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By means of the effective-field theory (EFT) with correlations, the thermodynamic and magnetic quantities (such as
magnetization, susceptibility, internal energy, specific heat, free energy, hysteresis curves, and compensation behaviors) of
the spin-1/2 hexagonal Ising nanowire (HIN) system with core/shell structure have been presented. The hysteresis curves
are obtained for different values of the system parameters, in both ferromagnetic and antiferromagnetic cases. It has been
shown that the system only undergoes a second-order phase transition. Moreover, from the thermal variations of the total
magnetization, the five compensation types can be found under certain conditions, namely the Q-, R-, S-, P-, and N-types.
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1. Introduction

In recent years, magnetic nanomaterials (such as nanopar-
ticles, nanodots, nanofilms, nanorods, nanobelts, nanowires,
and nanotubes) have attracted a great deal of interest, both the-
oretically and experimentally (see Refs. [1]{6] and references
therein). The reason is that these materials have many typ-
ical, peculiar, and unexpected physical properties compared
with those in bulk materials!”! and they have great poten-
tial technological applications in various areas; for example,
they can be used in biomedical applications,!®”! sensors, ']
nonlinear optics,!'!! permanent magnets,!'?! environmental
remediation,!'?! and information storage devices.!!+1°!

Theoretically, the magnetic properties of nanomateri-
als have been studied by various techniques, such as varia-
tional cumulant expansion (VCE),!'7-!8] Green functions (GF)
formalism, ') mean-field theory (MFT),[20-26] effective field
theory (EFT) with correlations,>>~*?! and Monte Carlo (MC)
simulations.*>-38] From these studies we can see that the core-
shell structure can be successfully performed to nanomag-
netism for nanomaterials. Hence, the aforementioned tech-
niques are capable of explaining diverse typical behaviors
found in nanomagnetism. In order to simulate the behaviors
of many complex systems, such as magnetic nanoparticle sys-
tems, the MC simulation®! is a strong numerical approach.
However, this method has a disadvantage in that the long cal-
culation times originating from the exhausting sampling aver-
aging procedures require large computer resources. On the
other hand, due to its mathematical simplicity, the EFT is
considered to be superior to conventional MFT since it par-
tially considers the spin—spin correlations and, as a result, it
gives more accurate results than the MFT in the calculations.
Kaneyoshi(>}! was the first to introduce the EFT formalism
for ferroelectric nanoparticles. In a series of the sequential
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studies, he extended the theory for the investigation of ther-
mal and magnetic properties of the nanoscaled transverse Ising
thin films,'?®! and also for cylindrical nanowire and nanotube
systems, 124:25.27-29]

Despite these studies, as far as we know, the thermal and
magnetic properties of a spin-1/2 hexagonal Ising nanowire
(HIN) have not been investigated. Therefore, in this paper,
the effects of the core/shell exchange interfacial coupling and
the exchange interaction coupling in the surface, on the ther-
mal and magnetic properties of HIN system with core/shell
structure are discussed within the framework of the EFT with
correlations.

This paper is organized as follows. In Section 2, the
model and formalism of the EFT with correlation is presented
briefly. The detailed numerical result and discussion are given
in Section 3. Finally, Section 4 is devoted to a summary and a
brief conclusion.

2. Model and formulation

The schematic representation of a hexagonal Ising
nanowire (HIN) system with core/shell structure is shown in
Fig. 1. The blue and red spheres indicate magnetic atoms at the
surface shell and core, respectively. Each site of the HIN sys-
tem is occupied by a spin-1/2 magnetic atoms and each mag-
netic atom is connected to the two nearest-neighbor magnetic
atoms on the above and below sections along the wire. The
Hamiltonian of the system is given by

H=—JsY SiSi—Jc Y, SuSu—J1'Y, SiSm
(i) (mn) (im)

—h(Zs,-+ZSm), (1

where (ij), (mn), and (im) denote the summations over all
pairs of neighboring spins at the shell surface, core and be-
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tween shell surface and core, respectively. S; are the Pauli spin
operator and / is the external magnetic field. The Js and Jc
are the interaction parameters between two nearest-neighbor
magnetic atoms at the surface shell and core, respectively, and
Jj is the interaction parameter between two nearest-neighbor
magnetic atoms at the surface shell and the core. In order to
clear up of the surface effects on the physical properties of the
system, the Jg surface interaction parameter is often defined
as Jg = Jo(1 + Ag).[2>2932:341 According to the framework of
EFT, we can easily obtain mc magnetization at the core and mg
magnetization in the shell surface for the HIN system depicted
in Fig. 1, as follows:

mec = [cosh(JcV) 4 mcsinh(JcV)]?

