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Abstract:

In this work, we have investigated the hysteresis properties of a mixed ferro-ferrimagnetic ternary alloy system
by Monte Carlo simulation method. The ternary alloy system contains two interpenetrating sublattices. One of
the sublattice consists of type-A magnetic components with spin-3/2 while the other one is randomly occupied
type-B and type-C magnetic components with spin-1 and spin-5/2, respectively. We consider both
ferromagnetic and antiferromagnetic exchange interactions between nearest-neighbor magnetic components.
The influences of the exchange interaction ratio, R, and the concentration value of type-B magnetic ions, p, on
the remanent magnetization, coercivity and hysteresis loops of the system have been investigated in detail. It has
been demonstrated that it is possible to modify the remanent magnetization, coercivity and also the saturation
magnetization of the system by changing the concentration value and exchange interaction ratio.
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1. INTRODUCTION

Molecule-based magnets are center of interest
during the last two decades thanks to their superior
properties as compared to metal or metal-oxide
magnets which make them attractive for
technological applications [1]. Especially, a
particular type of molecule based magnets, the
multi-metal Prussian blue analogs, are in active
investigations since the pioneering works of
Okhoshi and his co-workers [2, 3, 4]. They have
designed ternary metal Prussian blue compounds of
the type (NijMni ), sCr'™(CN)s which
incorporate both ferromagnetic (Jyi—cr > 0) and
antiferromagnetic  (Jym—cr < 0)  superexchange
interactions. The magnetic properties of these
ternary metal Prussian blue compounds such as the
saturation magnetization, Weiss temperature and
coercive field can be well controlled by varying the
active concentration of the magnetic ions in the
compound [2]. The multi-metal Prussian blue
analogs are also shown to display a photo induced
magnetic pole inversion [5], two compensation
temperatures [6, 7] and inverted magnetic hysteresis
loop [8]. Moreover, nano-structured magnets
comprised of Prussian blue analogs for instance,
nanoparticles [9, 10, 11], nanowire arrays [12, 13]
and nanotubes [14] have been synthesized in recent
years.

On the theoretical side, magnetic properties of
ternary Prussian blue analogs of the type
AB,C;_, are investigated by several methods such
as mean field theory (MFT) [15, 16, 17, 18, 19, 20,
21, 22], effective field theory (EFT) [23, 24, 25],
Bethe lattice approximation [26, 27], Green’s
function technique [28], Monte Carlo (MC)
simulation method [29, 30, 31, 32, 33, 34, 35, 36].
In these studies, in accordance with real mixed
ferro-ferrimagnets which comprised of Prussian
blue analogs [2], the ternary alloy is considered to
be composed of two sublattices. One of the
sublattice contains type-A magnetic components
which interact ferromagnetically (/.5 > 0) and
antiferromagnetically (/4 < 0) with type-B and
type-C magnetic components, respectively. Also,
type-B and type-C magnetic components are
distributed randomly throughout the other sublattice
with probabilities p and 1 - p, respectively.

One of the interesting feature that has been
observed in some of these theoretical studies is the
existence of a special interaction ratio R, =
Vacl/Jag Where the critical temperature of the
system becomes independent of the concentration
ratio p of the ternary alloy. For instance in Ref.
[31], the authors have determined the critical
interaction ratio, R, for different lattice
stoichiometries in the case of a three-dimensional
Ising system with MC simulations. They have
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showed that R, value changes very little with the
lattice stoichiometry and lattice dimension. Also,
many of the studies have focused on compensation
temperatures of mixed ferro-ferrimagnetic ternary
alloys which have been observed for certain values
of the Hamiltonian parameters [30, 31, 35].

Despite the extensive theoretical studies about the
magnetic properties of ternary alloys, to the best of
our knowledge, a detailed study about hysteresis
features of these systems has not been reported yet.
Thus, our objective in this work is to present a
detailed investigation of the hysteresis properties of
the mixed ferro-ferrimagnetic ternary alloy of the
type AB,,C,_, by means of Monte Carlo simulation
based on Metropolis algorithm. The ternary alloy
system includes three types of magnetic

2. MODEL AND METHOD
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components A with spin-3/2, B with spin-1 and C
with spin-5/2. We have examined the effects of the
mixing ratio p and also the exchange interaction
ratio R on the hysteresis loops, coercive field and
remanent magnetization of the ternary alloy for a
wide range of temperature values. We believe that
this study will shed light on the future experimental
and theoretical investigations of mixed ferro-
ferrimagnetic compounds in the presence of an
external magnetic field.

