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Abstract In this work, we study the magnetic properties of
the bec lattice via site-diluted Ising model, using the oper-
ator differential technique by employing effective field the-
ory. The results obtained here were applied to the study of
the magnetic properties of Fe—Al alloys. We propose that
only ferromagnetic interaction among nearest-neighbors
Fe—Fe and the dependence of the exchange parameter with
the aluminum concentration is quadratic. The results for the
spontaneous magnetization coincides very well with the ex-
perimental data. The critical temperature as a function of
aluminum concentration qualitatively describes the experi-
mental phase diagram. We obtain the exchange interaction
which is very close to that obtained using the Bogoulibov
inequality and renormalization group technique.
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1 Introduction

In the disordered phase, the Fe—Al alloy is arranged in a bcc
lattice structure and each site is randomly occupied by atoms
of Fe or Al. When the Al concentration increases, the transi-
tion temperature from ferromagnetic to paramagnetic phase
decreases and vanishes in the vicinity of ¢ = 0.54. This vari-
ation in temperature with the concentration of Al atoms, ex-
hibits an anomalous behavior in the region of g < 0.3, that
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is not explained by other theoretical models. On the other
hand, there are proposals of the existence of antiferromag-
netic superexchange interaction, which are not supported by
experimental studies [1, 2].

Information about the behavior of pure or disordered
magnetic systems at the phase transition has been gathered
by several experimental and theoretical studies [3—7]. In the
Fe—Al alloy case, many theoretical problems associated with
such systems have been studied extensively by many au-
thors, some analytical approaches, as well as computation-
ally exact approximations (Monte Carlo simulations, as ex-
ample), have been developed in order to treat such systems.
The effective field theory (EFT) technique has been applied
to the study of critical phenomena in classical and quantum
spin models that display first- and second-order phase tran-
sitions and tricritical points in phase diagram and has pro-
vided useful qualitative and quantitative insights into critical
behavior of these systems [1—4]. The results are achieved by
treating the effects of the surrounding spins of each of the
cluster through a convenient differential operator expansion
technique [1, 6].

In this work, we used the EFT technique in the site-
diluted spin 1/2 Ising model to study the behavior of
Fe1_4Aly alloy, with particular attention to the anomalous
region of the phase diagram in the 7—¢g plane for cluster
containing one spin on a bcc lattice and only interactions
between nearest neighbors are considered. We consider an
exchange interaction, Ji, in terms of an expansion up to
second power of g. This approach differs from earlier works
[1, 6] in literature and leads to a good agreement with the
experimental data.

The outline of the remainder of the work is as follows:
In Sect. 2, the model and formulations are introduced. In
Sect. 3, results are presented and Sect. 4, the final results are
highlighted.
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2 Model

The proposed Hamiltonian for a site-diluted Ising model,
with interaction only between nearest neighbors, has the fol-
lowing form [6, 7]:

HZ—leéiEjUi(fj. (1)
NN

Here, J; > 0 is the exchange interaction between Fe-Fe

pairs, o; = =1 and ¢; = 1 or 0, depending if site is occu-

pied by Al or Fe atom. The probability distribution for the

€; is given by

P(ei) = pd(ei — 1) +qd(€), ©))

where p is the Fe percentage concentration and ¢ is the Al
percentage concentration. In a similar manner to that by [3,
6], we consider only the exchange interaction, Ji, varying
linearly with g (similarly to the lattice parameter). Thus, we
obtained the following expression for Ji:

Ji(q) = Jo(1+ Agq + Bg?), 3)

where A and B are theoretical parameters to be fitted to
experimental data [1]. Using Jo = 12.7 meV and apply-
ing a careful adjustment to the experimental data, one gets
A =1.65 and B = —4.90. The linear and quadratic terms
correct the theoretical prediction without the need for intro-
duction of the superexchange interaction. The thermal av-
erage of the magnetization, starting from the Hamiltonian,
Eq. (1) is given by the equation:

= <ZU,-::I:1 oie P >
doimt1e P Hi

In the above expression, we use one spin cluster, in a
manner similar to [6]. In this reference, it was demonstrated
that there was no significant difference between the use the
one or two spin clusters. Thus, for computational simplic-
ity, we prefer to use cluster with one spin. To calculate the
magnetization, we employ the Effective Field Theory (EFT),
with exchange iteration J;; = Ji (K;; = BJ;;). Thus, one
can write the above equation as follows [6]:

"= <tanh(z K ja,.)>. s)

1.j

“

Expanding the terms of Eq. (5) by applying the differen-
tial operator technique, we have [1]:

m= <l_[ [COSh(KljDX) +o0;j sinh(Klij)]>tanh(x)
J

x=0
(6)
After expanding the terms of the above equation and ap-

plication of operators to the tanh(x), at x = 0, we obtain

the magnetization. It can be written in polynomials terms as
follows:

@ Springer

m=A11(q, K)m + A1 3(q, K)m?
+ A1s5(q, K)m® + Ay 7(q, K)m”. (7

From the above equation, using a computer program, we
can study the behavior of magnetization as a function of
temperature and the temperature versus concentration dia-
gram of Al. From Eq. (7), to obtain the critical temperature,
when m — 0, we must solve the equation A1 1(q, K.) = 1.
The phase diagram T versus ¢ is obtained from the equa-
tion above, with Ay (g, K) = 1, where through this, one
can find the critical concentration of Al atoms for which the
transition temperature will be zero and the magnetic order is
broken.