x [cosh(J; V) 4+ mg sinh(J; V)]°Fe (x4 h) [x—0,  (2a)
mg = [cosh(JsV) +mgsinh(JsV)]*

X [cosh(J;1V) 4+ mc sinh(J; V)] Fs(x+ h)|x=0,  (2b)

where V = d/dx is the differential operator. The Fc(x+ h)
and Fs(x+ h) functions are defined as follows:

Fc(x+h) = Fs(x+h) = tanh[B (x + h)]. 3)
mg
ms
Js
mc
Ji
Ja Js

Fig. 1. (color online) The schematic representation of a hexagonal
Ising nanowire. The blue and red spheres indicate magnetic atoms
at the surface shell and core, respectively.

In Eq. (3), B = 1/kgT where kg is the Boltzmann constant and
T is temperature. By expanding the right-hand side of Eq. (2),
we can obtain two coupled nonlinear equations. By solving
the equations numerically we can get mc and mg magnetiza-
tions. The total magnetization per site can be obtained via
mr = 1/7(mc + 6mg). For the following discussions, at this
point let us define the r parameter as r = J; /Jc. If the value of
r is selected as r > O (positive core—shell interfacial coupling),

then the spin directions at the shell surface and core are par-
allel and thus the spin-configuration of the system may show
ferromagnetic behavior. If the value of r is selected as r < 0
(negative core—shell interfacial coupling), then the spins at the
shell surface are directed opposite to those in the core and,
hence, the system exhibits a ferrimagnetic spin-configuration,
as discussed in Refs. [27]{29].

In order to obtained susceptibilities of the system, we dif-
ferentiated magnetizations with respect to 4, as in the follow-
ing equation:
o=t %),
where, o = C and S. By using Egs. (2) and (4), we can easily
obtain the )¢ and xs susceptibilites as follows:

dFc(x)

Xc =aixc+axs +a37, (5a)
JdFs(x
Xs = bixs +baxc +bs 5,5 ), (5b)

Here, a; and b; (i = 1, 2, and 3) coefficients have compli-
cated and long expressions and, hence, they will not given.
The total susceptibilities per site can be obtained via Yt =
1/7(xc +6xs)-

The internal energy of per site of the system can be cal-

culated as
¥ = () +{U)) ~ h((mc) (s}, (©)
where,
(Uc) = %[cosh(JcV) + mcsinh(JcV)]?
% [eosh(J1 V) +ms sinh(J1V)]°Fc (x+ h) x=o, (72)
(Us) = %[cosh(JSV) + mg sinh(JsV)]*
X [cosh(J; V) +mc sinh(J;1 V)| Fs(x 4 h)[x=0. (7b)

The specific heat of the system can be obtained from the rela-

tion
U
= (5%) - 8
n=\37), ®)
The Helmholtz free energy of the system can be defined as
F=U-TS, )

in which, according to the third law of thermodynamics, it can
be written in the form
F:U—T/TEdT’ (10)
o T
The second term on the right-hand side of Eq. (10) (the inte-
gral which appears) is the entropy of the system according to
the second law of the thermodynamics.

3. Numerical results and discussion

In this section, we investigate some interesting and typi-
cal results of the HIN system with core/shell structure. Some
thermodynamic and magnetic quantities (magnetization, sus-
ceptibility, internal energy, specific heat, and free energy) and
hysteresis curves of the HIN system with core/shell structure
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are studied and discussed for selected values of the interaction
parameters. Moreover, the behavior of the total magnetization
as a function of the temperature will be investigated to find the
types of compensation behavior of the system.

3.1. Thermal and magnetic behaviors

We examine the thermal and magnetic behavior of total
magnetization, susceptibility, internal energy, specific heat,
and free energy of the system. Firstly, we have fixed Jc = 1.0
and kg = 1.0 throughout the paper. A few explanatory and in-

1.0 4
0.8 1
0.6 1

mr

0.4 4
0.2 1

Fig. 2. Thermal variations of the magnetizations (i), susceptibil-
ities (), internal energy (U), and free energy (F) with various
values of r, Ag, and D for the ferromagnetic interface coupling
(r>0).

teresting results are plotted in Figs. 2 and 3 for ferromagnetic
and antiferromagnetic interactions, respectively. It has been
found that the system shows second-order phase transition. In
order to confirm that we find correct phase transitions, we also
investigate the free energy of the system. Figure 2 illustrates
the thermal variation of the mr (total magnetization), ) (to-
tal susceptibility), Ut (total internal energy), C (specific heat),
and F (free energy) for ferromagnetic interface coupling r > 0,
and r changes from 0.01 to 1.0, and Ag = 0.0. In Fig. 2(a),