The paper is organized as follows. In section 2, the
details of the theoretical model and our MC
simulations are given. Our numerical results are
presented in section 3. Finally, our conclusions are
summarized in section 4.

We consider a ternary alloy system of the type AB,C;_, which contains two interpenetrating sublattices. One of
the sublattice is occupied by type-A magnetic components while each site of the second sublattice is randomly
occupied by type-B and type-C magnetic components with probabilities p and 1 — p, respectively (see Figure 1).
Thus, the Hamiltonian of ternary alloy system can be written as:

H== Jus O SASP S —Jac ) SASF(L=8)—H ) Sf—H Y [sP8;+51-8)] (1)

<ij> <ij>

Here, §; is a random variable which is unity (zero)
if site- j is occupied by type-B (type-C) magnetic
atoms. The first and second summations are over
the pairs of the nearest-neighbor sites. $4, % and
S€ are Ising spin variables which take the values of
S4=41/2,43/2, §B= 0, 1 and S¢=
+1/2,+3/2,4£5/2 for type-A, type-B and type-C
magnetic components, respectively. The choice of
the spin magnitudes correspond to the ternary metal
Prussian blue compound,
(NiyMni_ ), sCr'""(CN),, where A=Cr with
ST =3/2, B=Ni with S¥ =1 and C=Mn with
sMn =5/2 [3]. Also, the exchange interaction
between the components are reported as Jyi—c, >
0and Jym_cr < 0[3]. Thus, we assume that there
exists ferromagnetic interaction between type-A
and type-B  magnetic components (J45 > 0)
whereas type-A and type-C components interact
antiferromagnetically (4 < 0).

We have investigated the hysteresis features of the
ternary alloy system by MC simulation method
with single spin-flip Metropolis algorithm [37, 38].
As shown in Figure 1, ternary alloy system is
located on a square lattice with L = 128 and we
apply periodic boundary conditions in all
directions. The simulations are started at high
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i J
temperature from kgT/J,5 =7.0 with randomly
oriented spins and the system is gradually cooled
with a temperature step of kgAT/J 45 =0.1 where
kg and T are Boltzmann constant and absolute
temperature, respectively. 5 10* MC steps per site
(MCSS) are used for calculation of the thermal
averages of interested physical quantities after
discarding the first 10* MCSS in order to obtain
the equilibrium state. When the configuration for
the interested temperature value is obtained, then
magnetic field from H/J 45 to —H /] 45 (decreasing
field branch of the hysteresis) is applied. The
configuration obtained for —H/J,4p is taken as
initial configuration for the increasing field branch
and in a similar manner, by applying magnetic field
from —H/J 45 t0o H/] 4p, increasing field branch is
completed. At each magnetic field step, the first
5103 MCSS are excluded for thermalization and
the magnetizations are calculated over the next
5103 MCSS. We have performed 20 independent
computer experiments which correspond to
different initial states.

We have calculated the thermal average and
configurational average of sublattice
magnetizations (m,4, mg m) per spin:
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Nc¢
M = tme)] = |13 55) @
i=1

and total magnetization, my:
1
My = [mp)] = [+ mg +me)| - 3)
T

Here, (...) denotes the thermal averages and [...] corresponds to the configurational averages. In order to
determine the phase transition point separating the ordered and disordered phases from each other, we consider

the thermal variation of
susceptibility defined by:

the total

_ [Nr((M%) — (Mr)*)
r=

] 4D

Figure 1: Schematic representation of the ternary alloy system. The red, black and blue circles correspond to
type-A, type-B and type-C magnetic components, respectively.
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Figure 2: Magnetic phase diagrams of the ternary alloy systemina) (R — kgT¢/Jag), b)(p — kgT¢/]45) plane.

In this section, we will discuss the effects of an
external cycling magnetic field on the magnetic
properties of a ternary alloy of the type AB,C;_,.
Particularly, we pay attention to the effects of the
exchange interaction ratio, R = |J4c|/Jap, and
mixing ratio, p, on the magnetic properties of the
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system. Obviously, p = 0 case corresponds to a
ferrimagnetic mixed spin-3/2 and spin-5/2 system
while for p = 1, we have a mixed spin-3/2 and
spin-1 ferromagnetic system. For the latter case,
there are no J,. exchange interaction terms in the
system which means that magnetic properties of
the system does not alter with p. Also, starting
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from small R values, as R takes larger values, the
antiferromagnetic exchange interaction between
type-A and type-C magnetic components becomes
effective in the system.

