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Recent studies have shown that FeAl alloys are promising candidate for magnetically patterned media
owing to their disorder induced magnetism property at room temperature. In this paper, we have studied
the effect of chemical ordering on the magnetic properties of FeAl alloys. At first we have calculated the
magnetic exchange interactions in disordered FexAl1�x (50 6 x 6 65) alloys from first-principles theories.
With these exchange interaction parameters, we carried out Monte-Carlo simulations with the resulting
Ising Hamiltonian, onto which the alloy system was mapped and obtained the x-T phase diagram of the
system. We have studied the effect of chemical ordering from a body-centered cubic (A2 phase) to an
ordered cubic B2 phase in FeAl on the paramagnetic to ferromagnetic transition as a function of alloy
composition and ordering fraction. We have also studied the behavior of hysteresis loop and coercive
field as a function of alloy composition, temperature and ordering fraction.
1. Introduction

Iron aluminides are technologically very important material
because of their high strength, good corrosion and oxidation resis-
tance and being light weight at the same time. Recent studies also
have shown that FeAl alloys are promising candidate for magneti-
cally patterned media owing to their chemical disorder induced
magnetism property at room temperature [1,2]. Magnetic pattern
of sub-50 nm size has been fabricated in Fe60Al40 alloy using low
fluence ion irradiation, where ion irradiation locally alters the
chemical ordering of the selected spots and induces ferromag-
netism [1,2]. These alloys have mainly two stable structures which
are chemically ordered: the cubic B2 and the DO3 [3]. Though a
perfectly ordered B2 FeAl is non-magnetic, in practice, magnetism
appears in this phase because of the presence of antisite defects
[4–6]. This ordered B2 phase could also be destroyed to produce
the random body centered cubic solid solution of the A2 phase
which is chemically disordered. Several experimental techniques
like cold working [7–10], ball milling of the ordered B2 structure
[11–16], mechanical alloying [17–20] and plastic deformation
[21,22] have been adopted for disordering purposes, but complete
destruction of the long range order remained difficult to achieve.
Although the B2 superstructure peak is not always detectable in
XRD pattern, it becomes apparent in neutron diffraction [23].
Presence of the B2 superstructure peak in cold worked and plasti-
cally deformed samples has been reported by several authors
[7,21]. The degree of chemical ordering, which influence both the
local and bulk magnetic properties, depends on the milling time
in ball milled and mechanically alloyed samples [11–19], on the
annealing and quenching procedures in cold worked samples [9]
and on the amount of strain in plastically deformed sample [22].

Therefore, it is important to study the effect of ordering and
composition on the local and bulk magnetic properties of FeAl
alloys. It has been shown in earlier works that both the local hyper-
fine field and bulk saturation magnetization increases with
disordering [11–14,17,18,22–24]. Caskey et al. [25] have taken into
account the effect of chemical ordering and defects to explain
many experimental data, but they did not present a systematic
study on the effect of chemical ordering. Recently, Ghosh et al.
[26] have shown the effect inhomogeneities on the magnetic tran-
sition temperatures in disordered Fe:Al alloy. However, to our
knowledge, a systematic study on the effect of chemical ordering
in magnetic properties of FeAl alloys has not been done so far.

With decreasing Fe content, average magnetic moment of Fe
atom, local hyperfine field, saturation magnetization and magnetic
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ordering temperature of disordered FeAl decreases and the alloy
becomes paramagnetic at room temperature around 47.5 at.% of
Al concentration [7–10,19]. Extensive theoretical and simulation
studies have been done to reproduce and explain the experimental
x-T phase diagram of this alloy, where x is the atomic concentration
of Fe. In many of these works, the magnetic exchange interaction,
which plays the central role, has been estimated by empirical fit-
ting [27–37]. In this communication, we shall first compute the
exchange interaction parameters from the first-principles spin
density functional approach and then use them to study the mag-
netic properties of the system.
2. Calculation methods

