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great detail as a function of the dopant density. It is found that the impurities
concentration affects all the system magnetic properties generating for some
specific values, compensation points and multi-cycle hysteresis. Doping con-
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1. Introduction

In recent decades, an intense effort has been devoted to the synthesis of various
nanostructured materials [1]-[9]. In particular, doping of single materials with
impurities to achieve rich multifunctionality by deft combination of different
physical properties has been a topic of considerable interest due to potential ap-
plications as nanowires, data storage, spin valves, quantum electromagnets, na-

noelectronic and spintronic devices (see [10] [11] and references therein). This
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leads to the generation of new energy levels in the material’s band gap with the
associated electronic states and constitutes a key step in the synthesis of elec-
tronic and magnetic devices [10] [11]. In particular, the incorporation of mag-
netic atoms in nanoparticles (NPs) could result in materials with novel magne-
to-transport properties requested in spintronics and magnetomagnets. In that case,
it is crucial to know which elements can be appropriate with best bonds to the NPs
and how the magnetic properties are affected by the presence of such elements.
Some interesting results have been recently achieved in Refs. [11]-[13] in the en-
hancement of magnetic characteristics of various NPs through doping procedure.
For nitrogen incorporation into carbon nanotubes (N-CNT) for example, various
approaches have been used including magnetron sputtering technique, arc-dis-
charge in nitrogen atmosphere, etc. [14] [15]. The N-CNT has been also synthe-
sized by a hydrothermal adsorption method in Ref. [16]. While doping of bulk
materials can be easily achieved, that of nanostructured semiconductors has prov-
en difficult. An efficient and facile synthesized method of titanium-dioxide (TiO,)
nanotubes has been however reported in Ref. [17]. Usually, the effect of dopants
on materials’ optical, electronic and magnetic properties are theoretically ad-
dressed by means of first principes density functional theory (DFT) calculations
and numerous works exist in the literature in the field [10] [18] [19].

In material doping, the resulting bands do not depend only on impurities
concentration but also on various other parameters, in particular the way do-
pants are distributed in the unit cell under consideration. Thus, in a theoretical
investigation of materials doping, one should take into consideration these as-
pects to generate reliable predictions. A random distribution of the impurities
may be used with an average of physical quantities over such distribution (see
discussions in Ref. [20]). This procedure is however computationally very ex-
pensive. Fast diffusion Monte Carlo sampling via conformal map [21] may be an
efficient calculation method. As a consequence, doping studies using simulations
of nanomagnets described by classical spins hamiltonians are lacking in the lite-
rature. This fact motivates the present study where an Ising nanotube consti-
tuted by atoms of spins 3/2 is doped by substitution of atoms of spins 1. Mag-
netic nanotubes modelling using Ising systems has been considered in several
recent works. Several approaches have been used, particularly statistical-mechanical
methods including the Mean-Field (MF) theory [22], the Effective Field Theory
(EFT) [23] [24], numerical simulations by Monte Carlo (MC) [25]-[27] or Cellular
Automata (CA) [28], etc. Some attracting magnetic properties have been re-
ported on Ising nanotubes in references [29]-[31].

Researchers have found several ways to improve the saturation/remanent
magnetization and coercivity by materials doping. Indeed, Bhushan et al [11]
studied Ba and Ca co-doping of BiFeO; and searched for conditions in which
simultaneous enhancement of coercive field and saturation magnetization could
occur. Also, Apostolova et al. [12] using a modified Heisenberg model studied

