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Abstract. Tight Binding Linear Muffin-Tin Orbital (TB-LMTO) electronic calculations are presented for
the magnetic and structural properties of ordered and disordered FeAl alloys. The total energy, bulk mod-
ulus, lattice parameter and magnetic moments of B2, D03 and B32 ordered structures and A2 disordered
structure were calculated for different compositions. The different structures are obtained by varying the
position of Fe and Al atoms in a BCC superstructure. In this way, we examine the order-disorder tran-
sition that takes place in these alloys. Disordered alloys present both larger Fe magnetic moment and
lattice parameter than ordered ones. In this work comparison of the calculated quantities with available
experimental results is provided and it can be concluded that the results are in quantitative agreement
with the experimental trends.

PACS. 71.15.Ap Basis sets (plane-wave, APS, LCAO, etc.) and related methodology (scattering methods,
ASA| linearized methods) — 71.15.Dx Computational methodology (Brillouin zone sampling, iterative
diagonalization, pseudopotential construction) — 71.15.Nc Total energy and cohesive energy calculations

— 71.20.Lp Intermetallic compounds

1 Introduction

The critical magnetic behaviour of Fe-based magnetic sys-
tems has been a subject of numerous theoretical and ex-
perimental investigations over the past two decades [1].
Iron and aluminium are mixable over the whole concen-
tration range and show a very complex phase diagram [2].
As far as the structure is concerned the Fe rich side of the
phase diagram of the Fe-Al system is characterised by a
range of disordered body centred cubic (BCC) solutions
up to 19 at.% Al at room temperature. On increasing the
Al content, the phase diagram shows a variety of inter-
metallic phases such as Fei3Alz, FegAl and FeAl. Starting
with Al dissolved in Fe, the first stable structure is the D03
cubic structure and it exists over the 23—37 at.% Al range.
The other stable compound existing over a wide range of
composition is FeAl which is also cubic with the B2 struc-
ture (CsCl) and it exists over the range of 37—50 at.% Al
A new type of order in the iron rich part has also been
reported, for a single crystal specimen of 20 at.% Al con-
tent, which has been slowly cooled (from 740 °C down to
room temperature). In 1990 a B32 long-range order was
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observed with neutron-scattering experiments [3,4] and it
is thought that the B32 phase has a tendency to exist
at even larger deviations from stoichiometry than the B2
phase.

It has been shown that these alloys are of the ferro-
magnetic disordered type (BCC, A2) for Al composition
up to 23 at.% independent of heat treatment [5]. In al-
loys with Al content ranging from 0 to about 30 at.% Al,
the iron atoms carry their normal magnetic moment of
2.2 pp when they have at least five or more iron atoms as
nearest neighbours [6-10]. It is thought that around that
Al content the average magnetic moment per Fe atom de-
creases rapidly from 2.0 to 0.7 up [5]. Above this com-
position (30 at.% Al) this alloy is paramagnetic at room
temperature.

In addition, disordering the alloy can induce
paramagnetic-ferromagnetic transitions. Over a period of
time a variety of explanations to these transitions were
proposed [6,10-13]. However, X-ray diffraction of ball
milled alloys of FeggAlyy composition shows an increase
of the lattice parameter with milling time [14,15]. This
increase has been assumed to produce a variation of the
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DOS at the Fermi level that would cause the magnetic
transition [14-16].

Even though many band calculations have been used
to study TM aluminides during the last years (for re-
views on electronic-structure-calculation results of TM
aluminides see references [17-19]), there are relatively few
calculations aimed to the study of the influence of de-
fects on the electronic and magnetic structure of TM alu-
minides. Haydock et al. [20] used LCAO (Linear Combi-
nations of Atomic Orbitals) to determine the role of the
local environment in determining the sizes of the magnetic
moments in FegAl. The LMTO method has been applied
to study the electronic structure of antisite (AS) defects in
FeAl where the point defect was modelled by suitably cho-
sen supercells [21]. The LMTO-CPA technique has been
used to discuss the order-disorder transition in FeAl al-
loys [22]. The supercell approach has been used in order
to study the antiphase boundary in NiAl and FeAl [23]
as well as point defects in these aluminides [24]. The on-
set of magnetism in Fe-Al system as a function of the
defect structure was studied using the CPA within the
KKR method for the disordered case and the TB-LMTO
for the intermetallic compound [25], where they found ap-
pearance of large local magnetic moments associated to
the Fe antisite defect.

