present, as a function of the
tubes geometry. We focus on small diameter nanotubes
such as the ones reported by Bachmann et al. [8] and
Daub et al. [9].

2 Models

Geometrically, tubes are characterized by their external
and internal radii, R and a, respectively, and length L. It
is convenient to define the ratio β ≡ a/R, so that β = 0
represents a solid cylinder and β close to 1 corresponds to
a very narrow tube. Besides, we consider an external mag-
netic field Ha applied in a direction defined by θ, which is
the angle between the applied field direction and the tube
axis, as illustrated in Figure 1a.

2.1 Numerical model

The different reversal modes were found via Monte Carlo
simulations. In this case the energy E of a nanotube with
N magnetic moments was written as E =

∑N
j>i Ed

ij −
J

∑
ij∈{nn} μ̂i · μ̂j + Ea, where Ed

ij is the dipolar energy
given by Ed

ij = [µi · µj − 3(µi · n̂ij)(µj · n̂ij)] /r3
ij , with

rij being the distance between the magnetic moments
µi and µj , μ̂i the unit vector along the direction of µi,
and n̂ij , the unit vector along the direction that connects
µi and µj . J is the exchange coupling constant between
nearest neighbors and Ea = −∑N

i=1 µi · Ha. Our nickel
nanotube was built along the [100] direction of a fcc lat-
tice with parameter a0 = 3.52 Å. We also used the val-
ues μi = 0.61 μB and J = 3.5 meV. We have investi-
gated tubes with R varying between 10 and 25 nm, and
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Fig. 1. (a) Geometrical parameters of a nanotube. (b) Mag-
netization reversal modes in nanotubes. The arrows represent
the orientation of magnetic moments within the tube. Left:
coherent-mode rotation, C. Center: vortex-mode rotation, V,
with a domain wall of thickness wV . Right: transverse-mode
rotation, T, with a domain wall of thickness wT .

L = 0.5 μm. Such tube contains about 108 atoms, which
is out of reach for a regular MC simulation with dipo-
lar interactions, considering the available computational
resources. In order to reduce the number of interacting
atoms we made use of a scaling technique, proposed by
d’Albuquerque et al. [10], originally formulated to investi-
gate 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′ = dχη and h′ = hχη, with χ < 1 and η ≈ 0.56, if the
exchange constant is also scaled as J ′ = χJ . We use this
idea starting from the desired value for the total number
of interacting particles we can deal with, based on the
computational facilities currently available, and have esti-
mated N of the order of 103. With this in mind we have
obtained the scale value χ = 4×10−3, leading 6048 atoms
for a tube with external ratio of 25 nm and β ≡ 14/30. It
has also been shown that the scaling relations can be used
together with MC simulations showing good agreement
with experiments and micromagnetic calculations [11–14].

MC simulations were carried out at T = 300 K, using
the Metropolis algorithm [15] in which the new orienta-
tion of the magnetic moments is restricted according to
Nowak et al. [16]. It is important to mention that Monte
Carlo simulations consider essentially the energy of the
system. Effects related to the magnetization dynamics,
like torques and magnetization precession are not con-
sidered. In the initial state of our system Ha = 6 kOe,
which is higher than the saturation field, and all magnetic
moments were parallel to Ha. The field was then linearly
decreased at a rate of ΔH = 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. The variation
of β and θ and previous data on tubes [7,14] show three
main idealized types of magnetization reversal, which are
illustrated in Figure 1b. In a coherent rotation, C, all the
spins (local magnetic moments) rotate simultaneously; in
a vortex reversal mode, V, spins inside a wall rotate re-

maining tangent to the tube wall; and in the transverse
reversal mode, T, a net magnetization component in the
(x, y) plane appears inside the domain walls. In our MC
simulations we observed that when θ = 0 the direction
of the magnetization component in the (x, y) plane of
the transverse domain wall rotates during reversal. Her-
tel and Kirschner [17] called this reversal mechanism the
corkscrew mode. On the other hand, for θ �= 0, we observe
that the wall magnetization lies on a plane defined by the
external magnetic field and the tube axis. In this case,
and considering that no precession has been included in
our model, the (x, y) field components act as a unidirec-
tional anisotropy defining a reversion plane