the effect of ion-doping on magnetic, optical and phonon properties of MgO
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NPs. They found that this doping could enhance the coercive field. Manglam et
al. also studied the enhancement of coercivity as well as saturation magnetiza-
tion of M-type Barium Hexaferrite (BHF) by Ho-doping [13]. In the present
work, the spin-3/2 nanotube under consideration is described by means of the
microscopic Blume, Emery and Griffiths (BEG) model [32]. After calculating
magnetic properties of the original nanotube, in particular the behaviors of or-
der parameters and phase transitions with physical parameters, atoms of spins
3/2 are progressively replaced by atoms of spins 1 with a well-determined densi-
ty or concentration and the resulting magnetic properties are calculated. We are
mostly interested in the behaviors of the critical temperature, the remanent
magnetization (A/,) and the coercive field (/) that can be evaluated through the
hysteretic behavior of the doped materials. We found through our calculations
beyond usual properties as critical and compensation temperatures, that for
suitable values of the dopant density, it is possible to modulate the coercive field
in view to synthesize soft or permanent magnets for various applications.

The paper is organized as follows. In Section 2, the model is formulated. Sec-
tion 3 gives briefly the MC simulations method. In Section 4, numerical results

and discussion are provided. Section 5 is devoted to concluding remarks.

2. Model and Formalism

A two-hexagonal layer nanotube model is considered. The nanotube consists of
N, =300 sections in the z-direction where periodic boundary conditions are
assumed. Some few results have been provided on a less longer system compris-
ing only 10 sections. Each section laying in the xy-plane (Figure 1) contains 30
atoms. The sections stacking procedure used has been adopted in several previous
works [27] [33]. Each section spin is connected to the two nearest-neighbor spins
on the above and below sections. The interaction hamiltonian is defined as fol-
lows [32]:

H=-1,>00,-3,2.55-3,2085 -KY olc; —~KY S’S}
(i) {u) (i) i) (W)

~KZ oSl -aX() -ax(s.) _h(izai +;skj

where the summation indices (ij), (jk) and (kl) denote a summation over

(1)

all pairs of neighboring spins. ///, is the exchange coupling constant between
two nearest-neighbor spins of the same/different types, Kis the quadrupolar in-
teraction and A is the lattice anisotropy constants. We consider only the case of
an uniaxial anisotropy (z) axis the same for all ions. The parameter h is an uni-
form external magnetic field applied parallel to the anisotropy (z) axis. The field
actsonall spins S, =S and o, =07 [27].In the numerical simulations of the
model, only the case J, =—J, =1 is considered. It is worth noting that in the

original nanotube, there is no site & of spin .

3. Monte Carlo Simulation

The standard Metropolis algorithm is adopted [33]-[35]. The approach
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Figure 1. (Colour online) Schematic representation of a section of
a two-hexagonal nanotube constituted of atoms of spins 3/2 in the
xy-plane. In the z-direction, sections are stacked in a way that a
section atom has one neighboring atom in the below section and
one above. The last section and the first one are neighboring sections
due to periodic boundary conditions assumed in the z-direction.

involves several sequential steps. An impurities density is first selected. For a
giving distribution of the dopant in the nanotube, an atom is randomly selected.
Then, one chooses randomly one of its spin value within the possible projections
with an uniform distribution probability. Another random number is chosen to
decide or reject the attempted move. Physical quantities are evaluated after
n,=10° to n =2x10° MC steps per site are performed. The first n, = 25x10°
steps are taken for thermal equilibration and discarded in the averaging proce-
dure. Two to five independent runs are often performed to get smooth data. The
results are then averaged over at least 50 distributions of the dopant in the na-
notube for a given dopant concentration. Since periodic boundary conditions
are set on the system, we believe that this number can help in getting some in-
sight into the doping magnetic properties of the nanotube. Denoting by N, the
number of atoms in the nanotube, average values of the magnetizations are eva-

luated as follows:
1
M :W(Zq—i—ZSkj @
i k

At the critical temperature 7 of the system, A/ vanishes continuously and the

magnetic susceptibility y should diverge. This quantiy has the expression:
_ 1 2 2
7= ((m7)=(mY) ®)

where & is the Boltzmann constant, and (.) denotes a statistical average over
the number of MC steps needed to reach the steady state, starting from thermal
equilibrium. A peak in the behavior of y often indicates a macroscopic instability

in a finite system.
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4. Results and Discussion

In the results, coupling constants J, /, and K, crystal-field A, magnetic field A

and the temperature 7 are expressed in units of a certain energy /.

