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Effects of bimodal random crystal field on magnetic properties

of mixed spin-1/2 and spin-1 on nanotube
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Abstract: The effect of atomic doping on the magnetization of nanotube lattice points was studied by u-

sing the effective field theory. The results show that the doping degree, the probability of crystal field

values, the nearest neighbor exchange interaction and the crystal field strength compete with each other,

which make the system show rich magnetic characteristics. When the negative crystal field acts on the

system, the first-order phase transition occurs. The stronger the negative crystal field, the more obvious

the hindrance to the magnetization of the system. When the parameters and doping modes of crystal field

are different, the evolution of the magnetization intensity on temperature exhibits unusual behaviors.
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1 Introduction

Since the Blume-Capel (BC) model was es-
tablished in 1966"%, the magnetization proper-
ties, thermodynamic properties and phase dia-
grams of BC models on a variety of lattices have

been studied using different methods. Zhang and
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Yan studied the phase transition behavior of a
mixed spin system in a simple cubic lattice when
the external magnetic field follows a three-mode

%1 In the same year, Zhang

random distribution
and Yan also studied the critical behavior of a
mixed spin system in a simple cubic lattice when

both the external magnetic field and the exchange
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interaction follow a bimodal random distribu-

“J. In literature [ 5], the compensation be-

tion
havior and magnetization process of BC model in
simple cubic lattice were studied by using the ef-
fective field theory. In literature [ 6], the phase
transition properties of honeycomb lattice when
the external magnetic field obeying the bimodal
discrete distribution were studied, and it was
found that the exchange interaction among the ex-
ternal magnetic field, crystal field and spin affect-
ed the phase transition of the system and the sys-
tem reentered. The research in literature [ 7 ]
shows that the diluted crystal field has an effect
on the magnetic properties and phase transition of
the honeycomb lattice system. The results show
that when the crystal field meets the dilution dis-
tribution, it has no effect on the phase transition
of the system and the system will not show the
three-critical phenomenon. In recent years, nano-
tubes have gradually become a hot topic in the
field of magnetic properties research. In the ex-
periment, Maorui et al. prepared SnO, nanotube
materials using plant cellulose as the template.
The test results showed that this Sn(, nanotube
material could improve the diffusion rate of lithi-
um ions and effectively solve the problem of the
expansion of electrode materials during charging
and discharging'®. It is found in literature [ 9]
that magnetic nanotubes have obvious anisotropy.
Theoretically, Zaim group studied the phase dia-
gram and magnetic properties of 1 Ising model on
the nanotube with external magnetic field consist-
ent with three-mode distribution'”". The results
showed that the system was proved to have first-
order phase transition, three-phase critical point
and second-order phase transition, and re-entrant
phenomenon was observed. Canko et al. respec-
tively discussed the magnetic properties and criti-
cal phenomena of the pure spin system and the
mixed spin system in the nanotubes!"'*), and dis-
cussed the influence of crystal field on the mag-
netic properties of the system. The results
showed that there were first-order phase transi-

tions and second-order phase transitions in the

system. Kaneyoshi discussed the variation of the
magnetization rate with temperature in the nano-

04 and found that the magnetization rate of

tubes
the system will be changed when the interaction
between the outer shell and the inner shell’s nea-
rest neighbor spins is different. The results in lit-
erature | 15 | showed the magnetization and phase
transition properties of BC model in the double-
mode random crystal field, and obtained the rela-
tionship between the magnetization of the system
and the temperature and the random crystal field,
as well as the phase diagram. The results showed
that the system would show different magnetic
properties and phase transition behaviors in dilu-
ted crystal field, staggered crystal field and hom-
ogeneous crystal field. The thermodynamic and
phase change properties of BEG model on nano-
tubes were discussed in literature [16]. Literature
[17] studied the magnetization properties of BC
model in nanotubes under the action of diluting
crystal field, and the results showed that the inter-
nal energy, specific heat and free energy of the sys-
tem under the action of diluting crystal field presen-
ted different magnetic properties. The online of this
paper is as follows: In section 2, the BC model
with bimodal random crystal fields is introduced and
the formulae of the magnetizations are derived by
the use of EFT. The system’s magnetization is
presented in section 3. Finally, section 4 is devoted

to a brief summary and conclusion.