The aim of this work is to study the magnetic prop-
erties and the large increase of magnetism in the order-
disorder transition of the Fe-Al system. In order to reach
this goal different structures (B2, D03, B32 and A2)
present in the Fe-Al phase diagram were built for differ-
ent Fe compositions and the ground-state properties for
the lattice parameters that correspond to the minimum
of the total energy at 0 K were calculated. On the other
hand, the influence of the volume change on the magnetic
properties is also studied.

2 Theoretical calculations

The conventional LMTO-ASA method [26,27], as well
as its transformation to a localised representation TB-
LMTO [28], are well described in the literature, there-
fore only the relevant computational details are given
here. Both the von Barth and Hedin parameterisation
for the local spin-density approximation [29] and the
non-localised Perdew and Wang approximation for the
exchange-correlation potential were used. The obtained
data were compared with the available experimental re-
sults and it was found that the von Barth and Hedin local
density functional is a good approximation for these cal-
culations (see Tab. 2). In this work the latter have been
used, because it gives a good estimate of the magnetic
moments while the Perdew and Wang non-local approxi-
mation overestimates them. As it happens for the ground
state properties of Fe [30], the lattice parameters obtained
with the Perdew and Wang approximation are closer to
the experimental ones.

The equation of state has been obtained by fitting
the results with Murnaghan’s equation [31]. The DOS
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Fig. 1. The main structures of the Fe-rich side of the Fe-Al
phase diagram. In the first picture the cell is divided in four
different subcells (a, b, ¢ and d) as described by Schmidt and
Binder [34] (see text). Different colours mean different concen-
trations of Fe.

(Density of States) has been solved by the Tetrahedron
integration method [32,33].

Even though for most of the structures 32 768 k-points
have been used, we have noticed that the results between
calculations done with 4096 and 32768 k-points are very
close. Therefore in order to save CPU time, for struc-
tures with many non-equivalent atoms (Fegi o5Alig 75,
Feg7,5A112,5, AQ—F650A150 and AQ—F675A125) 32768 k-
points have been used only for the equilibrium lattice pa-
rameter. For the largest lattice cells (32 atom-cells) used
to simulate the disorder 64 lattice points have been used.

Schmidt and Binder [34] gave a description of the main
structures appearing in the Fe rich side of the phase di-
agram (see Fig. 1). Within this description, the different
structures are simulated using a 16-atom unit cell that is
divided into four subcells (a, b, ¢ and d). Varying the con-
centration ratio between subcells gives the different struc-
tures corresponding to the Fe-rich side of the phase di-
agram. Using 27 as the concentration of each sublattice,
where j is the type of atom (Al or Fe) and ¢ the sublattice
(for a binary alloy the relations for za; follow the same
law as the ones for xp,), the simulated structures fulfil the
following conditions:

a) B2 structure: [2f¢ = 2f°] #£ [2Fe = 28]
b) DO3 structure: zj = xf, :L"{) # ).
c) B32 phase: 2! = a]] # [2] = ).
d) Disordered A2 structure: zJ = z{ =zl = 2.

For the B2 structure FesgAlsg the unit cell is half the unit
cell of the other structures, but for comparison we double
it in most sections of this paper.

The A2 structures have been simulated for FersAlss
and FesgAlsg compositions. There are many configurations
that fulfil the condition of the A2 structure shown before,
and to simulate the disorder properly a cell as large as
possible should be built, but when increasing the number
of atoms the computational time also increases. Therefore
three different cells with 16 atoms and four with 32 atoms
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Table 1. Summary of the results for ordered and disordered structures. a is the lattice parameter, B is the Bulk modulus,
ure (pB) is the magnetic moment per iron atom and Egone is the cohesive energy. Emin is the total energy at the equilibrium
volume. The values in brackets correspond to non-polarized calculations.