4.1. Magnetic Properties of the Nanotube

We first performed a finite-size analysis of the system in view to give some in-
sight into the nanotube diameter D effect on the magnetic properties, in partic-
ular on 7 for selected values of the crystal-field A. For that, three different na-
notube diameters D are investigated with the following total number of magnetic
atoms in each section: N, =18;30;42. As it can be observed from Figure 2, all
nanotube magnetizations decrease and vanish continuously. The following tran-
sition temperatures 7 associated to the maximum of the magnetic susceptibility
x related to each nanotube diameter are got: T (N, =18)=4.4;52;56,
T.(N,=30)=46;53;58, T, (N,=42)=4.7;54;59 for A=-1;0;+1 re-
spectively. These results revealed several properties. They first indicated that 7.
increases with increasing values of D and A. Second, they showed that the ob-
served transitions are of second order. Indeed, for first-order transitions, the
maximum of y should scale with the total number of magnetic atoms in the sys-
tem as: g, ~ D" where b is the scaling exponent related to the system di-
mensionality or simply .., =~ N [36]. This is truly not the case in Figure 2 for
values of A selected. For these calculations, the quadrupolar parameter Kis set to
zero. In the following, Kis fully taken into consideration and the system of size
N, =30 is selected. This allows one to draw some phase diagrams in the (7, A)
plane for varying values of K and in the (7, K) plane for varying values of A.
The achieved results are illustrated in Figure 3(a) and Figure 3(b). In Figure
3(a), it emerges that for large and negative values of A, the transition lines are
parallel to the A-axis with almost no influence of the parameter K. These results
are consistent with those reported in Figure 4 of Ref. [33]. For A greater than —4,
T, decreases with increasing values of K. For fixed values of K and varying A, 7.
increases, passes through a maximum and then decreases. Values of A associated
to the maximum of 7 -lines decrease with increasing values of K and 7-lines
almost show a parabolic form. These results are consistent with those found in
Refs. [27] [33]. Above T-lines, the system lays in the paramagnetic phase with
zero average magnetization M. Below, ferromagnetic phases are got. In Figure
3(b), T.-lines show completely different trends except at large and negative val-
ues of A. For specific values of A, a monotonic decrease of 7(K) is observed
while for others, a maximum is seen in the behavior of the phase boundaries.
Values of K associated to this maximum, shift to the right with increasing abso-
lute values of A.

The system revealed some interesting hysteretic properties within the physical
parameters space in the presence of an external field. Properties are calculated
with n, =10° MC steps per site and n, =100 MC steps for thermal equilibra-

tion of the initial configuration. Figure 4 illustrates the behavior of the remanent
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Figure 2. Nanotube magnetizations A (a, b) and associated response
functions y (c, d) as a function of the temperature 7 for three nanotube
section sizes: N, =18 (circles), N, =30 (squares) and N, =42 (tri-
angles) and A=-1;1. The maximum of y is associated to the transition
temperature 7. It results that 7, increases with the nanotube diameter D.
The parameter Kis set to zero in the calculations.

Figure 3. Phase boundaries of the spin-3/2 nanotube in the (7, A) plane
(panel a) for selected values of K'and in the (7, K) plane (panel b) for val-
ues of A specified in the panel. For large and negative values of A (panels a
and b), 7. is almost constant in the range of X investigated. It could be
remarked that non-zero values of K manages to bend the transition lines
to the A-axis in panel a. Values of A associated to the maximum of 7-lines
decrease with increasing K.
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Figure 4. Remanent magnetization A, as a function of the parameter K at
selected values of A (panels a, ¢, €). In panels b, d, f, M, is illustrated as
function of A for selected values of K written on the curves. Calculations
are performed at three temperatures: T =2;3;4 . An increase of 7; A or K