Firstly, in order to confirm the accuracy of our
results and also to determine the temperature and
concentration values to be studied, we show the
phase diagram of the ternary alloy in (R —
kgTc/Jag) and (p —kgT:/Jag) planes in Figure
2(a) and Figure 2(b), respectively. As one can
readily see from Figure 2(a) that the phase
separation curves belonging to different p values
intersect at a special interaction ratio, R for which
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the transition temperature of the system does not
vary with p. We have also performed further
simulations in a narrow range of R in order to
determine accurate value of R as shown in Figure
2(b). According to our simulation results for the
case of a two dimensional ternary alloy system, the
special interaction ratio is R, = 0.46. For R< R,
(R > R(), the transition temperature of the system
increases (decreases) as p takes larger (smaller)
values. These results are in accordance with the
previous investigations of ternary alloy systems
reported in literature [29, 36].
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i --w-- R=0.6
15 . 1 -4 R=0.8
--4e-- R=]

Figure 3: Total susceptibility per spin as a function of temperature a) for R=1 with several values of
concentration value of type-B atoms: p=0, 0.25, 0.5, 0.75 and 1 b) for p=0.5 with varying values of the

interaction parameter: R=0.2,0.4,0.6,0.8 and 1.

Total susceptibility curves of the system as a
function of temperature are shown in Figure 3(a)
for R=1 with several values of concentration of
type-B atoms. In accordance with the expectations,
the susceptibility curves exhibit a maximum at the
transition temperature of the system and this
maximum moves to higher temperature region with
decreasing p. In order to see the effects of
interaction parameter, R, on the transition
temperature of the system, we also show the total
susceptibility curves in the case of concentration of
p=0.5 for varying values of R in Figure 3(b). As
one can readily see, as the interaction parameter
takes larger values, susceptibility exhibits a
maximum at higher temperature region.

These findings also support the phase diagram of
the system (Fig 2(a)). In Figure 4(a)-(b), coercive
field H,, and remanent magnetization, M,, of the
ternary alloy as a function of R for several values
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of concentration value, p at a reduced temperature
of kgTc/Jsp = 1.0 have been displayed. The
coercivity of the ternary alloy system shows an
increment behavior as the exchange interaction
ratio takes larger values for all p values under
consideration. Since the number of J,. spin-spin
coupling terms increases with the number of type-
C magnetic components in the system, the
variation of H. with R is more pronounced in the
case of small p values. It can be also seen from the
figure that for a fixed value of R, the coercivity and
remanence strongly depend on the concentration
value of type-B magnetic components in the
system. Moreover, for all the p values except for
p=0 and p=1 the remanent magnetization
firstly decreases slightly with R because of the
enhanced antiferromagnetic exchange interaction
in the system whereas an opposite is situation is
true forp = 0.




Z DEMIR VATANSEVER  Academic Platform Journal of Engineering and Science 6-2, 97-105, 2018

With a further increment in R, remanent magnetization becomes very close to a value of M, = %[lMA(T =
0)| + p|Mg(T = 0)| — (1 — p)|M (T = 0)]] for all the considered values of p.
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Figure 4: a) Coercivity and b) remanence variations of the ternary alloy system as a function of R at kzT.// 45 = 1.0 for
several values of concentration value of type-B atoms: p = 0,0.25,0.5,0.75 and 1.
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Figure 5: Hysteresis curves of the ternary alloy with a) p = 0, b) p = 0.25, ¢) p = 0.5, d) p = 0.75 for several value of R.
The curves are shown for reduced temperature value of kg7 /45 = 1.
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In order to investigate magnetic features of the
ternary alloy, we have showed the hysteresis
curves of the system in the case of varying values
of R fora) p=0, b) p=0.25,¢) p=20.5, d)
p = 0.75 at a reduced temperature of kgT¢/Jap =
1.0 in Figure 5. As one can also see from the phase
plane of Figure 2(a), the system is in the ordered
phase for all p values at this temperature value.
While the hysteresis curves display various shapes
depending on the value of the concentration value
of type-B magnetic components, they have some
common features. For instance, if the magnetic
field is large enough, it can overcome the
antiferromagnetic exchange coupling. Therefore
magnetization value saturates to a value My =
~[IM4(T = 0)| + pIMp(T = 0)| + (1 -