Composition  Structure a (a.u.) B (Gpa) pre (uB)  FEecone (eV) Enin (eV)
FesoAlso B2 10.74 (10.77) 200 0.64 -5.91 —3743.302 (—3743.301)
D03 10.93 (10.82) 173 1.71 —5.66 —3743.258 (—3743.240)
B32 10.91 (10.82) 44 1.67 -5.73 —3743.270 (—3743.244)
FersAlgs B2 10.6 (10.50) 192 1.07 —6.25 —4086.982 (—4086.966)
D03 10.65 (10.51) 176 1.86 ~7.62 —-4086.984 (—4086.969)
B32 10.71 190 1.97 —6.18 -4086.913
Feg1.25Al1g.75 Do3 10.63 (10.47) 197 1.90 -6.31 —-4153.892 (—4153.871)
Fes7.5Ali25 B32 10.62 (10.43) 208 2.02 -6.38 —4215.130 (—4215.101)
FesoAlso A2 10.95 (10.83) 153 1.69 —5.5855 —3743.245 (—3743.234)
FersAlgs A2 10.72 (10.53) 193 2.00 —6.150 —4086.968 (—4086.947)

were built for each composition, which takes reasonable
computational time. Afterwards the mean value was cal-
culated and it can be seen that the results obtained for
different cells are very close.

3 Results and discussion
3.1 Ordered structures

In order to study the evolution of the properties of these
alloys with lattice parameter, alloys with different Fe and
Al content and different structures have been studied. Be-
sides, the study will help in understanding the influence
of the nearest neighbourhood of Fe sites on the magnetic
properties in different structures. Table 1 shows the results
of our calculations in the different structures simulated
for each composition and Table 2 presents the comparison
between the experimental values of Fer5Alys and FeggAlsg
compositions with the theoretical ones performed by dif-
ferent authors for the structures and compositions shown
in the phase diagram. Moreover, one has to take into ac-
count that in FeAl alloys, depending on the thermal treat-
ment, it is possible to find B2 and D03 phases in samples
with the same composition [35], even if the phase diagram
shows only a definite phase for that composition. Taking
this point of view into account calculations of different
structures for the same composition are also interesting.

3.1.1 Fe50A|50

Table 2 shows clearly that the different structural and
magnetic parameters calculated for the B2 structure and
FespAlsg composition are in very good agreement with
previous calculations appearing in the literature [25,36].

Even though the energy for the spin-polarized calcu-
lations is lower, the energy difference for the equilibrium
lattice parameter of the non-polarized and spin-polarized
calculations is within the error (~0.01 ¢V) that can be
obtained with this method; therefore, we cannot conclude
whether this structure is magnetic or not.

Figure 2a shows a jump of the mean magnetic moment
per iron atom close to the equilibrium lattice parameter
(spin-polarized calculations). The jump goes from zero to
around 0.6 pp. Figure 2a shows the variation of the mag-
netic moment wersus lattice parameter in the B2 struc-
ture of FespAlsg. This phenomenon can be explained by
taking into account the DOS (see Fig. 3a) and the differ-
ence between the majority and minority spin sub-bands.
Gu et al. [21] show hybridisation of sp-Al and d-Fe bands
in FeAl alloys. The hybridisation leads to charge transfer
from Al to Fe atoms. The hybridisation makes the band-
width increase, i.e. if there is hybridisation of sp-bands
with d-bands there will be an increase of the width of these
bands. Moreover, Heine [37] gives a relationship between
the bandwidth and the hybridisation. Therefore in order
to study the hybridisation phenomena that take place in
these alloys the bandwidth parameter (A) obtained by the
LMTO code is used. The LMTO code, to take into ac-
count hybridisation, writes the Hamiltonian with hoping
integrals factorised into potential parameters (which spec-
ify the bandwidth) and screened structure constants [38].
The decrease of the lattice parameter induces an increase
on the hybridisation (see the narrowing of the bandwidth
with lattice-parameter increase in Tab. 3).