(a)

0 1 2 3 4 5 6

T
Fig. 3. Thermal variations of the magnetizations (), susceptibil-
ities (), internal energy (U), and free energy (F) with various

values of r, Ag, and D for the antiferromagnetic interface cou-
pling (r < 0).
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the total magnetizations decrease to zero continuously as the
temperature increases; therefore, a second-order phase transi-
tion occurs. When the temperature approaches 7, the suscep-
tibilities yt increase very rapidly and go to infinity at 7c, as
seen in Fig. 2(b). Figure 2(c) illustrates the behavior of the
internal energies. It expresses a discontinuity of the curvature
at the critical temperature 7c. The specific heat curves of the
HIN system exhibit second-order phase transition at 7c and
rapidly decrease with the increasing temperature, as seen in
Fig. 2(d). On the other hand, figure 3 shows the temperature
dependence of mT, T, Ut, C, and F for antiferromagnetic in-
terface coupling r < 0, and r changes from —0.01 to —1.0,
and Ag = 0.0. In Fig. 3(a), the total magnetizations decrease
continuously with increasing values of temperature, and they
become zero at Tc; therefore, a second-order phase transition
occurs. In Figs. 3(b) and 3(c), the temperature dependence of
susceptibilities and internal energies are depicted, respectively.
In these figures, the susceptibilities increase very rapidly and
go to infinity at 7c, and the internal energies make a cusp at
Tc.
3.2. Compensation behavior

We studied the compensation behaviors of the HIN sys-
tem, in which we know that a compensation temperature

can be found in the nanostructure systems.!*’”] Figure 4
shows the temperature dependencies of the total magnetization
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Fig. 4. The total magnetization as a function of the temperature for different
values of interaction parameters. The system exhibits the Q-, R-, N-, P-, and
S-types of compensation behaviors. (a) r = 1.0 and As = 0.0, (b) r = —-0.5
and Ag = —0.8, (¢) r = —0.5 and Ag = —0.99, (d) r = —0.01 and Ag = 0.0,
(e) r=—0.01 and Ag = —0.9.

mr for several values of r and Ag. As seen from Fig. 4(a),
the curve labeled r = 1.0 and As = 0.0 may show the Q-
type behavior. The R-type behavior is obtained in Fig. 4(b)
for r = —0.5 and As = —0.8. Figure 4(c) is calculated for
r=—0.5and Ag = —0.99. As we can see, this curve illustrates
the S-type behavior. Figure 3(d) is calculated for r = —0.1
and Ag = 0, and illustrates the P-type behavior. Moreover,
the N-type behavior is presented in Fig. 4(e) for r = —0.1 and
As = —0.9. These obtained results are consistent with same
behavior as that classified in the Neél theory.[60-61]
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Fig. 5. The effect of the ferromagnetic and antiferromagnetic in-
terface coupling between the shell and core spins on the thermal
properties of the total magnetization for some selected values of
r=J/Jc with Ag = —0.9.

On the other hand, in order to clarify the effect of the fer-
romagnetic and antiferromagnetic interface coupling between
the shell surface and core spins on the thermal properties of the
total magnetization, two representative and interesting results
are presented in Fig. 5. Figure 5 is obtained for some selected
values of r and Ag. Figure 5(a) shows the temperature de-
pendences of the total magnetization for the antiferromagnetic
interface coupling » < 0, and r changes from —0.01 to —1.0.
The curves labeled r = —0.01 exhibits the N-type behavior.
As seen from the figure, the S-type behavior is obtained for
r = —0.5, and the R-type behavior is obtained for r = —1.0. In
Fig. 5(b), we illustrate the thermal behavior of the total mag-
netization for the ferromagnetic interface coupling r > 0, and
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r changes from 0.01 to 1.0. The curve labeled r = 0.01 shows
the S-type behavior. As seen from the figure, the R-type and
Q-type behaviors are observed for r = 0.5 and r = 1.0, respec-
tively. As a final remark, it can be also seen from Figs. 5(a)
and 5(b) that changing the sign of the interface coupling r does
not affect the critical temperature. We also examine the ef-
fects of the surface coupling between the shell surface spins
on the compensation behaviors in the system. In Figs. 6(a)
and 6(b), we illustrate the total magnetization versus reduced
temperature for the ferromagnetic and antiferromagnetic in-
terface couplings r = 1.0 and r = —1.0, respectively, changing
the value of Ag from As = 0.0 to —0.9. In Fig. 6(a), the curve
labeled As = —0.5 and 0.0 exhibits the Q-type behavior. As
can also seen from the figure, the R-type behavior is obtained
for Ag = —0.9. In Fig. 6(b), the curve labeled Ag = 0.0, —0.5,
and —0.9 shows the Q-type behavior.