has a reducing effect on M,

magnetization M, at selected values of 7"and varying values of K'and A. One sees
that large values of K'lead to M, =0 which may be associated to a critical hys-
teresis and an ideal soft magnet. For sufficiently low values of K, the system
shows a M, of high amplitude. From the figure, it also emerges that an increase
of A reduces the disordering influence of K. At very low temperature, large do-
mains of K'and A in which M, keeps an important value exist. This observation
may indicate that rock permanent magnets may be observed in cold regions for
materials with large and positive values of A and small values of K. We also stu-
died the behavior of M, as a function of A for some selected values of parameters
Kand T It results that at low 7, the parameters K and A have almost no effect
on M, as far as K remains small. As 7'is raised, M, becomes quite small at rela-
tively large values of K and small values of A. The coercive field /_ has been also
estimated for selected values of K'and 7 and varying values of A (Figure 5). H.
increases with A, then either passes by a maximum or saturates with some fluc-
tuations at large values of A. At all selected temperatures, A, is maximal for
K =0. Thus very low values of K is required to get high coercive field for the

system.

4.2. Doping Effects on Nanotube Properties

In the case of nanotube doping by atoms of spins 1, we distinguished as already

DOI: 10.4236/wjcmp.2024.143006

57 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2024.143006

S. I. V. Hontinfinde et al.

T 5 T I
He | T=05 kLo @ 1he'[ 7-h kLo (b)

0.3

0.4 )/o/"\ﬂ—o—H
05 T T
W
0.5
0 I 1 | Il O 1 | 1
0 2.5 A5 0 2.5 A5
| T
T=3
A 0.2
L 0.3 ]
C 0.4 B
L= 0l5 |
0 2.5 5

A

Figure 5. Coercive field H_ as a function of A for selected values of K'and
T'specified in different panels. A, is almost constant at low values of 7T"and
large values of K. At high 7, it increases with A and shows a maximum
which value decays with increasing values of K.

stated above, two nearest-neighbor interactions. Indeed, between atoms of the
same nature, the interaction is ferromagnetic and antiferromagnetic otherwise.
Denoting by ¢ the impurities concentration, 9000c atoms of spins 3/2 with vary-
ing ¢ are replaced by atoms of spins 1. We performed an average of physical
quantities over N =50 random configurations of these atoms in the nanotube.
Theoretically, the appropriate number nis very large and numerical calculations
are computationally too costly. This number is of course reduced due to periodic
boundary conditions on the nanotube in the z-direction and atomic configura-
tions invariance through symmetry operations. We believe that n=50 should
help in getting some insight on impurities effect on physical quantities investi-
gated in the previous subsection. We also checked that qualitative behaviors of
M and 7, remain unchanged with n=50;75;100 for A=0;K=0 and
A=2;K=0.2. For A=0 and K =0, Figure 6(a), Figure 6(c) illustrate re-
sults on the nanotube magnetization as a function of 7 for selected values of the
dopant density c. It could be observed that at high 7; the system lays in a disor-
dered phase with M =0. At low 7; a spontaneous magnetization exists. With
increasing 7, the magnetization M shows a continuous decrease and a critical
temperature 7, above which it lays in a paramagnetic phase. It is noteworthy
that with increasing parameter ¢, M decreases, passes through a minimum and
then increases to saturate at M =1 which is, indeed, the magnetization of a
nanotube of spins 1, all spin 3/2 atoms being replaced. It appears that for values

were detected. 7,

comp

of ¢ of about 0.7, compensation temperatures 7,

comp

corres-

ponds to the temperature at which M vanishes below 7. The existence of 7, is

omp
of technological utility. Indeed, at that point magnetic immunity is achieved and