The hybridisation causes charge transfer between the
majority and minority spin sub-bands. This makes the
difference of the number between occupied states decrease
and therefore, the magnetism of the alloy decreases.
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Table 2. Comparison of different parameters of FesoAlso and FeysAlas compositions obtained in the present work for the
phase-diagram structures with previous experimental and theoretical results. aexp and atheo are the experimental and theoretical
lattice parameters, Bexp and Biheo are the experimental and theoretical Bulk modulus, pitheo and pexp are the theoretical and
experimental magnetic moments per iron atom, ng:ge and ESNC are the theoretical and experimental cohesive energies, Eéxp
and Ef, ., are the theoretical and experimental energies of formation. * Present work (LDA) and present work show the results

obtained using the von Barth Hedin local spin density functional. On the other hand present work (P-W) shows the results

obtained for the non-local Perdew and Wang approximation.

Fes0Also FersAlas
oy (210.) 5.309-5.495 [35] 10.945
exp (21 [40-42][49][50] [42] 10.926
Gtheo (a.1.) 5.330-5.398 [42] 10.8
[18][19][25][40][36]
present work (LDA) 5.37 10.65
present work (P-W) 5.49 11.00
[49)] 152
Bexp (Gpa) [25] 150
Btheo (Gpa) 190-205
[19][20][40][36]
present work (LDA) 200 176
present work (P-W) 171 162
/Lexp (/14]3) [19] 0 [51] MUFel = 1.46 HFe = 2.14
Mtheo (,U,B) 0.69*0.71 [44] MUFel = 1.9 MFe = 2.25
[19][40][44]
present work (LDA) 0.64 Ure1 = 1.63 ppe = 2.23
present work (P-W) 0.76 Ure1 = 2.05 ppe = 2.48
EZpe (eV) [49] -3.58
Egre (eV) [19] 7.66
[36] -5.91
present work -5.90 —7.62
" [52] -0.26
Bexp (eV) [53] -0.33
Efoo (eV) —0.32— —0.51 [25] -0.22
[19][21][54]
present work —0.46 -0.25

If we take a closer look at the density of states versus
energy, for this structure and composition the minority
and majority spin sub-bands are very similar, they show
two peaks separated by a large gap (see Fig. 3a). For small
lattice parameters both sub-bands are identical in shape
and occupation and the main peak is not completely full.
However, as the lattice parameter increases, owing to the
decrease of the hybridisation, there is a charge transfer
from the minority to the majority spin sub-band, that
makes the peak of this last band fill up and the one corre-
sponding to the minority spin sub-band empty. Therefore
a magnetic moment appears.

For the D03 structure and FesgAlsg composition a
larger difference between the non-magnetic and magnetic
states is obtained. For this structure and composition the
spin-polarized calculations give an average magnetic mo-
ment of 1.71 up (see Tab. 1). The minimum of the total
energy is higher than the one obtained for the B2 struc-
ture in agreement with the fact that B2 is the equilibrium

phase for this composition. In comparison to the B2 case,
a larger lattice parameter of 10.936 a.u. and a lower bulk
modulus of 173 Gpa are obtained.

The behaviour of the average magnetic moment with
lattice parameter is completely different to the one shown
previously (see Fig. 2b). It increases monotonically from
0.5 up to 1.9 up, without showing any jump with an
increase of the lattice parameter. There are two non-
equivalent Fe atoms, they have the same next-nearest-
neighbour environment (4 Al and 4 Fe atoms) and they
show also a continuous increase of the magnetic moment
with lattice parameter. This behaviour can be explained
in taking into account the density of states, which is com-
pletely different to the one shown above (see Fig. 3b).
In this case the majority-spin sub-band is almost full,
even for low lattice parameters, and the Fermi energy
is in the gap of the minority sub-band. As in the pre-
vious case, the lattice-parameter change causes a change
in the hybridisation of the sp-Al and d-Fe majority and
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Fig. 2. Evolution of the mean magnetic moment (ure) and the magnetic moment for each non-equivalent Fe atom (pare refers
to Fe atoms surrounded by 4 Fe atoms and usre refers to Fe atoms surrounded by 8 Fe atoms) with the lattice parameter for
a) B2 Fes0Also; b) D03 FesoAlso; ¢) B2 FersAlss; and d) D03 Fers Alys. For the last two structures, pspe corresponds to the