P)IM (T = 0)|] corresponding to the case for
which all the spins are aligned parallel to each
other and to the external field. Also, starting from
increasing or decreasing field branch, as the
absolute value of the magnetic field decreases and
reaches a particular value (depending on p), the
antiferromagnetic exchange coupling becomes
effective and magnetization decreases to the value

-10 -5 0 5 10
H/
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of My =3[IMu(T = 0)| + p|Mp(T = 0)| — (1 —
p)IM (T = 0)|]. We should also notice that as R
takes larger values, the hysteresis loops become
wider in accordance with our observations of
Figure 4. Another interesting point that should be
underlined is the existence of triple hysteresis
loops for p = 0.5 at particular values of exchange
interaction ratio. This can explicitly be seen from
the inset of Figure 5(c). A triple hysteresis loop is
observed for R =0.75 and R =1 and below a
particular of R single hysteresis loop is observed.

In Figure 6(a) and 6(b), the variation of the
hysteresis loops with p is illustrated at kT /J45 =
1.0 for R=0.2 and R =1 respectively. If one
compares the width of the hysteresis loops, the
hysteresis loops become narrower (wider) for
R =1 (R = 0.2) with increasing p. The alteration
of remanent magnetization with p is also in
agreement with our discussions for Figure 4(b).
Besides, the absolute value of the total
magnetization at large fields increases with
increasing number of type-C magnetic components
in the system.

0
H/T,,

Figure 6: Hysteresis curves of the ternary alloy with a) R = 0.2, b) R =1 for several value of p. The curves
are shown for reduced temperature value of kzT;//45 = 1.0.

As a final investigation, we investigate the
temperature  dependence of coercivity and
remanence of the ternary alloy system at an
exchange coupling ratio of R = 1 for varying
concentration value of type-B atoms in Figure 7(a)
and 7(b), respectively. For all concentration values,
H, and M,. decrease with raising temperature due to
the enhanced thermal agitation which destroys the
magnetic order in the system and they become zero
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above the critical temperature of the system. As an
example, we show the hysteresis curves of the
system for p=05 and R=1 for varying
temperature values in Figure 8. The hysteresis loop
areas decrease with raising temperature and
paramagnetic behavior is observed when the
temperature is above the phase transition
temperature of the system.
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Figure 7: Temperature dependence of the a) coercivity and b) remanence at a exchange coupling ratio of R = 1
for varying concentration of type-B atoms:p = 0, 0.25, 0.5, 0.75, 1.
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Figure 8: Hysteresis loop of the ternary alloy system for p = 0.5 and R =1 for varying values of the

temperature.

As a final remark, we compare our numerical
results about the hysteresis features of the ternary
alloy system with the literature. From the
experimental side, for a ternary metal Prussian blue
compound of the type (NijMni_,),sCr'"'(CN)s,
it has been demonstrated that it is possible to
modify saturation magnetization, coercivity and
remanent magnetization by varying the mixing ratio
of p of the system [3]. Therefore, our results are in
a qualitative agreement with the available
experimental result [3] in literature. On the
theoretical side, as far as we know, there are not
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any works regarding the hysteresis features of
ternary alloys. However, the limiting cases of the
system (p=0 and p=1) correspond to mixed lIsing
spin systems which have been widely studied in
literature. For instance, in reference [39], the
authours have observed triple hysteresis behaviors
similar to our results for a mixed spin-2 and spin-
5/2 ferrimagnetic Ising system. Also, triple
hystresis loops are observed for the other type of
mixed spin systems, such as nanowires [40,41],
nanoparticles [42,43].
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4. CONCLUSIONS

Hysteresis properties of a mixed ferro-ferrimagnetic
ternary alloy of the type AB,,C,_,, is studied by MC
simulation method with Metropolis algorithm. Both
ferromagnetic (/4,5 > 0) and antiferromagnetic
(Juc < 0) spin-spin interactions between nearest-
neighbor magnetic components are considered. The
dependence of the coercivity, remanence and also
hysteresis loops of the ternary alloy system on the
exchange interaction ratio and concentration value
of type-B magnetic components are investigated in
detail. Moreover, hysteresis properties of the
system are analyzed in a wide temperature region. It
has been shown that it is possible to tune the
coercivity, remanence and saturation magnetization
of the system by changing exchange interaction
ratio and number of type-B components. As a
further investigation, procedure followed in this
work can be applied to nano-dimensional structures
such as ternary alloy magnetic nanoparticles and
nanowires. Such a study may reveal the effects of
reduced dimensions on the magnetic features of
ternary alloy systems.
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