3 Results

With the expression for the magnetization in hand, Eq. (7),
the next step is to obtain the T—q, M—q and M-T diagrams
and study the magnetic behavior of the Fe—Al alloy near the
anomalous region; the Al concentration ¢ < 0.3. In general,
the theoretical models used to describe the behavior of Fe—
Al can only obtain acceptable results for g > 0.3 [1, 2]. To
solve the problem, [6] introduces a superexchange interac-
tion, in contrast with Eq. (3), to describe the interactions
among second neighbors of Fe atoms, however, disagree-
ment in the range ¢ < 0.3 continued. We trace of magneti-
zation diagram, see Fig. 1.

For very small g values (¢ < 0.2), the Fe—Al alloy tends
to have transition temperatures close to that of pure Fe
(T, = 1040 K) [6], as shown in Fig. 2. As g grows, the tran-
sition temperature decreases, until for ¢ < 0.54 (AL concen-
tration less than 54 %), the percolation threshold is reached:
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Fig. 1 Diagram of the magnetization as a function of temperature.
When the Al atoms concentration increases, the reduced magnetiza-
tion decreases, until the percolation threshold there is no spontaneous
magnetization. For g = 0.4, there is a sharp drop in magnetization
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Fig. 2 Temperature as a function of Al concentration. Dots are the
experimental data, [6], and the /ine is a fit as described in the text. We
see that a better agreement between theory and experiment is obtained
forg > 0.3
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Fig. 3 Magnetization as a function of concentration, in ambient tem-
perature. The magnetization remains constant until the vicinity of the
critical concentration, when it decreases to cancel, characterizing a
phase transition. The experimental data were obtained in [2]

There will only be magnetic ordering at 7 = 0. The next
step was to check how it behaves the transition temperature
as g varies, trying to compare the theoretical results with
experimental data. From the equation for magnetization, we
plot the graph of the temperature as a function of concen-
tration and a graph of magnetization versus concentration in
ambient temperature (in Figs. 2 and 3).

The diagrams shown in Figs. 1 and 2 were created based
on the exchange interaction introduced by Eq. (3), based on
the expression for magnetization in Eq. (7). The behavior of

the reduced magnetization, shown in Fig. 1, is similar to that
found in [3, 4], since the dependence of M /M, with T does
not depend on a specific value of the g concentration. The
scenario changes when we consider the dependence of crit-
ical temperature with g. The expression of T.(q) is crucial
to determine a good agreement between theory and experi-
mental data.

The large discrepancy between the experimental data and
theoretical model we propose takes only in the 0.05 < g <
0.25 interval. In other studies [1, 5], with the dependence
linear of T.(q), this range is ¢ = 0 to ¢ = 0.3. This indicates
that not only the first power of ¢ should be taken in the ac-
count of the T,(g). This is most evident when we study the
behavior of the reduced magnetization as function of the Al
concentration. The T value is relatively low, considering the
T—q diagram in Fig. 2. The greatest disagreement, when we
observe Fig. 3, is when ¢ is approaches its critical value, the
percolation threshold, when the reduced magnetization goes
to zero. We believe that it is not necessary to assume a su-
perexchange interaction, since that the dependence of J with
¢ is modified, i.e., do not hold varying linearly with g. This
becomes clear when you see how the magnetization varies
with ¢ and T in Figs. 1 and 3. It remains constant until there
is a large decrease when approaching the critical threshold,
behavior that is very different from linearity. If this varia-
tion were linear, there would be a decrease in equal amounts
as it reaches the critical temperature or concentration of Al
atoms. That is not the case even T—¢q diagram, Fig. 2, al-
though the theoretical prediction is a linear behavior when
q < 0.3, the experimental data show, in Fig. 2 that behavior
is closer to something quadratic or cubic.

The value achieved for the reduced critical temperature
was the same as that obtained by [6]: K;T./J = 7.0606. At-
tempts to solve the problem of anomalous behavior in the re-
gion g < 0.3 proposes an antiferromagnetic superexchange
interaction in this range. However, such reports to [7]; there
is no evidence for trial of ensuring this theoretical treatment
[8, 9]. Treatments involving other theoretical models have
attempted to resolve the issue, but did not succeed so far.

4 Conclusions

Our study shows that the use of an exchange interaction
which depends on powers of concentration of Al, quadratic
rather than linear, fits well to the experimental results, with-
out the need to introduce a superexchange interaction. All
graphs show a good agreement between experiment and the-
ory, especially for the value of the critical concentration of
Al atoms.
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