Fe2-site and pare corresponds to the Fel-site in text.

minority-spin sub-bands that induces a charge transfer
between the minority-spin sub-band and the majority
spin sub-band that makes the magnetic moment increase
with lattice parameter. However, the majority spin sub-
band being almost full also for low lattice parameters, the
changes induced in the magnetic moment will be small.
Andersen et al. [39], taking into account the gener-
alised Stoner condition (from which it is understood that
the magnetisation depends crucially on the crystal struc-
ture, the shape of the DOS, and the lattice constant),
studied the change of magnetism with atomic volume for
different Fe structures. They showed that depending on
the structure the behaviour was different. They studied
the different behaviour in Fe BCC and Fe FCC. Their
results have been compared with the behaviour of the
magnetic moment of Fe atoms in two different structures
shown in this work. The comparison indicates that in the
D03 structure, both Fe non-equivalent atoms (surrounded
by 4Fe and 4Al atoms) behave like Fe-BCC, always show-
ing a magnetic moment which changes slowly with lattice
parameter. On the other hand, the Fe in the B2 struc-
ture (surrounded by 8 Al atoms) behaves like Fe-FCC that
shows a large jump in the magnetic moment with the lat-
tice parameter. Taking these results into account we can

Table 3. TBLMTO bandwidth parameter A of Fe d-orbitals
for B2 and D03 structures of FesoAlso and FersAles composi-
tions. T and | correspond to majority and minority spin sub-
bands, respectively.

A (eV)
Composition Structure a (a.u.)

T Fer | 1T Fex |

Fes0Also B2 10 0.31 0.31

11.3 0.16 0.18
Do3 10.2  0.26 0.29 0.26 0.30
11.2  0.16 0.20 0.16 0.20
FersAlss B2 10.2  0.26 0.27 0.24 0.29
11.2  0.20 0.16 0.20 0.15
D03 10.2  0.24 0.29 0.26 0.27
11 0.18 0.22 0.18 0.22

say that the different results obtained for the two different
structures depend on the nearest neighbourhood of each

Fe atom.
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Fig. 3. Total and partial density of states for 2 different lattice parameters (above and below the equilibrium lattice parameter)
for the Fes0Also composition in: a) B2 structure; and b) D03 structure. Fe and Fel are the two non-equivalent Fe atoms, both

having 4 Fe atoms as nearest neighbours.

For the B32 structure, the spin polarized calculations
show lower energy than the non-spin polarized ones. The
spin-polarized calculations give a mean magnetic moment
of 1.67 up that increases monotonically with lattice pa-
rameter. As in the previous structure it does not show
any jump. We obtained an equilibrium lattice parameter
of 10.91 a.u. and a bulk modulus of 44 Gpa. This very
low bulk modulus is related to the fact that this structure
does not exist for the studied composition, and it indicates
that the compositions of existence of this structure are far
from Fe50A150.

For FesqAlsg composition the structure that shows the
lower energy at the equilibrium volume is the B2 one in
agreement with the phase diagram of this system [2]. On
the other hand, the bulk modulus calculated for the D03
structure is closer to the experimental value than the one
obtained using the B2 structure. This might indicate that
the stable structure should be the D03 one [40]. However
the comparison with the phase diagram indicates that the
more reliable parameter is the energy minimum of each
structure. It has also been discussed that for this compo-
sition and for the B2 structure the present calculations are
in good agreement with previous ones, but disagree with
the experimental results that show that this FesgAlsg alloy
is non-magnetic.