2.2 Analytical model

In order to obtain general information about the angu-
lar dependence of the reversal modes, we have developed
analytical calculations that lead us to obtain the coer-
cive field Hk

c assuming each of the previously mentioned
reversal mechanisms, k = C, T, and V. The angular de-
pendence of the nucleation for a coherent magnetization
reversal was calculated by Stoner-Wohlfarth [18] and gives

HC
n

M0
= −1 − 3Nz (L)

2

√
1 − t2 + t4

1 + t2
,

where t = tan
1
3 (θ) and M0 is the saturation magnetiza-

tion. The demagnetizing factor of a tube along the z axis
has been previously obtained by Escrig et al. [19] and is
given by

Nz (l)=
2R

l (1−β2)

∫ ∞

0

dy

y2
(J1 (y)−βJ1 (βy))2

(
1−e−y l

R

)
.

For the T mode, the angular dependence of the coercivity
can be studied by an adapted Stoner-Wohlfarth model [7]
in which the width of the domain wall, wT , is used as the
length of the region undergoing coherent rotation. Starting
from the equations presented by Landeros et al. [14] we
can calculate the width of the domain wall (Fig. 2) for the
transverse mode as a function of the tube geometry. We
observed wall widths between 40 and 100 nm as a function
of β. Following this approach,

HT
n

M0
= −1 − 3Nz (wT )

2

√
1 − t2 + t4

1 + t2
.

As shown in the Stoner-Wohlfarth model [18], the nucle-
ation field does not represent the coercivity in all cases.
However, from their discussion on p. 21 [18], the coercivity
for a coherent and transverse reversal can be written as

HC(T )
c =

⎧
⎨

⎩

∣
∣
∣H

C(T )
n

∣
∣
∣ 0 ≤ θ ≤ π/4

2
∣
∣
∣H

C(T )
n (θ=π/4)

∣
∣
∣−

∣
∣
∣H

C(T )
n

∣
∣
∣ π/4 ≤ θ ≤ π/2.

In very short tubes (L ≈ wT ) the energy cost involved
in the creation of a domain wall gives rise to a coherent
mode of reversal.



S. Allende et al.: Angular dependence of the transverse and vortex modes in magnetic nanotubes 39

β
Fig. 2. Domain wall width as a function of β for the T mode
of magnetization reversal.

The angular dependence of the curling nucleation field
in a finite prolate spheroid was obtained by Aharoni [20].
Recently, Escrig et al. [7] extended the expression for the
switching field to take into account the internal radii of
tubes, obtaining

HV
n

M0
=

(
Nz − q2L2

x

R2

) (
Nx − q2L2

x

R2

)

√(
Nz − q2L2

x

R2

)2

sin2 θ0 +
(
Nx − q2L2

x

R2

)2

cos2 θ0

,

with q satisfying [21]

qJ0(q) − J1(q)
qY0(q) − Y1(q)

− βqJ0(βq) − J1(βq)
βqY0(βq) − Y1(βq)

= 0. (1)

Here Jp (z) and Yp (z) are Bessel functions of the first
and second kind, respectively. Equation (1) has an infinite
number of solutions, of which only the one with the small-
est nucleation field has to be considered [22]. As pointed
out by Aharoni [20], for a prolate spheroid with θ0 = 0,
a jump of the magnetization at or near the curling nucle-
ation field occurs. Therefore, the coercivity is quite close
to the absolute value of the nucleation field. Then, we as-
sumed here that −HV

n is a good approximation to the
coercivity, HV

c , when the reversal occurs in the V mode,
as in other studies [7,20,23].

