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In this work the influence of diameter upon the magnetic properties of single wall ferromagnetic nanotubes was studied. Magnetization per
site, magnetic susceptibility, specific heat and total energy were computed on the basis of a classical Heisenberg model involving nearest
neighbor interactions and using a Monte Carlo method implemented with a single spin movement Metropolis dynamics. The spontaneous
magnetization, absolute value of ferromagnetic energy and critical temperature increase with diameter of the tubes and spin quantum number.
The critical temperature is determined by the tube diameter. As the diameter of the tube tends to infinity, all the numerical results approach
to those of a two-dimensional monolayer.

Keywords: Nanotubes; magnetism; Monte Carlo.

En este trabajo se estudió la influencia del díametro sobre las propiedades magnéticas de nanotubos ferromagnéticos de una sola capa. Se
calcularon la magnetización por sitio, la susceptibilidad magnética, el calor especı́fico y la enerǵıa total partiendo de un modelo clásico
de Heisenberg y teniendo en cuenta interacciones de primeros vecinos, además se empléo el método de Monte Carlo con la dinámica de
Metrópolis de movimiento de espı́n unitario. La magnetización espontanea, el valor absoluto de la energı́a ferromagńetica y la temperatura
cŕıtica incrementan con el diámetro de los nanotubos y el número cuantico de espı́n. A medida que el diámetro de los nanotubos tiende a
infinito, todos los resultados numéricos tienden a los de una capa bidimesional.

Descriptores: Nanotubos; magnetismo; Monte Carlo.

PACS: 75.25.-j; 75.30.Et; 75.70.-I; 75.75.-c

1. Introduction

Since the work published by Iijima about carbon nanotubes
in 1991 [1], much attention has been paid on low dimensional
structures such as nanodots, nanowires, nanoparticles and
nanotubes. In particular, considerable efforts have been made
in fabricating magnetic nanotubes due to their potential appli-
cations, such as ultrahigh-density magnetic storage devices,
biotechnology, nanomedicine and electronic devices, among
others [2-4]. Experimental works have reported successfully
methods to fabricate ferromagnetic (FM) nanotubes, and their
magnetic properties have been investigated [5-7]. The new
experimental works which have been done recently in this
area opened the way for the creation of nanotubes based on
the composite molecules that contain metal atoms [8,9]. In
this case, the nanotube is considered as a tube, composed of
rectangular (square, or others) unit cells with spins situated in
the vertices of the unit cells [10]. There are different theoreti-
cal methods for the investigation of magnetic nanotubes, such
as micromagnetic simulation [11-13], continuum theory of
ferromagnetism [14-17], and Monte Carlo simulations [10].

In this work, Monte Carlo simulations of magnetic prop-
erties in magnetic nanotubes based on the geometrically sim-
ple lattice with the square unit cell are present. The aim of
this study is to found the dependence of the magnetic proper-
ties on the diameter (m = number of atoms per cross section),
when the system presents values of anisotropy and exchange
parameter in the same order of magnitude. Results seem to
be similar to more realistic cases of magnetic nanotubes,e.g.,
similar to those considered in the literature [8,9].

2. The model description

A classical Heisenberg model involving nearest neighbor in-
teractions and Monte Carlo method implemented with single
spin movement Metropolis dynamics was used. The Hamil-
tonian that describes the system (Eq. 1) contains a term re-
garding to exchange energy and other corresponding to the
magneto-crystalline anisotropy.

H = −j
∑

〈i,j〉

−→
Si · −→Sj −K

∑

i

(
−→
Si · n̂i)2 (1)
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FIGURE 1. (a) 2D- monolayer arrangement of atoms. Each inter-
section is a magnetic site. For building the tube, a sheet of ions was
rolled up linking the point 1 with the point 2 and the point 3 with
the point 4 and (b) final scheme of the nanotube.

J is the exchange parameter,
−→
Si and

−→
Sj are the spins,K

is the anisotropy constant and̂ni is the easy axis direction.
Atoms were arranged forming a rolled up simple square lat-

tice by keeping constant the lattice parameter of the sheet
(c) (Fig. 1(a) and 1(b)). However, as the nanotubes curva-
ture increases, the nearest distance between lattice sites in
the cross section (a) decreases as well as the exchange pa-
rameter rises. The nearest distance between lattice sites (c) in
the longitudinal section is kept constant. The nanotube diam-
eter, denoted bym, is worked out by means of the number of
magnetic ions in the cross section of the nanotube. In these
calculations, numerical values were given for the exchange
parameter of the sheetJs = 15 meV,K = 5 meV, (longitudi-
nal direction) and different quantum spin number (S) S=1/2,
1 and 3/2. An exchange parameter depending on the cross
section of nanotube (Jt) was proposed by Eq. 2, taking into
account previous results reported [18]. The exchange param-
eterJt comes from theJs that is the exchange parameter of
an atoms sheet. It seems natural because the physical proper-
ties of a nanotube tend to be similar to those of sheet as the
diameter tends to infinity. The idea in this work is to eval-
uate as a first approximation the magnetic properties of the
nanotubes, considering the contribution of the nearest neigh-
bors to the magnetic coupling. It can be concluded that if the
curvature of the nanotube changes, the atomic orbitals over-
lapping also varies and the exchange parameter needs to be
recalculed, according to the expression (2)