the system does not respond to any external magnetic field. The advent of T,

omp
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Figure 6. (Colour online) Thermal behaviors of the doped nanotube mag-
netization M for various values of the imputities (atoms of spin 1) density
cfor A=0;K=0 (panels (a) and (c)) and A=2;K=0.2 (panels (b)
and (d)) for the system of Figure 1. In panel (e), results concern a system
of longitudinal length N, =10 and same qualitative behaviors observed

in panels (a) and (c) are recovered. In panel (f), phase diagrams are illu-
strated in the (7, ¢) plane for (1) A=0, K=0;(2) A=2, K=0.2;(3)
A=2, K=04; (4) A=-2, K=04 for the original system with
N, =300. It could be observed that for ¢ about 0.7, the model exhibits a

compensation temperature 7,,,, where the magnetization vanishes before

the critical temperature 7.

is not surprising since for values about €=0.6, a mixed Ising spins system
which often shows compensation points is got. Indeed, for ¢=0.6, the total
magnetization of atoms of spins 1, ie. 0.6x1xN is almost equal to that of
other atoms, 0.4x3/2xN . Therefore, it is likely that at a certain temperature,
compensation point should occur. It could be observed that for ¢=0.6, a wide
region where M lays very close to zero is found. More calculations are needed to
check whether it contains a compensation point or a paramagnetic phase em-
bedded into two separate ferromagnetic phases. Figure 6(e) illustrates M calcu-
lated for a smaller system with only N, =10 and n=200. The qualitative be-
haviors observed for M, 7. and 7,,, in Figure 6(a), Figure 6(c) are recovered.
In Figure 6(b), Figure 6(d), previous calculations are reproduced for A=2
and K =0.2. Magnetization curves show same general trends as previously ob-
served. 7s and 7,,,,s are evidently different. For some ¢s, the temperature 7

appears higher and for others lower. In Figure 6(f), some phase boundaries are
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illustrated for N, =300 in the (7}, ¢) plane. For A=0 and K =0, the 7 -line
is almost linear (full circles) and this trend could already be guessed from Figure
6(a), Figure 6(c). For other values, phase boundaries are nearly parabolic for
relatively low values of c. Above 7 -lines, the system lays in the paramagnetic
phase. Although, the situation around €=0.6 needs much more investigation,
it emerges through different panels of Figure 6, that parameters X, ¢, and A have
a strong influence on magnetic properties of the doped nanotube. Their varia-
tion generates fundamental changes in the illustrated qualitative phase bounda-
ries.

Figure 7 illustrates the hysteretic behavior of the system at T =0.5;2.0,
K =0.2 for some selected values of c. It could be observed that at T =0.5, M,
increases with increasing A’s and becomes important in magnitude at A=1 for
relatively small value of ¢ (panel a). The coercive field H_ shows an increase for
increasing A in the same panel. Let us remark that for A=-5, M shows some
horizontal steps which wideness shrinks with the increase of ¢. The existence of
these steps shows that the phase in which the system lays in this region is stabi-
lized by the magnetic field A. It could be observed through different panels that
H_or M, can be enhanced by acting on parameters ¢, A or K. Critical hysteresis
are generated for some specific values of model parameters. An increase of 7'
strongly affects H_ and M, Through Figure 7(a), Figure 7(c), Figure 7(e), for
A =1, M, decreases, passes by some minimum and increases again when c in-
creases. Same observations are got for A=-3. At crystal-field value A=-5,
critical hysteresis is got at ¢=0.6 whereasat ¢=0.8, the hysteresis cycle splits
into two loops with H,=0 and M, =0 (not commonly observed). At
€c=0.8 and A=1, three hysteresis cycles are got. The latters are required in
technology for multi-memory devices. These results indicate that the material
doping leads to some interesting magnetical properties required in many tech-
nological applications. It affects M, and H, and for suitable values of impurities
concentration, multi-cycle or critical hysteresis are generated. In Figure 7(b),
Figure 7(d), Figure 7(f), the temperature 7 is raised and more thermal spin
fluctuations took place. One can observe that for A =-3;-5, only critical hys-
teresis are got. These properties are more clarified when the hysteretic behaviors
are investigated in the (M,, ¢) plane with varying other physical parameters. In-
deed in Figure 8, results on M, for A=-4 and A=-5 and selected values of
K showed that M, (and evidently H) vanishes at about € =0.5. This means that
associated hysteresis should be critical for clarger than 0.5 whatever K’s. Calcu-
lated H_s for these A’s are very small even at low values of ¢. For values below
€=0.5, hysteresis behavior exists with very minor effect of the parameter K on
M, For A=-3, the situation looks completely different. Indeed, a further in-
crease is observed for M,upto C=1.For A=-2 andbeyond, Khas almost no
effect on the hysteretic behavior at any value of c. The behavior of H, is quite
different (Figure 9). Indeed one observes from different panels that A, does not
have a monotonic behavior. Curves H. show a minimum at about C=0.6 inde-

