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Effects of bimodal random crystal field on the phase
transition of mixed spin-1/2 and spin-1 on nanotube
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Abstract: The magnetization and phase transition of mixed spin-1/2 and spin-1 Blume-Capel model on a
cylindrical Ising nanotube with bimodal random crystal fields were investigated by using the effective
field theory. Employing numerical calculation, the phase diagrams and the magnetization which depends
on the temperature and the parameters of random crystal fields were obtained. The results show that:
(1) Changing the probability and the ratio of the crystal fields, bimodal random crystal fields may de-
scribe different doped atoms acting on spins. (2) The critical points do exist for certain values of the
probability, the negative or positive crystal field and the ratio of the crystal fields. (3) The system
shows several phase transition temperatures, first-order and second-order phase transitions.
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. nanotubes and nanowires, have become central
1 Introduction (4] ,
catchwords recently™. Experimentally, mag-

Magnetic nanoparticle systems, such as netic nanotubes, which can be fabricated by vari-
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ous methods™™ /. Theoretically, several models
are adopted to analyze magnetic systems, such as
the Blume-Capel (BC) model”* and the Blume-
Emery-Griffiths model”’. The BC model, first
developed by Blume'™ and Capel™, applies the
crystal field interaction to Ising model. Later, the
BC model was used to investigate a variety of lat-
tice, for example, the Bethe lattice!'™’, honey-

comb lattice!'!+1?) (1516

, and simple cubic lattice
Some researchers studied the influence of diluted
crystal field on the magnetic properties and phase
diagram of honeycomb lattice system''*', while
others investigated the magnetization characteris-
tics of BC model on simple cubic lattice on condi-
tion that the crystal field and exchange interaction
satisfied the dilution distribution''*.

The effect of uniform crystal field on spin
models has been studied by scientific researchers,
such as characteristic behaviors of spin-1 Ising
nanotube'™ and the hysteresis behavior of BC

L8] Since

model on a cylindrical Ising nanotube
the randomness of crystal field may change the
system’s critical behavior considerably, its effects
on the BC model were studied by adopting similar
techniques. The effective field theory (EFT) was
used to investigate the magnetic properties of sim-
ple cubic lattice!'™. The cluster-variation method
was adopted to obtain the phase diagrams of Be-
the lattice'”’. By means of effective field approxi-
mation, BC models with sparse random crystal
fields on honeycomb and square lattices are stud-
ied. In particular, many interesting and unusual
phenomena such as critical points (TCPs) and re-
entrant behavior are found in BC models with ran-

dom crystal field spin-1- 2,

2l Ising

The spin-1""" and mixed spins
nanotube with a uniform crystal field have been
discussed. The purpose of this study is to investi-
gate the phase diagrams of a cylindrical Ising
nanotube with random crystal fields, particularly
focusing on the effects of the strong surface ani-
sotropy on transition temperature and the critical
point. Based on the critique of BC model with bi-

modal random crystal fields, the formulae of

magnetizations are derived within the framework
of EFT. Then, the system’s phase diagrams are
presented. Finally, the last part is devoted to a

brief summary and conclusion.

2 The model and method

The infinite length magnetic nanotubes are
composed of an inner shell and an outer shell.
Fig. 1la shows the three-dimensional diagram of
the nanotube, and Fig. 1b shows the schematic di-
agram of its cross section. In order to distinguish
magnetic atoms with the same coordination num-
ber at different grid points, dots, squares and tri-
angles are used to represent magnetic atoms with
coordination number 5, 6 and 7, respectively. Each
magnetic atom has a spin of 1, and the lines in the
figure represent the exchange interaction between the

nearest magnetic atoms of sizes J,,J, and J.

|
(@ (b

Fig. 1 The schematic picture of nanotube

The Hamiltonian is expressed as

H :*]1251'5]' *]225k61 -

() (k)

