Chin. Phys. B  Vol. 22, No. 5 (2013) 057504

Monte Carlo study of nanowire magnetic properties
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In this work, we use Monte Carlo simulations to study the magnetic properties of a nanowire system based on a
honeycomb lattice, in the absence as well as in the presence of both an external magnetic field and crystal field. The system
is formed with N, layers having spins that can take the values 6 = £1/2 and S = +1,0. The blocking temperature is
deduced, for each spin configuration, depending on the crystal field A. The effect of the exchange interaction coupling J,,
between the spin configurations ¢ and S is studied for different values of temperature at fixed crystal field. The established
ground-state phase diagram, in the plane (Jp, A), shows that the only stable configurations are: (1/2,0),(1/2,+1), and
(1/2,—1). The thermal magnetization and susceptibility are investigated for the two spin configurations, in the absence as
well as in the presence of a crystal field. Finally, we establish the hysteresis cycle for different temperature values, showing
that there is almost no remaining magnetization in the absence of the external magnetic field, and that the studied system

exhibits a super-paramagnetic behavior.
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1. Introduction

During the last decade, one could observe a growing in-
terest in the experimental and theoretical investigation on sev-
eral nanostructures.!'#! Nanowires are especially attractive for
nanoscience studies as well as for nanotechnology applica-
tions. Since the discovery of compounds formed with carbon
nanowires,”! the magnetic properties of the nanometric-scale
materials have been attracting considerable attention. Differ-
ent geometric configurations are included in these structures,
such as fullerenes and nanowires. The exploration of different
properties of these objects opens a wide perspective for a great
number of experimental applications. One of the potentially
interesting aspects of these nano-physical systems is related to
their magnetic properties. Experimental studies have been car-
ried out to underline the magnetic properties of nanowires.[*’]
Nanowires, compared with other low-dimensional systems,
have two quantum confined directions, while still leaving one
unconfined direction for electrical conduction. This allows
nanowires to be used in applications where electrical conduc-
tion, rather than tunneling transport, is required. Because of
their potential application in high-density magnetic recording
media, magnetic nanowire and nanowire arrays have received
growing interest. Among them, transition metal alloys include
CoPt, CoPd, FePt, and FePd alloys.[*~!? The effect of an exter-
nal magnetic field applied during electro-deposition on mag-
netic properties of CoPt nanowires has been studied.!'3] Fur-
thermore, nanowires have been shown to provide a promis-
ing framework for the design of nanostructures, nanoscience
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investigation, and potential nanotechnology applications. On
the other hand, the Monte Carlo simulations have been carried
out to investigate the magnetic properties of nano-systems, in-
cluding nano-graphene systems.!4-2?]

In this work, we carry out Monte Carlo simulations to
study nanowire magnetic properties, based on a honeycomb
lattice and a finite number of layers. We deduced the thermal
magnetization and susceptibility for two spin configurations &
and S. The blocking temperatures as well as the hysteresis cy-
cle are obtained, in the absence as well as in the presence of

both an external magnetic field and crystal field.

2. Theoretical model

The Hamiltonian governing the studied system is given
by

H = J Z 0;0;—J> ZS,‘SJ'*JP Z G;S;
(i.J) (i.j) (i.j)

+hY (oi+8)+AY S}, ¢))
i j

where (i, j) stands for the nearest neighbors between the spins
0; = £1/2 and spins §; = +1,0 (see Fig. 1); J; stands for the
coupling constant between the spins (0;,0;), and J; is the cou-
pling constant between the spins (S;,S;); J, denotes the cou-
pling constant between the spins o; and S;; the crystal field A
is applied only on the spins S, whereas the external magnetic
field 4 acts on all the spins o; and S;. A sketch of the geometry
of the studied nanowire system is illustrated in Fig. 1. In this
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work, the coupling constants are fixed at J; = J,=1 K. Unless
otherwise stated, we set J, = —1 K.