2 The model and method

The schematic picture of an infinite cylindri-
cal Ising nanotube is illustrated in Fig. 1(a). It
consists of a surface shell and a core shell. Its
cross section is presented in Fig. 1(b). Each
point in Fig. 1 is occupied by a spin-1 Ising mag-
netic atom. Here, only the nearest neighbor in-
teractions were considered. The exchange cou-
plings between two magnetic atoms were repre-
sented by solid bonds, which were plotted be-
tween Fig. 1(a) and (b). To distinguish the at-
oms with different coordination numbers, circles,

squares and triangles were used to describe differ-
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ent atoms. The circles and squares respectively
represent magnetic atoms at the surface shell.
The triangles are magnetic atoms constituting the
core shell. It is obvious that the coordination
numbers of atoms represented by circles, squares
and triangles are 5, 6, 7, respectively. The
bonds connecting the magnetic atoms represent
the nearest-neighbor exchange interactions (J,,
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Fg 1 (a) The schematic picture of cylindrical nano-
tube; (b) the cross section of nanotube

The Hamiltonian of a cylindrical nanotube is

expressed as

H :—]125;5]' _JZZS/cO'Z -

[$70 (kL)

]Egmgn - ZDIS? (1)

{mn)
where S and ¢ are the Ising operator and the spin

might take the values S =+1, 0, ¢ = £1/2. The
first three summations over { * * * ) denote pairs
of nearest neighbors, the other summations are
taken over the each lattice point. J, is the ex-
change interaction between two nearest-neighbor
magnetic atoms at the surface shell and J is the
exchange interaction in the core shell. J, is the
exchange interaction between atoms at the surface
and the core shell. In our model, D, is random
crystal fields acting on atoms and D; is the site-
dependent crystal field which obeys the following
bimodal distribution:
P(D:) =ps(D; —D) +(1—p)6 (D; —aD)
(2)
where 0<<p<<{1, —1<<a<<1. The p and « denote
the probability of random crystal fields adopting
D and the ratio of the crystal fields, respectively.
When p= 1, the random crystal fields mixed
spin-1/2 and spin-1 BC model becomes the com-

mon mixed spin-1/2 and spin-1 BC model. When
p»=0 and «=0, it degrades into Ising model, that
is to say, no crystal field affects the process of
magnetization. For 0<{p<{1, the model is bimodal
random crystal fields model.

It can be obtained the longitudinal magnetiza-
tions m,, m, at the surface shell and m,. at the
core shell for the nanotube within the framework
of the EFT 8201,
my = mjcosh(J, V) +mgsinh(J, V) +1—mj ]* X

[micosh(J, V) +msinh(J, V) +1—m} ]* X

[cosh(%V) +27n(.sinh(]22

m, =[micosh(J, V) +m,sinh(J, V) +1—mj} > X
[micosh(J, V) +msinh(J, V) +1—mi ]* X

[cosh(%V) +2m(.sinh(‘]22V> :|2F(.T) | =0

(3b)
m.=[mjcosh(J, V) +m,sinh(J; V) +1—mj ]* X
[micosh(J; V) +m,sinh(J, V) +1—m} ] X

V) :|F(1‘) =0 (3a)

x=0

[cosh(%V) +2m(.sinh<%V>Tf(x)
(30)

Here, the function F(x) is defined by as follows:

F(o) = J‘p(D,‘)f(I,D,»)dD,. =

pf(x,D) + (1 —p)fla,aD) (4)
with
. _ 2sinhp(a)
Sz, D) 2coshB(x) +e @i (5)
F() :%tanh@ 6)

where §=1/kyT, T is the absolute temperature

and kg is the Boltzmann factor.

3 Results and discussions

For the convenience of following discussions,
we defined the reduced parameters as J,/J, J./J
and D/J. In the paper, we set J,/J=1.0and [,/
J= 1. 0 to contrast our results with those of Ref.
[12]. The magnetization curves and phase diagrams
obtained numerically by solving Egs. (3a) ~ (3c)
were plotted.