J 230,00 — 2.DiS7 (D

{mn)

where S is 1, J, represents the exchange interac-
tion between the nearest neighbor spins of the
shell layer, J represents the exchange interaction
between the nearest neighbor spins of the inner
shell layer, J, represents the exchange interaction
between the spin of the shell layer atom and the
nearest neighbor inner shell atom, and D repre-
sents the crystal field intensity acting on the lat-
tice point 7. D; satisfies the random distribution
defined by

P(D) =ps(D; —D) +(1—p)5(D; —aD) (2)
where p (0 <<p<1) represents the probability
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that the random crystal field takes a value of D,
and 1 — p represents the probability that the ran-
dom crystal field takes a value of oD, and o( —1<<
a<<1) is a dimensionless parameter, representing
the ratio of the intensity of the crystal field.

The self-consistent equation of magnetization
(m, and m, at the surface shell and m. at the core
shell for the nanotube) can be obtained by using
effective field theory™® 2,
m, = mjcosh(J, V) +m,sinh(J, V) +1—m3 |* X

[micosh(J, V) +m,sinh(J, V) +1—m?]* X

%V)]F(‘r)

ms :[mgcosh(]l V) +mysinh(J, V) "’"1*777%]2 X
[micosh(J, V) +m,sinh(J, V) +1—mi ]* X

(]2 aon()e

[cosh( 5 V) +2m(.s1nh< 5

m, =[mbcosh(J; V) +mysinh(J, V) +1—mj > X
[micosh(J; V) +msinh(J, V) +1—m? ] X

(3a)

[cosh(fz2 V) +2mcsinh<

x=0

V)TF(I) |~ (3b)

4
[cosh(%V) +2mcsinh<%V)] fD ] Bo
Here, the function F(x) is defined as follows:

F(2) :JP(DZ-)f(x,D,)dD,- -

S :%tanh% (6)

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

and kg is the Boltzmann factor.

3 Results and discussion

For the convenience of following discussions,
we define the reduced parameters as J,/J, J:/J
and D/J. In the study, we set J,/J= 1.0 and
Jo/J= 1.0 to compare results with those of Ref.
[21]. The magnetization curves and phase dia-
grams obtained numerically by solving Eqs. (3a~
3c) are plotted.
3.1 Magnetization intensity

The numerical results of surface and core
magnetizations in the nanotube are plotted in Fig. 2
(p=0.7), when the crystal field obeys the dilu-
tion distribution (¢ =0. 0). The magnetization
variations have been calculated for different crys-
tal field interaction parameters. As shown in Fig. 2,
the system exhibits second-order phrase transi-
tions Fig.2a and Fig. 2b and first-order phase
transitions Fig. 2c and Fig. 2d. As the number of

nearest neighbors increases, the interaction inten-

pf(x,D) + 1 —p)flx,aD) (4)
with sity is strengthened. This is why the absolute
2sinhB(x) values of magnetization order as m, >m, at any
x,D;) = - - (5) 7
flx.Di) 2coshp(x) +e i temperaturet'™.
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Fig. 2 The temperature dependence of magnetizations for the ferromagnetic interactions
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Fig. 3 The phase diagrams of the nanotube (a) @=0.0; (b) @=0.5; (¢) a=—0.5; (d) a=—1.0

3.2 Phase diagrams

Different atom doping will lead to different
crystal fields acting on the spin, and different
crystal field intensity ratios in the bimodal ran-
dom crystal field in BC model can helpto under-
stand the physical essence qualitatively'®!. o =
0.0,0.5, —1. 0 and —0. 5 represent four typical
random crystal field distributions respectively: di-
luted crystal field distribution, co-direction bi-
modal crystal field distribution, quasi-symmetric
staggered crystal field distribution and quasi-
asymmetric staggered crystal field distribution.
Before detailed analysis of the effects of the above
four crystal field distributions on the magnetic-
properties of the system, the latter two are giv-
en. @« = — 1. 0 represents two possible values of
the bimodal crystal field which are equal in mag-
nitude and opposite in direction. If p =0.5, the
magnetic atom is in the symmetric staggered crys-
tal field, and by different values of p, the mag-
netic atom is in the quasi-symmetric staggered
crystal field. Similarly, the quasi-asymmetric
staggered crystal field distribution can be inferred
according to previous analysis.