3 Results and discussion

With the above expressions for the coercivity it is pos-
sible to study how the geometry influences the reversal
process, for different values of θ. In our model the system
will reverse its magnetization by whichever mode opens an
energetically accessible route first, that is, by the mode
that exhibits the lowest coercivity. However, for highly
dynamic cases, the path of lowest coercivity might not
be accessible due to precession effects. By evaluating the
coercivity of the different modes we found the one which
drives the reversal for each θ. Figure 3 illustrates our re-
sults for a Ni nanotube with L = 0.5 μm, β = 14/30,
and (a) R = 10 nm and (b) R = 25 nm. Blue dots and

θ θ

Fig. 3. Angular dependence of the coercivity, Hc, in a Ni nan-
otube with L = 0.5 μm, β = 14/30, and (a) R = 10 nm, and
(b) R = 25 nm.

solid lines represent the coercivity obtained by means of
numerical simulations and analytical calculations, respec-
tively. As depicted in Figure 3a, in a small diameter tube
the T mode will always be preferred. If the tube diameter
is increased, Figure 3b, we can observe a transition from
a V to a T mode as a function of θ. Analytically the tran-
sition between T and V modes is abrupt, since the slope
of the Hc (θ) curves at the crossing point is different. Nu-
merical simulations show a smooth transition. Around the
crossing point, θ = 60◦, the reversal process starts at the
tips of the tube with a V mode rotation, propagates, and
finishes in the center of the tube with a T mode rotation.

From our analytical calculations, for both radii the co-
ercivity is always larger in the C mode than in the T
mode. However, in the limit of large angles, the values of
coercivity for both modes are very close. This is in good
agreement with our numerical simulations for θ = 88◦,
where we observed a coherent rotation.

We now investigate the dependence of the reversal
modes on β = a/R and θ. Figure 4 illustrates trajecto-
ries of the critical radius, Rc(β, θ), at which both coerciv-
ities, from T and V modes, are equal. For R < Rc(β, θ)
the magnetization reverses by means of transversal walls,
while for R > Rc(β, θ) vortex walls appear. In the con-
sidered range of parameters, we found that an increase
of the ratio β results in a decrease of the critical radius,
enhancing the region of stability of the V reversal mode.
This until θ = 88◦, where Rc increases with β, favoring
the T reversal mode. The critical radius for θ = 0, was
previously obtained by Landeros et al. [14] by calculat-
ing the energy barriers for different modes. In spite of the
different methodology, our results are in good agreement
with those. Figure 4 can also be interpreted as a phase
diagram in which each line separates the T mode of mag-
netization reversal, which prevails in the lower region of
the (β, R) space, from the V mode, present in the upper
area. Labelled dots (1) and (2) in Figure 4 correspond to
the cases shown in Figure 3 with (1) R = 10 nm, and (2)
R = 25 nm. In the first case, (1), the tube is in the T
phase, regardless of θ, and (2) presents a V reversal mode
for angles θ < 60◦ and a T mode for θ > 60◦. These quan-
titative results are in good agreement with our numerical
simulations.
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Fig. 4. Critical radius as a function of β for different angles.
Points 1 and 2 are discussed in the text.

4 Conclusion

In conclusion, by means of analytical calculations and nu-
merical simulations we have investigated the angular de-
pendence of the reversal modes in a magnetic nanotube as
a function of its geometry. We have derived analytical ex-
pressions that allow us to obtain the angular dependence
of the coercivity for different reversal modes that can ex-
ist in a nanotube, leading to a critical radius defining the
transition between vortex and transverse reversal modes.
As a consequence, we have shown that it is possible to ob-
tain low or high coercivity modes just by varying the direc-
tion of the external field, in a fixed nanotube, The trans-
verse mode is present in tubes with R < Rc(β, θ) while
for tubes with R > Rc(β, θ) it is always the vortex mode
that controls the magnetization reversal. We also found in
our Monte Carlo simulations that for θ = 0, a rotation of
the transversal wall along the tube axis is superimposed
to the propagation, while for θ �= 0 the magnetization of
the wall lies on a fixed plane defined by the external mag-
netic field and the tube axis. In this last case, the (x, y)
field components act as a unidirectional anisotropy, defin-
ing a plane of reversion. However, as mentioned before,
our model does not include the magnetization precession.
In this way, real systems may not present this fixed plane.
Good agreement between numerical and analytical calcu-
lations is obtained.
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