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a b s t r a c t

For the study of magnetism in systems where the local environment plays an important role, we propose
a marriage between the Monte Carlo simulation and Zunger's special quasi-random structures. We apply
this technique on disordered FeCr alloys and show that our estimates of the transition temperature is in
good agreement with earlier experiments.

1. Introduction

The interesting and complex behavior of magnetism in FeCr
alloys has been attributed to its electronic structure. This has been
studied in some detail [1,2]. These studies reveal that short-ranged
ordering (SRO) plays an important role in this alloy system and
changes from a ordering to a segregating behavior at a critical
concentration of around 4–10% of Cr [3,4]. This profoundly affects
the thermodynamic behavior of this alloy [5,6]. Atomic short-
range ordering can have predominant effects on the magnetic
properties of FeCr. Cr tends to segregate in alloys with high Cr
content [7]. Contributions of SRO to the chemical properties like
free energy and enthalpy of mixing have been studied in detail by
Lavrentiev et al. [7]. The structural phases of FeCr in the low Cr
region have been found to have strong dependance on Cr clusters.
The SRO effects substantially diminish for alloys with Cr concen-
tration above 20%.

Short ranged order is measured by the Warren–Cowley (WC)
parameter [8]

αðxÞ ¼ 1�PrðFeCrÞ
1�x

Here Pr(FeCr) is the conditional probability of a site R being
occupied by Cr, given that its nearest neighbour is occupied by Fe.

In the perfectly random case occupation of R by Cr is independent
of whatever occupies its neighbour. So Pr(FeCr)¼Pr(Cr)¼1�x and
α¼ 0. Negative WC parameter indicates tendency to order,while a
positive WC parameter leads to clustering or phase segregation.

We have obtained the magnetic exchange energies from first-
principles, density functional based method proposed by Lichten-
stein et al. [9,10] using the tight-binding linear muffin-tin orbitals
technique coupled with the coherent potential approximation.
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path operator related to the off-diagonal element of the Green's
function.

The left panel of Fig. 1 shows the nearest neighbour exchange
energies for the different constituents. We note that the exchange
energies are composition dependent and the Fe–Fe exchange
dominates over the other two. The right panel shows that the
exchange energies are damped oscillatory typical of disordered
itinerant systems.

So far the effect of SRO on magnetic phase transitions had no
precise method of study except through mean field approaches.
We devise a technique which combines the Special Quasi-random
structures proposed by Zunger et al. [11,12] and Monte Carlo (MC)
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simulations to quantitatively study the effect of SRO on the
magnetic phase transitions in FeCr. Zunger et al. proposed a novel
method of treating configuration averaging in a disordered alloy.
Structural models needed in calculations of properties of substi-
tutionally random binary alloys A1�xBx alloys are usually con-
structed by randomly occupying each of the N sites of a periodic
super-cell by A or B atoms. Zunger et al. showed that it is possible
to design special quasirandom structures (SQSs) that mimic, even
for small sizes (N¼8), the first few, physically most relevant radial
correlation functions of an infinite, random structure far better
than the standard technique using random number generators do.
These SQSs are shown to be short-period superlattices of 4–16
atoms/cell whose layers are stacked in rather nonstandard orien-
tations. Since these SQSs mimic the local atomic structure of the
random alloy quite accurately, their electronic properties, calcu-
lated through first-principles techniques, provide a representation
of the electronic structure of the alloy.

Fig. 2 shows the close agreement between the density of states
calculated on a small SQS of size 16 and a much more elaborate
calculation through an augmented space recursion method [14].
Another great advantage is that any degree of SRO, measured by
the Warren-Cowley parameter α can be built into the SQS. In this
way perfectly random alloys or alloys with requisite definite SRO
can be mimicked by small supercell structures and we may couple

this with a MC analysis and the computation can be done over a
rather short time scale.

We generated the SQS structures and performed MC simulation
on the magnetic distributions, initially distributed on the SQS. The
standard Metropolis single flip dynamics was used on the derived
Hamiltonian. For random initialization, it is usual to take statistics
of thermodynamic properties from multiple initialized configura-
tions to avoid trapping in local minima. This marriage between the
SQS and MC saves us an order of magnitude in computation time.
Also it is enough to consider only one SQS structure, because it
intrinsically ensures the correct energy path of the simulation. A
maximum of 65,536 Monte Carlo steps were considered for each
case from which 32,768 steps were discarded for achieving
thermalization.

In the region of strong magnetic exchanges and weak chemical
SRO, the dynamics of the simulations of systems initialized by
random structures and the SQS cell with α¼ 0 almost fall on top of
each other as in the left panel of Fig. 3. However, when the Fe
concentration is as low as 25%, inspite of having almost equal
strength of Fe–Fe exchanges, the numbers of such Fe–Fe pairs is
rather low and the SRO-effect dominates. We observe such effects
in Fe25Cr75 shown in the right panel of Fig. 3 where for equal
number of Monte Carlo sampling for every structure, SQS initi-
alization becomes more efficient.

Incorporation of SRO in a SQS can be carried out in a controlled
manner. The combination of Monte-Carlo and SQS then becomes a
powerful tool. Generation of configurations randomly with SRO is
not an easy matter, and as before, rather than carrying out
multiple simulations over many randomly generated configura-
tions, we need to perform Monte-Carlo on single reasonably small
SQS with equal accuracy.

As we already have pointed out that in this way we can
simulate magnetic properties of alloys having definite chemical
SRO embedded in it. In Fig. 4 the results of the simulations for
observing the variation of magnetic transitions due to the chemi-
cal orderings quantified by the SRO are shown.

Fig. 4(a) shows the decay of magnetization with temperature.
TC is obtained from its inflextion point. (b) Shows χðTÞp∂M=∂T
and TC is obtained from the maximum. Fig. 4(c) shows clearly the
dependence of TC on SRO. Box size of simulation was 432 atoms.
Finally we compared our the transition temperatures for the
disordered FeCr. We have chosen the SRO parameter to be the
oft-quoted [13] 0.2 around 50–50 composition. Ideally we would
like to calculate the chemical exchange energies and obtain the
necessary parameters from a coupled Kawasaki-dynamics. This
will be reported subsequently.
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Fig. 1. (left panel) Nearest neighbor exchange energies. Fe–Fe exchanges are much stronger compared to Fe–Cr and Cr–Cr exchanges over the entire concentration range.
(right panel) Fe–Fe exchange as a function of distance.
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Fig. 2. Comparison between the SQS (N¼16) and augmented space recursion
calculations on the density of states for equiatomic FeAl alloy.
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Fig. 3. Temperature variation of the order parameter (left) for strongly ferromagnetic Fe75Cr25 shows equivalent natures for Monte Carlo runs from generated random
structures and the adapted method of Monte Carlo simulation on SQS structures. For both structures supercells of 1024 sites were considered. (right) For Fe25Cr75 the
agreement is less than the previous case.

Fig. 4. (a) Effect of SRO on the temperature variation of magnetization for the alloy Fe50Cr50. (b) Effect of SRO on the temperature variation of susceptibility. (c) Variation of TC
with SRO for the 50–50 alloy. (d) The variation of TC with composition, and comparison with experimental data [13].
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