Fig. 3 shows four phase diagrams in the

D/J] —kgT/] space for different distributions of
the random crystal fields, in which the second-or-
der and first-order phase transition curves are
plotted with solid and dashed curves respectively.
The critical points (CPs) are signaled with solid
dots at which the second-order and first-order
phase transitions curves do not combine. The fer-
romagnetic and paramagnetic regions are indicated
by FM and PM respectively. All of the second-or-
der phase transition curves combine at the same
point, 7. e. (0, 2.94). Because when D/J = 0,
the random crystal field does not affect magneti-
zation of the mixed spin-1/2 and spin-1 BC mod-
el. It’s the second-order phase transition temper-
ature is 2. 94. Fig. 3 shows that the larger p is,
the lower the phase temperatures are when
D/J <0. However, it exhibits the opposite phe-
nomena if D/J > 0. At the same time, when
p=1.0, the random crystal fields mixed spin-1/2
and spin-1 BC model becomes the common mixed
spin-1/2 and spin-1 BC model® and the CP is
(—2.63, 0.96).

The phase diagram for ¢« = 0. 0 is given in
Fig. 3a. It can be seen that when p=0, the sec-

ond-order phase transition is a straight line and
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the second-order phase transition temperature is
ks T/J] =2.94. Since if p = 0, the crystal field
has no effect on the spontaneous magnetization.
the transition

curve with p = 0 is a horizontal line. If 0. 4<<p<C

Naturally, second-order phase
1. 0, the phase diagram presents the first-order
phase transitions when crystal field D/J takes a
large negative value. Furthermore, the curves of
second-order phase transition indicate that critical
temperature approaches finite value as D/J —
—oo, The cause for this is that the negative infi-
nite crystal field acting on given sites tends to

force them to be in the states S= £1. Thus, the

4.0 T
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3.5 [7:1 0 PM
907
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= 25
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Fig. 4

Fig. 4 shows four phase diagrams in the
a—kpT/] space, in which the second-order and
first-order phase transition are plotted with solid
and dashed curves respectively. The critical
points (CPs) are signaled with solid dots where
the second-order and first-order phase transitions
curves do not combine. The ferromagnetic and
paramagnetic regions are indicated by FM and PM
respectively. It is found that when the positive
and negative crystal fields are weak, the system
has only second-order phase transition in Fig. 4a

and Fig. 4b. With the enhancement of positive

clusters of spin S= *+1 states are formed and able
to sustain the order for all p.

It can be concluded that CPs depend on p, «
and D/J. Fig. 3b~3d show that the CPs appear if
0<<{p<1.0. Fig. 3b presents the second-order and
first-order phase transitions and shows the trajec-
tory of the CPs. Moreover, the curves of second-
order phase transition show that critical tempera-
ture approaches finite as D/J— —co for 0. 5<<p<<
1.0 and as D/J—><= for 0<{p<<0. 5 in Fig. 3¢ and
Fig. 3d. Thus, a,D/J and p play important role
in the CP of the system.
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The phase diagrams of the nanotube (a) D/J =2.63; (b) D/J=—2.63; (¢) D/J=3.6; (d) D/J=-—3.6

and negative crystal fields, the first-order phase

transition occurs in Fig. 4c and Fig. 4d.

4 Conclusions

In this study, we have explored mixed spin-
1/2 and spin-1 Ising nanotube with the bimodal
random crystal field by employing EFT, particu-
larly the effects of probability, crystal field and
the ratio of crystal field on the system. We have
also observed first-order and second-order phase
transitions and the CPs affected by random crystal

field. The results indicate that the phase diagram
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of the system is closely related to the parame-

ters—the value probability of random crystal field

(p), the ratio of crystal field (¢) and the parame-
ters of crystal field (D/J) — that describe the bi-

modal random crystal field. These factors com-

pete with each other, so that the system shows

richer phase transformation behavior than mixed

spin-1/2 and spin-1 BC model with constant crys-
tal field.
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