3.1.2 Fe75A|25

The spin-polarised calculations show a lower energy at the
equilibrium volume than the non-polarised ones. In Ta-
ble 1 the equilibrium lattice parameter and the minimum
energy for spin-polarized and non-polarized calculations
are shown. For this composition the DO3 structure is the
stoichiometric one. The spin-polarised calculations show
an equilibrium lattice parameter of 10.65 a.u., a value
which underestimates by less than 3% the experimental
values [41,42] (see Tab. 2). The bulk modulus obtained
is 176 Gpa, but no experimental bulk modulus has been
found in the literature. The formation energy we obtained,
—0.25 eV (see Tab. 2), is in good agreement with —0.22
obtained by Kulikov et al. [25] for this composition. As far
as the magnetic moment is concerned the calculated val-
ues for the two non-equivalent positions of the iron atoms
are close to the experimental ones (see Tab. 2).

Figures 2c¢ and d show the behaviour of the magnetic
moment versus lattice parameter for two non-equivalent
Fe atoms of DO3 and B2 structures, which in both struc-
tures have the same nearest neighbour environment: Fel-
site surrounded by 4 Fe and 4 Al atoms (u4 in Figs. lc
and d) and Fe2-site surrounded by 8 Fe atoms (ug in
Figs. 1c and d), resembling a 9 Fe-atom cluster. The
behaviour of each of the Fe magnetic moments with
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lattice parameter is different and once again can be com-
pared with the different behaviours obtained for FCC and
BCC iron by Andersen et al. [39]. The Fel-site shows a
jump above 1 up in its local magnetic moment. However,
the Fe located in the Fe2-site does not show any jump
and its magnetic moment increases steadily with lattice-
parameter increase. Therefore, the Fe mean magnetic mo-
ment shows also a jump that in the case of the DO3 struc-
ture occurs below the equilibrium lattice parameter (mean
magnetic moment of 1.86 up at equilibrium lattice param-
eter) and on the contrary, in the case of the B2 structure
occurs above it (mean magnetic moment of 1.07 up at
equilibrium lattice parameter).

The large change in the DOS (see Fig. 4) of the Fel-site
of the two extreme lattice parameters, explains the jump
in the magnetic moment that is seen in Figures 1c and d.
The details of this behaviour will be discussed following
the DOS of the simulated B2 structures of Fey5Alss com-
position, which is similar to D03 (FezsAlss) but easier to
follow (Fig. 4). Owing to the increase of lattice parame-
ter there is a decrease of the hybridisation (shown by the
bandwidth parameter A in Tab. 3) and therefore a charge
transfer from the minority to the majority spin sub-bands.
For lattice parameters lower or equal to the equilibrium
one the outermost narrow subpeak is completely empty
and with the increase of the lattice parameter it fills up
almost completely (the majority spin sub-band), while the
minority spin sub-band empties. This makes the differ-
ence between the two sub-bands increase and therefore
the magnetic moment increases abruptly.

For the Fe2-site the DOS shows that the main peaks of
the local majority-spin sub-band are already full for low
lattice parameters, while there is a very small contribution
at the position of the outermost narrow sub-peak that
is empty. There is only a small charge transfer from the
minority to the majority spin sub-bands and therefore the
magnetic moment increases monotonically.

For the B32 structure and this composition a lattice
parameter of 10.71 a.u. and a bulk modulus of 190 Gpa
are obtained. Opposite to what is found in the FeggAlsg
composition, the bulk modulus for this structure and com-
position is close to the values obtained for the B2 and
D03 structures. This is an indication that the B32 struc-
ture may exist at large Fe contents of these alloys’ se-
ries. A mean magnetic moment per Fe atom of 1.97 up
has been obtained. There are 3 non-equivalent Fe atoms
and they all have the same next-nearest-neighbour envi-
ronment (6 Fe and 2 Al atoms), their magnetic moments
at the equilibrium volume go from 1.85 up to 2.08 up
and their behaviour with lattice-parameter increase is very
similar. There is no jump in the evolution of the magnetic
moment with the lattice parameter. The DOS shows that
the majority-spin sub-band is almost full (high value of
the magnetic moment) and therefore there is only a slight
change in the density of states with lattice parameter ow-
ing to the change in hybridisation and therefore of the
charge transfer from the minority to the majority spin
sub-band.