pendently of the value of K. The latter, contrarily to observations from Figure 8,
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Figure 7. (Colour online) Magnetic hysteresis cycles of the doped spin-3/2
Ising nanotube. Values of physical parameters used are written in different
panels. It obviously appears that the impurities density ¢ has an important
effect on the doped nanotube magnetic properties.

0.6
Mr

T=0.5

0.4

0.2

Figure 8. (Colour online) Remanent magnetization A, as a function of the
impurities density ¢ at some selected values of model parameters. For
some values of these parameters, M, =0 and the product cannot be used
for a memory device. M, is important at small and large values of c¢. The
value of cassociated to the minimum of M, when it exists, depends on the
A-range considered.
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Figure 9. Coercive field H, of the doped nanotube as a function of the
impurities density c at some selected values of model parameters. It could
be observed that for some specific values of the model parameters it is
possible to enhance the coercive field by doping the material. This is an
important issue since it can help expermenters to fabricate permanent
magnets with high values of A_and M,

has a strong influence on H, at selected values of A. At fixed value of ¢ H,is a
decreasing function of K. Similar trends are observed for impurities density ¢
larger than 0.6. It is worth noting that for K =0.2 and beyond, it is possible to
enhance the coercive field A, of the nanotube to make permanent magnets for
technological utilities using suitable values of ¢ (of course below 0.5) and A. The
observed enhancement of H_for K =0.4 and probably for larger values upon
increase of dopant concentration is similar to the one obtained in Figure 5 of
Ref. [12] during doping of MgO NPs.

5. Conclusion

In this work, we studied the effect of substitution of atoms of a spin-3/2 nano-
tube by atoms of spins 1 on the magnetic properties of the nanotube. We used
the BEG Hamiltonian and Monte Carlo simulations with Metropolis algorithm.
We first studied the behavior of the critical temperature 7, of the spin-3/2 na-
notube with its diameter D. We found that 7. increases with the nanotube di-
ameter D. We also remarked that it can increase or decrease depending on val-
ues of the quadrupolar parameter strength K and the crystal-field strength A.
Then we investigated as functions of the dopant density, critical properties and
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hysteretic behaviors of the system. We observed that the dopant concentration
influenced most achieved previous results, in particular the critical temperature
as well as the remanent magnetization and the coercive field. We found that for
suitable values of the dopant density, it is possible to alter or enhance the coer-
cive field as well as the remanent magnetization. This is a formidable issue in the
sense that this finding can help experimenters to tailor nanomaterials in view to
get soft or permanent magnets since e.g. permanent magnets need moderate re-
manent magnetization and large coercive field [13]. It is worth noting that the
system doping can generate multi-cycle hysteresis which are needed for mul-
ti-memory devices. It can also induce compensation points. The latter have cru-
cial applications since there, the system gets a magnetic immunity and does not
react with any external magnetic fields.
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