Starting from the above Hamiltonian (Eq. 1), one can in-
vestigate the total energy of the system as follows:

Er = Es +Es+Ep+ Eng + Eps + Eq, )

where the exchange energy between spins o is
NS k(o k k=1 ket
Ee=-11).) o} (cj,l +0j+0) +oft ), (3)
k=1 j=1
the exchange energy between spins S is

Ni, Ng
Es=-h)Y Y s (S’;,l + 8k, + Sk +S’;+1), )
k=1j=1

and the exchange energy between spins ¢ and S is
RS kL ok k1
Ep=—Jp Y Y of (85455 +5%). 5)
k=1 j=1
The Zeeman energies for the spins ¢ and S are
N, Ng N, Ns

Ens=hY Y of, Es=h) Y s (6)
k=1j=1 k=1j=1

Finally, since the crystal field acts only on the spins S, the cor-
responding energies are expressed as

N Ns

Es=aY Y (S52 @)
k=1j=1

We use free boundary conditions for the extreme layers: k =0
and k = Npy1, so that

G,(-) _ G;VL+1 =0, (j=12,...,Ng), ®
S?:SINL+1 207 (]_1727 7NS)

For a fixed layer k (1 < k < Np,), we impose the cyclic condi-
tions on the spins ¢ as well as for the spins S

oy =0y, (k=12,...,N,), ©
So="Skg:  (k=1,2,...,N,).

It is worth noting that the studied model and the established
equations are valid for any values of the parameters N, Ny,
and Ns. However, in this work, we will present numerical re-
sults for fixed values of these parameters: N, = 6, Ng = 12,
and Ng =17.

3. Monte Carlo simulations

The nanowire geometry of the studied system is illus-
trated in Fig. 1, where both the spins ¢ and spins S are located
on a honeycomb lattice, with 6 layers in total. We performed
the Monte Carlo simulations with Metropolis algorithm for

standard sampling method to simulate the Hamiltonian given
by Eq. (1). Free boundary conditions on the nanowire lattice
are imposed only for the layers N_+1 and Ny, and cyclic con-
ditions are used for a fixed layer: 1 <k < Np. Starting from an
initial spin configuration, other sequential configurations are
generated when making single-spin flip attempts. The flips are
accepted or rejected according to a heat-bath algorithm, using
the energies given by Eqs. (2)-(7).

-
F
Il
(o))

Fig. 1. (color online) A sketch of the geometry of the studied sys-
tem formed with a nanowire with spins ¢ = +1/2 (dark circles), and
S = +1,0 (gray circles). Here, Ny = 12, Ns =7, and Ny, = 6 for two
spin configurations.

Starting from different initial conditions, we average each
parameter over many configurations by the Monte Carlo sim-
ulations using the Metropolis algorithm. We perform 10°
Monte Carlo steps (MCS) for each spin configuration, with
the first 10* generated configurations discarded.

The formulas of the parameters of interest are given be-

low. The internal energy per site is

1

The magnetizations per site are

1 NL No ‘
My = mzzcj ) (11)

k=1j=1

1 N, Ns .
Mg = NLNSZZSj . (12)

k=1j=1

The total magnetization is Mot = (M + Ms) /2. The magnetic
susceptibilities are given by
2o =B ((M2)~ M), (13)
xs =B ((M3) —(M5)?). (14)
where Yot = (Xs+Xo)/2 is the total susceptibility, B =

1/kgT, kg is the Boltzmann constant (kg = 1), and T denotes

the temperature.
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4. Results and discussion

The ground-state phase diagram in plane (Jp, A) of
nanowire structure is illustrated in Fig. 2. The only stable
phases are (1/2,0), (1/2,1), and (1/2,—-1).

The phase (1/2,—1) is the only stable phase in the re-
gion of J, <0and A < —6Jp/13+55/13. While for J, >0
and A < +6J,/13+55/13, the only stable phase is found to
be the phase (1/2,+1) in this region of the plane (J,, A). The
phase (1/2,0) is stable for all J, values, provided that the crys-
tal field satisfies

6 55
A>—
= (13)JP+ 13a (Jp<0)7
6 55
A > .
_+<13>Jp+ 3’ (Jp>0)

In the particular case J, = 0, the three phases exist, depending
on the crystal field values. This case is not interesting, since
the spins ¢ and S are disconnected, and the crystal field only
acts on the spins S.
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Fig. 2. Ground state phase diagram in the (J,; A) plane for the stud-
ied nanowire formed with two spin configurations: ¢ and S. The only
stable configurations are (1/2,0), (+1/2,+1) and (1/2,-1).

Figures 3(a) and 3(b) illustrate the thermal variation of
the magnetization M, and magnetic susceptibility s for the
spins o, in the absence (A = 0) and presence of a crystal field
(A = 3), respectively. It is found that the crystal field has
the effect of decreasing the blocking temperature 7g(0) from
42K (A =0)to02.2 K (A = 3) for the spins ©.