0.8

Fig. 6. The effects of the surface coupling between the shell spins
on the total magnetization with » = 1.0 and —1.0, changing the
value of Ag from Ag = 0.0 to —0.9. (a) For ferromagnetic case
and Ag = 0.0, —0.5, and —0.9; (b) for antiferromagnetic case and
As =0.0, —0.5, and —0.9.

3.3. Hysteresis behavior
3.3.1. The influence of the temperature

In order to investigate the influence of the temperature
on the hysteresis behaviors of the HIN system in the case of
r =0.01, a series of hysteresis loops for two regimes 7' < Tc

(T =0.5,1.0, 1.5, and 2.0) and T > T¢ (T = 3.5) are plotted
in Fig. 7 with fixed parameter, As = 0.0. From Figs. 7(a)-7(c)
T < Tc, we can see that we have a double loops ferromag-
netic hysteresis loop. The single hysteresis loop appears when
the temperature approaches its critical value 7¢c = 3.2, as seen
in Fig. 7(d). If the temperature grows stronger, then the sin-
gle hysteresis loop disappears in the case of T > Tc, as seen
in Fig. 7(e). Moreover, the hysteresis loops decrease as the
temperature increases. These results are consistent with some

experimental [©>-71 and theoretical results, [34-36:68.6%]
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Fig. 7. (color online) The effects of the temperature field on the hysteresis
behavior for r = 0.01, As = 0.0, and T = 0.5, 1.0, 1.5, 2.0 and 3.5.

3.3.2. The influence of the ferromagnetic and antifer-
romagnetic interfacial couplings

Our investigations in this work are for both ferromagnetic
and antiferromagnetic cases. Hence, J; > O (positive core—
shell coupling) and J; < 0 (negative core—shell coupling) cor-
respond to the ferromagnetic and antiferromagnetic interfacial
couplings, respectively. In Fig. 8, we show the dependence
of the hysteresis loops of the HIN system on the ferromag-
netic interface coupling constant (r = 1.0, 0.25, and 0.01) at
T = 0.5 for Ag = 0.0. We can see that if the antiferromag-
netic coupling constant is small (Fig. 8(a)), only a central loop
opens. It is shown that when r increases (Fig. 8(b)) the hys-
teresis curve changes from one central loop to triple loops, and
then the triple loops turn to a double central loop. In Fig. 9, we
show the dependence of the hysteresis loops of the HIN sys-
tem on the interfacial couplings (r = —1.0, —0.5, and —0.01)
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at T = 0.5 for As = 0.0. As the interfacial coupling decreases,
the single central loop turns to a double loop.
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h

Fig. 8. (color online) The effect of the ferromagnetic interface coupling
between the shell and core spins on the hysteresis behavior for T = 0.5,
As = 0.0, and r = 1.0, 0.25, and 0.01.
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Fig. 9. (color online) The effect of the antiferromagnetic interface coupling
between the shell and core spins field on the hysteresis behavior for T = 0.5,
As =0.0,and r = —1.0, —0.5, and —0.01.

4. Summary and conclusion

In this paper, we have studied the thermal magnetic prop-
erties (magnetizations, susceptibilities, internal energies, free
energies, hysteresis curves, and compensation behaviors) of
spin-1/2 HIN system by using the effective-field theory with
correlations. We investigated the thermal variations of total
magnetizations, as seen in Figs. 2(a) and 3(a). It has been
shown that the system only undergoes a second-order phase
transition. Moreover, from the thermal variations of the total

magnetization, the five compensation types can be found un-
der certain conditions, namely the Q-, R-, S-, P-, and N-types.
We should also mention that when the MFT is applied to the
present system, for example, the behaviors of susceptibility
and specific heat in Figs. 2 and 3 may exhibit a shoulder or
a divergence below its transition temperature, with decreasing
values of r, like Figs. 2 and 3. These facts are sharply in con-
trast to the results of Figs. 2 and 3, which are completely arti-
facts of the MFT. The reason comes from the fact that the MFT
gives two finite transition temperatures when r = 0.0. Finally,
we hope that the study of the HIN system may open a new fer-
rimagnetism as well as new field in the research of magnetism
and the present work will be potentially helpful for studying
higher spins and more complicated nanowire systems.
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