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Abstract This document presents a study of the influence
of the dipolar interactions and geometrical parameters on
the magnetic properties of single-walled ferromagnetic nan-
otubes built by using square and hexagonal unit cells. For
this study, a Hamiltonian, which includes dipolar interac-
tions and nearest neighbor classical Heisenberg model, was
used; furthermore, the Monte Carlo method combined with
the Metropolis algorithm was used to determine the observ-
ables required. The analyses were focused on the magne-
tization per magnetic site and the critical temperature that
was obtained by using specific heat peaks. These properties
were calculated varying the length, diameter, boundary con-
ditions, dipolar parameter and unit cell type. It was observed
that the system showed different behaviors depending on the
use of periodic or free boundary conditions; moreover, there
is a strong influence of the unit cell type on the magnetic
properties, caused by the difference of the number coordi-
nation between them. For both cases, square and hexagonal
unit cells, the critical temperature increased as the nanotube
length was increased; nevertheless, the diameter produced
an inverse effect. On the other hand, the dipolar interac-
tion always generated an increase in the critical temperature.

Academic Discipline and Sub-disciplines

Computational Physics

< H.D. Aristizabal
hdaristizabals @unal.edu.co

PCM Computational Applications, Universidad Nacional
de Colombia-Sede Manizales, A.A. 127, Manizales, Colombia

This behavior allows us to conclude that longrange dipolar
interactions have a strong effect on the magnetic properties
of the single-walled magnetic nanotubes.
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1 Introduction

Magnetic nanotubes as well as nanotube arrays and com-
bining attractive tubular structures with tuneable magnetic
properties are promising candidates for potential applica-
tions in a broad range of nanotechnological areas such as
high-density data storage, nanoelectromechanical devices,
as well as biotechnology like medicine delivery, biosensors,
and chemical and biochemical separations [1-8].

Among these new nanomaterials, the nanotubes, in con-
trast to solid wires, have inner voids that reduce the density
of materials and make them easier to float in solutions,
a desirable property in biotechnology [9]. The inner hol-
low itself can be used to capture large biomolecules [10].
Besides, as magnetic materials, they are free of vortex cores,
which make the vortex state more stable than the one from
nanowires. This makes nanotubes more suitable as candi-
dates for computer elements of memory and as a tool to
create superconductors with high critical fields [11].

Recently, there have been simulations that showed the
behavior of nanowires and magnetic nanotubes, in which
different properties were studied. Bin-Zhou et al. [12]
studied transversal and longitudinal magnetic correlations
(TMC, LMC) of squared ferromagnetic nanotubes; the
results of this research revealed that magnetic correlation
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varies according to the orientation of the correlation.
Kaneyoshi [13] showed the dependence of temperature
in the total magnetization of two systems (nanotubes
and nanowires); the results showed significant differences
between nanotubes and nanowires due to their core struc-
tures. Salinas et al. [14] studied the magnetic properties of
single-walled nanocylinders with zig-zag edges. The results
of this research showed that there exists a strong depen-
dence between critical temperature and dipolar interaction.
The studies that have been carried out on simulations of
ferromagnetic cylindrical systems, which study different
properties, do not focus on the effect produced by the
dipolar interactions when the parameters like crystalline
structure, length, and diameter change.

According to our results, the parameter (y) included in
the Hamiltonian has a strong influence on critical temper-
ature. Despite the fact that dipolar energy between the two
spins is much weaker for the interaction exchange, it has
an important role on the magnetic behavior of the system,
allowing a better approximation of the energy calculation.
To understand the ferromagnetic behavior of the SWMNs,
the dependence on the temperature was calculated, includ-
ing the influence of the dipolar interaction, magnetic proper-
ties as magnetization, susceptibility, and specific heat [15].
For this study, two types of structures formed by square
magnetic nanotube (SMNT) and hexagonal magnetic nan-
otube (HMNT) unit cells were considered (as shown in
Fig. 1a, b). Previously [15], a similar system containing two
identical ferromagnetic nanotubes were studied, although
dipolar coupling was not considered. The main goal of this
study is to analyze the influence of the dipolar interaction
on the calculation of the critical temperature for the SMNT
and the HMNT unit cell geometries.