Jt =
c

a
Js (2)

In the nanotube longitudinal section, periodical boundary
conditions were assigned for considering the fact that in real
nanotubes, the diameter is smaller than the length. Moreover,
in the nanotube cross section free boundary conditions were
established. Finally statistical averages were performed em-
ployment 2×104 Monte Carlo steps.

The magnetic susceptibilityχ by using the Monte Carlo
results was obtained, according to the (Eq. 3)

χ = N−1 1
kbT

(〈m2
l 〉 − 〈ml〉2) (3)

whereN is the number of magnetic ions in the system and
〈ml〉 is the mean magnetization at the longitudinal-direction
per spin. The specific heatC is obtained from the energy
fluctuation (Eq. 4).

C = N−1 1
kbT

(〈E2〉 − 〈E〉2) (4)

where〈E〉 is the mean energy per spin.

3. Results and discussion

Figure 2 shows the magnetization per magnetic site and the
magnetic susceptibility for a nanotube with diameterm=20.
Typical ferromagnetic behavior is observed; at low temper-
atures, magnetization is high due to the spins ordering is
not affected by the low entropy. Furthermore, the magneto-
crystalline anisotropy along the longitudinal direction of the
nanotube plays a very important role. As the temperature is
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FIGURE 2. Magnetization per magnetic site and magnetic suscep-
tibility in normalized unites as a function of temperature for a nan-
otube withm=20.

increased, the magnetization decreases presenting an inflex-
ion point. It means that nanotubes undergo a magnetic phase
transition from ferromagnetic to paramagnetic state. After
the transition point, the temperature plays the most important
role in the magnetic properties, as a result of the increment in
the entropy [19]. Magnetic susceptibility measured from the
fluctuations in the magnetization shows a maximum at the
critical point, where the magnetic system changes its mag-
netic behavior from ferromagnetic to paramagnetic.

Ferromagnetic energy as a function of temperature is pre-
sented in Fig. 3. As is expected, it increases, tending to the
saturation [20]. The specific heat curve has a well defined
lambda shape which is a characteristic of this kind of mag-
netic transitions [21].

FIGURE 3. Ferromagnetic energy and specific heat in normalized
units as a function of temperature for a nanotube withm=20.

FIGURE 4. a) Specific heat curves as a function of temperature for
nanotubes of different diameter b) magnetization curves as a func-
tion of temperature for nanotubes of different diameter.

FIGURE 5. Critical temperature as a function of the numberm.

Specific heat curves for nanotubes of different diameters
were plotted in Fig. 4 a). A visible characteristic observed
in this figure due to the finite size effect is the tendency of
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peaks to be sharper as the diameter increases. It produces a
more abrupt ferromagnetic to paramagnetic phase transition.
Figure 4 b) shows magnetizations curves for some nanotube
diameters (m). For the smallest diameter the magnetization
curve presents more data dispersion in the zone of the transi-
tion temperature due the effects of a low quantity of magnetic
ions.

Figure 5 illustrates the Curie temperature versus the di-
ameter of the nanotube for three different quantum spins val-
ues. When the diameter rises, the critical temperature in-
creases, reflecting that the collective effect of adjacent ions is
increased and the fluctuation effect is neglected as the number
of spins in the cross section (m) rises. This figure also shows
that the slop of each curve decreases withm, and the critical
temperature value finally approaches to a 2D monolayer as
m tends to infinity. In addition, from Fig. 5, under fixed di-
ameter, the Curie temperature increases as the quantum spin
number is higher [18].

4. Conclusions

Magnetization per magnetic site, magnetic susceptibility, fer-
romagnetic energy and specific heat curves were obtained
for a system of atoms ordered as a nanotube by means of

a computational model based in the Monte Carlo method and
a classical Heisenberg Hamiltonian. These curves describe
the transition from ferromagnetic to paramagnetic phase as a
function of temperature for nanotubes of different diameters.
Results show the evolution of the Curie temperature with the
diameter until reaching a saturation temperature which is in
agreement with the transition temperature of a 2D monolayer.
Similar behavior was observed in works reported by Kon-
stantinova and B.-Z. Miet al in magnetic properties of nan-
otubes, when the system presents values of anisotropy and
exchange parameters in the same order of magnitude. The
computational model reveals an appreciable change in the
magnetic properties as the diameter of the tube tends to be
smaller; according to the finite size scaling theory.
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