2.1. Magnetic exchange interactions

We start with the self-consistent electronic structure cal-
culation of disorder FeAl alloys using tight-binding linear muffin-
tin orbital (TB-LMTO) approach coupled with the augmented space
recursion (ASR) [38]. The spin-dependent density Functional the-
ory in LMTO describes how the electron–electron exchange inter-
action causes the initial moment formation within the atomic
spheres (AS). Then the ordering of these moment carrying atomic
spheres has been described using the generalized perturbation
method (GPM) [39]. In this approach, we perturbed the fully ran-
dom paramagnetic alloy with local fluctuations in the magnetic
moment and then argued whether the system could sustain such
a disturbance. At a given composition, the disturbance can be sus-
tained till a critical temperature TC . Below this the paramagnetic
phase destabilized and the alloy goes over to the ferromagnetic
phase. The total energy in GPM was written as:

E ¼ Eð0Þ þ
X

~Ri

Eð1Þ~Ri
dn~Ri
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X
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~Rj
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where ~Ri and ~Rj are the position of the i-th and j-th atomic spheres
and dn~Ri

is the perturbation in the occupation variable: depending

on the orientation of the moment at the site~Ri, these take the values
�1. The first two terms plays no role in the emergence of ordering
in the bulk. If we define
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where EðQQ 0 Þðj ~Ri �~Rj jÞ is the energy associated with the system

with atoms of the type Q and Q 0 forced to sit on the sites ~Ri and
~Rj respectively, then this procedure maps the GPM onto an effective
Ising model:
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Jij is the magnetic exchange interaction between the atomic species

situated at ~Ri and ~Rj. The exchange interaction parameters are very
small energy differences of large individual energies. Therefore, for
numerical accuracy we adopted the orbital peeling approach of
Burke [40,41] for the calculation of magnetic exchange interactions.
This exact same approach of calculating the magnetic exchange
interactions from first-principles theories has been adopted earlier
also by Ghosh et al. for the calculation of exchange energies in dis-
ordered Fe50Al50 alloy [26].
2.2. Monte-Carlo simulations

After obtaining the magnetic exchange interactions, as
described in Section 2.1, we carried out Monte-Carlo (MC) sim-
ulation with the Ising Hamiltonian of Eq. (3) to study the mag-
netic properties of the system. We used standard Metropolis
algorithm [42,43] with single spin flip dynamics for MC sim-
ulation and final results were taken after averaging over a number
of configurations. In the simulation process, first we thermally
equilibrated the system by discarding the first 50000 Monte-
Carlo steps (MCS) and measurements were performed on the next
200000 MCS.
3. Results and discussion

3.1. Magnetic exchange interactions

Fig. 1 shows the magnetic exchange interactions between dif-
ferent atomic species and their variations with neighbor distance
and alloy composition. Exchange interaction parameters for the
disordered Fe50Al50 alloy has been reported earlier also by Ghosh
et al. [26]. Fig. 1 depicts that with increasing Fe concentration,
the nearest neighbor Fe–Fe interaction (shown in the top left
panel) decreased, whereas the nearest neighbor Fe–Al interaction
(shown in the top right panel) increased. This observation contra-
dicted earlier works where only the Fe–Fe interaction or an effec-
tive magnetic interaction was considered and found to be
increasing, linearly or following some empirical formula, with the
increase in Fe concentration. The decrease in nearest neighbor
Fe–Fe interaction with increasing Fe concentration appears to be
counter-intuitive. However, this phenomenon is common to many
alloys where a magnetic constituent is mixed with a non-magnetic
one. As the concentration of Al increases, the picture becomes clo-
ser to Fe clusters immersed in a sea of Al. Such a cluster magnetic
impurity has higher exchange energy and larger moment as com-
pared with greater Fe compositions. Magnetic exchange interac-
tion between Fe and Al atoms arises due to hybridization
between Al-p and Fe-d states which facilitates charge transfer from
Al site to Fe site [4–6,44]. Hybridization of electrons from Fe and Al
leads to polarization of the Al charge cloud and hence larger
exchange and moment on Al. Though the nearest neighbor Fe–Al
interaction is much smaller than the nearest neighbor Fe–Fe inter-
action, or even smaller than the interaction between next nearest
neighbor Fe–Fe atoms [4], the number of Fe–Al pair increases with
increasing Al concentration and then this Fe–Al interaction term
gives a rather significant contribution to the effective magnetic
interaction of the system. This shows that description using the
magnetic interaction between individual pairs is much more
realistic approach. However, in earlier works magnetic interaction
between Fe and Al atoms was never considered separately [27–37].
Earlier, Plascak et al. [29] found that the next nearest neighbor Fe–
Fe interaction is anti-ferromagnetic for a range of Al concentration
between 35% and 75%. However, we found that all the next nearest
neighbor Fe–Fe interactions are ferromagnetic in our studied
composition range (Fig. 1, bottom left panel) and this observation
is in agreement with the recent study of Plascak et al. based on
the effective field theory [32]. We found that the 3rd neighbor
Fe–Fe interaction is anti-ferromagnetic in Fe50Al50 and Fe55Al45