We only study the effects of the dilute crystal

field (¢ = 0) on M because the magnetization
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curves are similar when D/J takes a certain value
with o #£0. The relations between My and the
temperature for different D/J are plotted in Fig.
2. Obviously, the behavior of M depends on
both the values of D/J and p. From Fig. 2(a)~
(H), for D/] < 0, as p increases the critical tem-
peratures kg1 /] decrease. However, for D/J>
0, as p increases kgT ¢/J increase,

Fig. 2(a) shows that the system only pres-
ents second-order phase transition and the critical
temperature decreases as p decreases. However,
the negative crystal field acting on the system,
the critical temperature decreases when p increa-
ses, as shown in Fig. 2(b). As the negative crys-
tal field intensity increases, the system presents
first-order phase transition in Fig. 2 (c¢) ~ (e).
For p = 0 and « = 0 (i. e. no crystal field pres-
ents), M$§ =0. 833 (M§ = (1+1+0.5)/3),
M#%*represents the ground state saturation value
of magnetization curve. While in Fig. 2(D), it de-
creases as p increases for the strong negative
crystal field. The possible physical reason is that
the strong negative crystal field weakens the
spontaneous magnetization through transferring

part of spins from S==1 states to S=0 state.

08 (@DIJ=100] o8 (b) DIJ=-2.63
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Fg. 2 Temperature depends of the averaged magnetiza-
tion with some selected values of crystal field

The values on each curve denote the value of
probability p. (a) D/J = 10.0, (b) D/] = —

D/J = —3.60, () D/J = —10.0.

Because different doped atoms may change
the crystal field acting on spins, different o can be
used to describe these conditions. For example,
«=0.0,—1.0, —0.5,0. 5 can respectively denote
four typical distributions of random crystal fields:
distributions of diluted crystal field, of symmetry
staggered crystal field, of non-symmetry stag-
gered one and of random positive (or negative)
one. In order to further study the system’s mag-
netization behaviors, we plotted the magnetiza-
tion versus temperature with p=0. 25 and 0. 75
for four aforementioned typical distributions in

Fig. 3 and 4, respectively.
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Fig. 3 Temperature dependence of the averaged magnet-
ization is presented with p= 0. 25 for (a) ¢=0,
(b) a=0.5, (¢) @=—0.5 and (d) a=—1. 0 with

several values of D/J

From Fig. 3(a), 3(c) and 3(d), we note
M= <20, 833 for p=0. 25 and D/J << —4. 6. That
is to say, when p is small, the spontaneous mag-
netization decreases as D/J decreases. The physi-
cal reason is that strong negative crystal field
transfers minority spins from S=#1 states to S=0
state. Meanwhile, the magnetization curves ex-
hibit some fluctuations for certain regions of neg-
ative crystal field. Namely, thermal disturbance
slightly affects the process of magnetization. In
Fig. 3(b), the system exhibits the first-order

phase transition for ¢ =0. 5.
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Fig. 4  (Color online) Temperature dependence of the

averaged magnetization is presented with p =
0.75, for (a)a=0.0, (b)a=0.5, (c)a=—0.5
and (d) a=—1. 0 with several values of D/J

In Fig. 4(a) ~(d), the system exhibits the
first-order and second-order phase transition.
When the negative crystal field is strong, the
first-order phase transition disappears. Compa-
ring the curves of D/J =—7.0 in Fig. 3 with that
in Fig. 4, the larger p is, the negative crystal
field reduces the spontaneous magnetization more

obviously.

4 Conclusions

In this work, we have studiedmixed spin-1,/2
and spin-1 Ising nanotube with the bimodal ran-
dom crystal fields by employing EFT. In particu-
lar, we have investigated the effects of probabili-
ty, crystal field and the ratio of crystal field on
the system. We have observed first-order and sec-
ond-order phase transitions are affected by ran-
dom crystal field. These factors compete with
each other to make the system show richer phase
transformation behavior than mixed spin-1/2 and

spin-1 BC model with constant crystal field.
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