Fig. 1 Schemes of (a) a square magnetic nanotube (SMNT) and (b) a
hexagonal magnetic nanotube (HMNT)
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2 Method Description

The Hamiltonian of the model considered in this work is
defined as

H=-J Z S’l’g‘/—KZ(g,‘fl,‘)z—i-(S Z
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This model is suitable for nanotubes because all the
calculations depend on the atomic interactions. 3‘,- and S ki
are the unitary classical spins of the nearest neighboring
atoms (with magnitude S= 1). The first term represents the
exchange energy (short-range interaction), assumed to be
J= 1.0meV as an arbitrary value for the integral exchange.
The second term refers to the magnetocrystalline anisotropy,
defined as a constant K= ImeV/spin and n; is a vec-
tor unit providing the axis direction which was assumed
to be the longitudinal direction of the nanotube. The last
term represents the dipolar energy, accounting for longrange
interactions. Here, r;; is the relative distance between atoms
i and j and § = 0.5meV represents the dipolar parame-
ter. Competition between short and long-range interactions
is determined by the ratio y = §/J, which is considered
to range between 0 and 1 [14]. Two values y = 0.0 and
0.5 were assumed based on the fact that the dipolar interac-
tion is usually one or two orders of magnitude less than the
exchange interaction In the ground state of the system each
nanotube behaves as a single domain, with spins pointing
in the same direction. The dipolar interaction increases the
energy of the system and the ground state is ferromagnetic,
with the total magnetic moments of the nanotube longitu-
dinally oriented with the tube even if the nanotube is too
long We employed Monte Carlo simulations for the two sin-
glewalled ferromagnetic nanotubes through the use of the
Metropolis algorithm [16, 17]. For each Monte Carlo step
(MCs) random trials were performed to change the spins
of the ferromagnetic nanotube. The procedure we used to
determine the equilibrium states of the system is based on
the minimization of free energy. In each trial, a given spin is
selected randomly, and we attempt to move it to a new posi-
tion in a way that the deviation from the old state is random,
but within a maximum solid angle. Then, we calculate the
energy’s system change (AFE). If AE < 0, the transition to
a different configuration is accepted. However, if AE > 0,
the transition to a different configuration is made based on
the probability exp (—AE/KbT). To determine the average
magnetic properties, we considered 2.0x 10* Monte Carlo
steps (MCS nax), where the first 1.0x 10*(N) was discarded
due to the thermalization process. We calculated the aver-
age magnetization and its components in the x, y, and z
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directions as functions of the temperature. First we obtained
the magnetization and magnitude susceptibilities for each
ith Monte Carlo step, carrying out a scan over the N ion
samples; then the average values of these observables were
obtained over the Monte Carlo steps for each temperature
[18]. The average magnetization was calculated using the
next expression:

MCSmax P
> (#.01,) @)

i+No

1
I = S MCS e = No)

N 2 N 2 N 2
= =| (S5 ) +(S 5] +[T
=1 j=1 j=1
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where sj.‘, s/’f and sj are the spin components in the x, y
and z directions respectively for the jth magnetic ion; for
the construction of the samples atoms were arranged in a
rolled-up simple square or a hexagon. Panels a and b of
Fig. 1 show both geometries for single-walled SMNTs and
HMNTSs respectively. The nomenclature for interatomic dis-
tance is taken from a previous paper [17] To compute the
error was generated 10 simulations per point and we use the
susceptibility to determinate the average of the critical tem-
perature. Finally, the diameter was calculated using the next
expression [15]:
b4
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where d = diameter ¢ = lattice parameter, and m = maxim
number of atoms per ring.