alloys. In general, Fig. 1 shows that magnetic exchange interaction
in this material is long ranged and oscillatory similar to RKKY
interaction, but decaying very fast due to disorder scattering. We
expect the magnetic Fe atoms immersed in the valance electron
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Fig. 1. Magnetic exchange interactions in disordered FeAl alloys. R represents the neighbor distance in units of lattice parameter a. (Top left) First nearest neighbor Fe–Fe
exchange interaction as a function of Fe concentration. (Top right) First nearest neighbor Fe–Al exchange interaction as a function of Fe concentration. (Bottom left) Fe–Fe
exchange interactions between second and further nearest neighbors at different alloy compositions. (Bottom right) Fe–Al exchange interactions between second and further
nearest neighbors at different alloy compositions.
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Fig. 2. Normalized values of magnetization and susceptibility obtained from
Monte-Carlo simulation for disordered Fe55Al45 alloy.
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Fig. 3. Variation of paramagnetic to ferromagnetic transition temperature (TC ) with
Fe concentration in disordered FeAl alloy. Expt1 (red dots): data points taken from
Ref. [10]. Expt2 (green dots): data points taken from Ref. [8]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
cloud to polarize it and provide a component of oscillatory RKKY
type interaction. Strong disorder scattering leads to sharp decay
with distance.

3.2. Magnetic phase diagram

After obtaining the magnetic exchange interactions, we carried
out MC simulations to study the magnetic properties of the system.
We used the position of peak in susceptibility curve to determine
magnetic transition temperatures. One such representative sus-
ceptibility curve is shown in Fig. 2.

Variation of paramagnetic to ferromagnetic transition tempera-
ture (TC) with alloy composition is shown in Fig. 3. Reported
experimental values in literature are also shown in the same figure
for comparison. Our calculated transition temperatures (TC) were
lower than experimental values in higher Fe compositions regime,
however, with decreasing Fe concentration this difference
decreased and our calculated TC fell in between the reported
experimental data near equiatomic composition.

The characteristics of magnetic hysteresis loop of a material
plays an important role in determining the applicability of the
material for practical purposes and we shall study their behavior
in this alloy. To study the hysteresis behavior, we applied an exter-
nal magnetic field (h) to the system and performed MC simulation.
Fig. 4 shows hysteresis loops of disordered Fe50Al50 alloy at
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Fig. 4. Magnetic hysteresis loops at different temperature obtained from Monte-
Carlo simulation in disordered Fe50Al50 alloy. Inset graph shows the variation of
coercive field with temperature.
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Fig. 6. Variation of transition temperature TC with the ordering fraction in
disordered FeAl alloy at different composition.
different temperatures and the inset shows the variation of coer-
cive field with temperature. With increasing temperature, coercive
field decreased rapidly and became zero near TC . Characteristic
behavior of the hysteresis loop and coercive field remained same
in other studied compositions. Fig. 5 shows a comparative view
of hysteresis loop and coercive field for different alloy composi-
tions measured at temperature KBT ¼ 1. With increasing Fe con-
centration, hysteresis loop became wider and coercive field
increased almost linearly. Magnetization value also increased with
the increase in Fe content. Similar behavior of hysteresis loop and
coercive field also has been reported in experimental investiga-
tions [7,9,45].
3.3. Effect of chemical ordering

