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Abstract

Analytical expressions for the total magnetic energy of two characteristic internal configurations of nanometric tubes are calculated. A
magnetic phase diagram with respect to the aspect ratio of the tubes is obtained considering anisotropy properties of four materials: iron,
cobalt, permalloy and nickel. Conditions for low/high coercive field are discussed.
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During the last decade, magnetic properties of nano-
particles have been deeply investigated. Different geome-
tries have been considered, including wires, tubes, rings and
dots. In particular, magnetic nanotubes may be suitable for
applications in biotechnology, where magnetic nanostruc-
tures which can float in solutions are very desirable [1]. In
order to understand the switching properties of these
elements it is of basic importance to establish the role of
their geometrical parameters.

Geometrically, magnetic nanotubes are characterized by
their external and internal radii, R and a, respectively, and
height (or length), H. These particles present two
characteristic ideal internal configurations according to
their magnetization: parallel to the tube axis F, and
concentric to the tube axis V [2-4]. The latter is the vortex
state, where magnetic moments lay parallel to the tube
basis and circulate around its axis. In this work we consider
an isolated magnetic nanotube, which in the case of an
array corresponds to sufficiently large separation between
the tubes. In this situation, the interaction between them
can be ignored. We are interested in determining the range
of values for R, a and H where F or V states are favored.
Namely, we look for a phase diagram for rather narrow
tubes, where there is no core magnetization [4].
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We adopt a simplified description of the system, in which
the discrete distribution of magnetic moments is replaced
by a continuous one characterized by the magnetization
I\7I(r). The internal magnetic energy, E ., of a single tube is
given by the sum of three terms corresponding to the
magnetostatic (Egip), the exchange (Ec) and the anisotropy
(Ex) contributions. In any case, the dipolar term can be
written as

Egip = %/V Ni(r) - VU(r)dv, (1)

where U(r) is the magnetostatic potential.

The magnetization is regarded as varying slowly on the
scale of the lattice parameter. Therefore, the exchange term
takes the form [5]:

Eo = A / (VMg + (Vmy)? + (Vm,)?) dv, 5
V

where m; = M;/Mj is the normalized component of the
magnetization with respect to the saturation magnetization
My and A is the stiffness constant of the material. In
Eq. (2) a constant term, independent of the configuration,
has been left out [5].

The cubic anisotropy energy of the particle can be added
by means of the following expression:

E. = K. / (mzmg 4+ mgm; + m;mg) dv, A3)
\%
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Fig. 1. Phase diagrams for magnetic nanotubes giving the regions in the RH plane where one of the configurations has lower energy: F phase to the upper

left, V phase to the lower right. Points 1, 2, 3 and 4 are discussed in the text.

and the uniaxial anisotropy energy is given by
Eu= —Ku/ m? dv. “)
%

We now proceed to the calculation of the various energy
terms. Results are given in units of ,uOMéLf(, that is to say
E = E/uyMJL}. In this case we have used the exchange

length given by Ly = 1/2A/pyM3.

For the F parallel configuration, M(r) can be approxi-
mated by MZ, where Z is the unit vector parallel to the axis
of the nanotube, and the reduced energy reads

- R? [>d —qy

EF = _3/ =) - 1@
Ly Jo d
Ky THR?

5 5 (=5, 5)

Here, f =a/R, y=H/R and &, = 2K,/pyMj. In this
expression J(z) are Bessel functions.

For the V configuration the magnetization can be
approximated by Mg¢. In such case the contribution from
the dipolar energy equals zero, and

~V

2
E :—ﬂlnﬁ+xC HR
Lx

2
6L 1= ©)
Here, x. = 2KC/,u0M%. Egs. (5) and (6) were previously
obtained [4] for K. = K, = 0.

We proceed to investigate the relative stability of the
configurations. Phase diagrams are shown in Fig. 1 for two
values of f that are appropriate for narrow tubes, namely,
0.7 and 0.9. Anisotropy for four different materials are
considered according to values presented in Table 1. Each
line separates the F configuration (upper left) from the V
configuration (lower right). Notice that for the case of Co
the transition line is very close to the abscissa axis and then
the F phase is present in almost all the range studied here.
Because of its very low anisotropy, results for permalloy
describe reasonably well a material with no anisotropy, as
it was considered in Ref. [4].
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Table 1

Parameters for different materials taken from Ref. [6]

Material My (A/m) Ly (nm) K (J/m?) K
Iron 1.7 x 10° 2.346 4.8 x 10* 0.0264
Cobalt* 1.4 x 10° 2.849 4.1 % 10° 0.3329
Permalloy 8.0 x 10° 4.986 —3.0 x 10? —0.0007
Nickel 4.85 % 10° 8.225 —45x%10° —0.0304

For all these materials, A~10~" J/m. Uniaxial (K,) cobalt is denoted with
a superscript *. Iron, permalloy and nickel have cubic (K.) anisotropy.

As a specific illustration we did calculations for magnetic
nanotubes with R = 90nm and H = 60 um [1] made of the
materials characterized in Table 1. Results are presented in
Fig. 1 as dots: Fe: 1, Co: 2, permalloy: 3 and Ni: 4. The Ni
dot is closer to the transition line than the other cases. This
is an indication for a lower coercive field. On the contrary,
the other cases are well inside the F phase and should have
a large coercive field.

In conclusion, we have investigated the role of aniso-
tropy energy in the phase diagram obtained for different
geometries. We have shown that anisotropy plays a
fundamental role in the ground state of magnetic tubes.
The magnetic state of nanotubes depends strongly on the
material used as well as on each of the geometrical features

defining the tube. Thus, if one looks for low-coercive
devices the best bet seems to be Ni, with R/Ly about 10
and almost any H /Ly; this condition is favored for thinner
tubes (f close to 1.0). On the contrary, cobalt will always
present high coercivity, almost independently of the aspect
ratio of the particle.
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