Fig. 2 Critical temperature T 160

3 Results and Analysis

As stated, different values for the dipolar parameters
between all spin pairs were assumed to reach the system’s
ground state. Figures 2 and 3 show the critical temperature
Tc(K) as a function of the length L for two different val-
ues of the y parameter y = 0.0 and y = 0.5 for square
(SMNTs) and hexagonal (HMNTSs) lattices, with non and
with periodic boundary conditions (NPBC) (PBC). Differ-
ent samples in 15 sizes, from L = 2 to L = 16A, were
examined. Bigger samples were not implemented because
at L > 16A properties stop changing significantly. Figure 2
shows that T¢ is higher for the SMNTs than the HMNTs;
this is attributed to a greater coordination number (CN).
For SMNTs, CN = 4, whereas for the HMNTs, CN = 3.
A larger number of bonds per atom produce better atomic
cohesiveness, meaning that the atom with CN = 4 is
embedded in a greater electronic density [19]. For this rea-
son, SMNTs exhibit critical higher temperatures than the
HMNTs, as shown in Figs. 2 and 3. The curves presented
in Fig. 3 (PBC) show similar behavior to those presented in
Fig. 2 (NPBC); the difference seen in Fig. 3 is that the ther-
mal component produces a greater T¢ than the one observed
in Fig. 2. A system with nonperiodic boundary conditions
(NPBC) makes an imperfect surface where there is no inter-
action; this means that inside the SMNTs and HMNTSs with
NPBC:s (see Fig. 2), the cohesive energy is stronger than in
the borders. This behavior is caused by the lower CN within
the limits of the structure. If we observe all the atoms in
the limits of the structure, we can see a system that must be
considered ferromagnetic. If the cohesive energy is directly
determined by the bond’s product and its unit energy

as a function of the length L for
two values of y parameter y =
and y = 0.5 for SMNTSs and
HMNTSs with non-periodic
boundary conditions and
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Fig. 3 Critical temperature Tc 180
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[20-23], SMNT and HMNT with (PBC) (see Fig. 3) do
not exhibit surface effects and the cohesive energy is the
same for all the atoms in the entire nanotube, causing the
system to show a higher Tc. However it was found that
the magnetic behavior of the nanotubes could be strongly
modified because of the length (Figs. 2 and 3). This can
be attributed to the magnetic bond density (MBD). When
the SWFNSs increase their length, the coupling energy (CE)
increases with the number of atoms. Moreover, Figs. 2 and 3
show the behavior of the 7T¢ with and without the long-range
dipolar interaction. The dipolar parameter § determined by
Hamiltonian shows a significant increase in the 7¢ for the

T T T T
11 12 13 14 15 16

T L

L (&)

SMNTs and HMNTs. If § = 0.0meV, the y parameter is
not considered in the simulation and the thermalization pro-
cess is considered with non-dipolar energy. However, when
6= 0.5meV, it is assumed that the Hamiltonian of the long-
range dipolar interactions increases significantly the Curie
temperature for both the PBC and NPBC systems. Figures 4
and 5 show the critical temperature Tcas a function of the
diameter D for two values of y parameter y = and y = 0.5
for SMNT and HMNT lattices with and without periodic
boundary conditions. Several samples possessing 11 diam-
eters, from D =~ 5,6, 7, 8,9, 10, 11, 12, 13, 14, and
15 A were examined. Figures 4 and 5 show that there is

Fig. 4 Critical temperature 7c
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Fig. 5 Critical temperature 7 190
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a decrease in 7¢ as the nanotube diameters increase. This
behavior is attributed to MBD. When the diameter of the
SWEFENs increase, the coupling energy (CE) decreases since
the distance between them increases and it is much more
difficult for the atoms to interact with their neighbors. An
increase in the inter-atomic distance will cause the system
to go to a less cohesive energy state. Finally, we observe
similar behaviors in the SMNTs and HMNTs presented in
Figs. 2 and 3 with the T¢ shown in Figs. 4 and 5. The effects
produced by the CN and boundary conditions (BC) are the
same, with the difference that a diameter increase produces
magnetic disorders that result in a decrease of T¢ for the
system [24-27].

4 Conclusions

In this study, Monte Carlo simulations of magnetic nan-
otubes with two different unit cells (square and hexagonal)
were conducted. We observed that some magnetic and ther-
modynamic properties of these structures exhibit a strong
dependence in long-range dipolar interactions. It is impor-
tant to mention that dipole-dipole interactions can induce
long-range ferromagnetic order in an infinitely extended,
isotropic, three-dimensional Heisenberg ferromagnet. As
the y parameter increases, the critical temperature also
increases, causing the system to go to a higher thermody-
namic state. Furthermore, a noticeable dependence of these
properties on the length and diameter of the SWFNs was
observed. The general conclusion from our investigation
is that the simulations performed using long-range dipolar
interactions result in a better approximation of the magnetic

7 8 9 10 11 12 13 14 15
D(A)

behavior in the SWFNSs. Finally, we observed that the crit-
ical temperatures can be strongly modified because of the
geometry of the nanotubes. However, the dipolar parame-
ter modified the behavior of the T¢c by a couple of degrees,
which may be very important in biomedical and data storage
simulations.
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