In order to show the crystal field effect on the spins S, we
plot the thermal variation of magnetization Mg and magnetic
susceptibility xs for the spin S in the absence (A = 0) and pres-
ence of magnetic crystal field (A = 3) in Figs. 4(a) and 4(b),
respectively. Once again, the obtained blocking temperature
T (S) for the spins S, decreases in the presence of a magnetic
crystal field. In fact, the blocking temperature T3 (S) decreases
from 4.7 K when A =0 to 2.6 K when A = 3. It is worth
noting that these values are comparable with those obtained in
other literature when using Monte Carlo investigation for Ising

nanowires and nanostrips (for example, see Ref. [23]).

For very low temperatures, the saturation magnetizations
of the nanowires for the spins ¢ and S are 0.5 and 1 emu-g~',
respectively. This is in good agreement with the ground-state

phase diagram shown in Fig. 2.
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Fig. 3. Magnetization M and magnetic susceptibility ) s versus the
temperature for the spin configuration ¢ (a) in the absence of the crys-
tal field (A = 0) and (b) in the presence of the crystal field (A = 3).
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Fig. 4. Magnetization Ms and magnetic susceptibility ys versus the
temperature for the spin configuration S (a) in the absence of the crystal
field (A = 0) and (b) in the presence of the crystal field (A = 3).
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In Fig. 5, we present the total magnetization versus the
exchange interaction J,, for different values of crystal field
(A =0.0, 2.0, 2.5) at a fixed temperature 7 = 3 K. For neg-
ative values of the coupling constant J,, it is found that the
total nanowire magnetization remains nearly constant (Mo ~
0.25 emu-g~!). The total nanowire magnetization is not af-
fected by increasing crystal field from 0.0 to 2.5. However, for
positive exchange interaction J, between the spins ¢ and S,
figure 5 shows that the total nanowire magnetization strongly
depends on the applied crystal field. These magnetizations
vanish with increasing crystal field.
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Fig. 5. Total magnetization Mo versus the exchange interaction J, for
A =0.0,2.0,2.5, at a fixed temperature 7 = 3 K.

As shown in Figs. 3(b) and 4(b), the blocking tempera-
ture for the spin-S configuration, is higher than that one of the
spin-o configuration, for a fixed magnetic crystal field. In fact,
this finding is valid for an arbitrary value of the crystal field in
the absence of the external magnetic field (& = 0), as shown in
Fig. 6.
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Fig. 6. Blocking temperature 7 versus the crystal field for the two spin
configurations ¢ and S, in the absence of the external magnetic field
(h=0).

To complete this study, we will now investigate the effect
of an external magnetic field, on the studied nanowire system.
For this purpose, we present the total magnetization (M) ver-
sus the external magnetic field 4 in the absence of the crystal
field (A = 0) and two fixed temperature values: 1.5 K and

2.5 K. It is found that the remanent magnetic field H; and the
total saturation magnetization of the nanowire are 0.58 Oe and
0.25 emu-g~!, respectively. This indicates that there was al-
most no remaining magnetization in the absence of an external
magnetic field, suggesting that the nanowire exhibits a super-
paramagnetic behavior.
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Fig. 7. Total magnetization M,y as a function of the external magnetic
field i for T = 1.5 and 2.5 K in the absence of the crystal field (A = 0).

5. Conclusion

The magnetic properties of the Ising model on a nanowire
lattice with 12 spin-o (o = £1/2) configurations and 7 spin-S
(S = =1,0) configurations for N, = 6, are studied by Monte
Carlo simulations.

In two configurations of spins, the magnetization de-
creases almost to zero with increasing temperature. The mag-
netic susceptibility reaches the maximum at the blocking tem-
perature. The total magnetization increases with increasing
exchange interaction J, and decreases when increasing the
crystal field at a fixed temperature. The blocking temperature
decreases with increasing crystal field for 7 = 0.

The magnetization versus the magnetic field 4 for bilayers
with spins ¢ and S versus external field shows magnetic hys-
teresis loops. The magnetic remanence M, of the sample was
0.5 emu/g. This indicates that there is almost no remaining
magnetization when the external magnetic field is removed,
suggesting that nanowires exhibit a superparamagnetic behav-
ior. The saturation magnetization and magnetic remanence are

obtained for spin-o and spin-S configurations.
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