In our compositional range of study (FexAl1�x; 50 6 x 6 65), the
chemically ordered phase of the alloy has cubic B2 type crystal
structure whereas the disordered one has cubic A2 type crystal
structure [46]. The cubic A2 structure can be decomposed into
two interpenetrating simple cubic structures. In the A2 phase,
the probability of occupancy at any lattice sites in both the simple
cubic lattices for Fe or Al atoms is equal to their atomic percentage
in the alloy composition. However, when this system orders (i.e.
transforms into the B2 phase), atoms start occupying the lattice
sites preferentially i.e. Fe atoms preferentially occupy one of the
two simple cubic lattices while the Al atoms occupy the other
one. To incorporate the ordered B2 phase into the disordered
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Fig. 5. (Left panel) Hysteresis loops at different alloy composition in disordered FeAl
concentration). (Right panel) variation of coercive field with alloy composition.
lattice of A2 phase, first we fixed the ordering fraction (a) of
ordered to disordered phase in the lattice. We considered a pair
of lattice sites, one from each of the two sub-lattices of the BCC lat-
tice and generated a random number between 0 and 1 for this pair
of lattice sites. If the random number was greater than the value of
a the pair of sites were filled up according to disordered config-
uration, otherwise the pair of sites were populated according to
ordered configuration. Then we carried out Monte-Carlo sim-
ulations on this lattice with the Hamiltonian of Eq. (3).

Fig. 6 depicts the effect chemical ordering on TC at different
alloy compositions. TC decreased with increasing ordering fraction
a in all the studied compositions. For low values of a, up to a ¼ 0:2,
decrease in TC was almost linear and after that TC fell off faster
than linear decrements. The effect of a on TC increased with
decreasing Fe concentration. Fig. 7 shows the effect of a on the hys-
teresis behavior of disordered Fe50Al50 alloy. Other studied
compositions show similar behavior of hysteresis loop as a func-
tion of a. Hysteresis loop gets narrowed down and coercive field
decreased with increasing a. Similar behavior has also been
observed in experimental investigations [11–14,22]. Decrements
of coercive field increased with increasing a and the relative effect
of a on the coercive field increased with decreasing Fe
concentration.
4. Conclusions

To explore the disorder induced magnetic properties of FeAl
alloys we have studied the effect of chemical ordering and mag-
netic phase diagram of the system using first-principles theories
and Monte-Carlo simulation. In agreement to the calculation based
50 55 60 65
Fe Concentration(%)

0

0.1

0.2

0.3

0.4

0.5

H
C

alloy at temperature KBT ¼ 1 (inner loop to outer loop in increasing order of Fe



-0.50 -0.25 0.00 0.25 0.50
h

-2

-1

0

1

2

M
 (p

er
 u

ni
t c

el
l)

α = 0.0
α = 0.1
α = 0.2
α = 0.3
α = 0.4

Fe50Al50

0.00 0.10 0.20 0.30 0.40
Ordering Fraction

0

0.1

0.2

0.3

0.4

0.5

H
C

Fe50Al50

Fe55Al45

Fe60Al40

Fe65Al35

Fig. 7. (Left panel) Change in M–H loop with ordering fraction a in disordered Fe50Al50 alloy at temperature KBT ¼ 1. (Right panel) variation of coercive field with ordering
fraction in disordered FeAl alloy at different composition.
on effective field theory, our magnetic exchange interaction cal-
culations from first-principles theories showed that the next near-
est neighbor Fe–Fe interaction is always ferromagnetic in our
studied composition range. In addition, we have shown that with
increasing Fe concentration the nearest neighbor Fe–Al interaction
increases, however, the nearest neighbor Fe–Fe interaction
decreases which is counter-intuitive and contradictory to earlier
works and shows the importance of considering the pair interac-
tions between different species separately for a more realistic pic-
ture. Using Monte-Carlo simulation we have drawn the magnetic
phase diagram of the system and a comparison of the calculated
data with the reported experimental values demonstrated the
applicability of our calculation methods. By studying the influence
of chemical ordering on the magnetic properties, we have shown
that the chemical ordering indeed affects both the magnetic tran-
sition temperature and coercive field and found that it’s effect
increases as the Fe concentration decreases and degree of atomic
ordering increases.
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