173
B2 Fe75A125
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Fig. 4. Total and partial density of states for 2 different lattice
parameters (above and below the equilibrium lattice parame-
ter) for the Fers Alas composition in the B2 structure. Fel and
Fe2 correspond to the Fel-site and the Fe2-site in the text re-
spectively. Fe2 has 8 Fe atoms as nearest neighbours and Fel
is surrounded by 4 Fe and 4 Al atoms.

3.1.3 Higher Fe compositions

Two different concentrations in the Fe-richest side of the
phase diagram were chosen and two cells that fulfil the
DO3 and B32 structures conditions were built. In this
case, as one is far from the range of the B2 phase exis-
tence, no calculations have been performed for it.

The energy obtained with the spin-polarised calcula-
tions is lower than the one obtained for the non-polarized
calculations. Therefore we can conclude that for these
structures and compositions these alloys are magnetic.
For the D03 structure and Fegi o5Alig.75 concentration
(Fei3Als) the spin-polarised calculations show an equi-
librium lattice parameter of 10.63 a.u. and a bulk mod-
ulus of 197 Gpa (see Tab. 1). In this case there are 4
non-equivalent Fe atoms, 3 of which are surrounded by
8 Fe atoms as nearest neighbours (Fel, Fe2 and Fe3-
sites) while the 4th one is surrounded by 5 Fe and 3 Al
atoms (Fed-site). There is a jump of the magnetic mo-
ment for the Fed-site, while the magnetic moments of the
other non-equivalent atoms (Fel, Fe2 and Fe3-sites) grow
steadily with lattice parameter. This can be explained by
the dependence of the local DOS on the lattice parame-
ter: the majority-spin sub-bands of the atoms surrounded
by 8 Fe atoms (Fel, Fe2 and Fe3-sites) are nearly full for
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low lattice parameters, so the magnetic moment is quite
high. With lattice-parameter increase, the hybridisation
changes, and there is a small charge transfer from minority
to the majority spin sub-band. This causes the majority-
spin sub-band to fill completely and therefore the mag-
netic moment increases steadily. On the other hand, the
Fel-site (Fed site) majority-spin sub-band is not full for
low lattice parameters but it fills up completely with the
increase of the lattice parameter that causes the jump in
the evolution of the magnetic moment.

As shown in Table 1 for the B32 and Fegy 5Ali5 5 com-
position we obtained a lattice parameter of 10.62 a.u. and
a bulk modulus of 208 Gpa (in this case this result is also
relatively close to the value obtained for the D03 struc-
ture). All the Fe atoms are surrounded by 7 Fe and 1 Al
atoms, therefore they show a very high magnetic moment.
The values of the magnetic moment go from 2.05 up to
2.24 pp. These high values can be explained by the shape
of the density of states, where the majority-spin sub-bands
are almost full for all the non-equivalent atoms. With
lattice-parameter increase the magnetic moments of each
non-equivalent atom change monotonically due to a small
change transfer from the minority to the majority spin
sub-bands.

Summarising, the calculations indicate that for B2
structure and FesgAlsg composition the stable structure
is the stoichiometric one and this is in agreement with the
phase diagram [2] that shows this phase for the FesqAlso
composition. For Fer5Alss composition, the D03 and B2
structures show the lowest energy and this is in agreement
with experimental data that shows that these two phases
can coexist in the neighbourhood of this composition. The
B32 structure shows the largest lattice parameter and the
largest mean magnetic moment per Fe atom.

From the analysed structures it can be concluded that
the shape of the DOS has a really large importance in the
behaviour of the magnetic moment. When the majority-
spin sub-band is completely full the magnetic moment is
high. The change in the lattice parameter (inter-atomic
distance) induces a change in the hybridisation and there-
fore a charge transfer between the majority and the minor-
ity spin sub-bands; this causes a change in the difference
between the number of occupied states in the sub-bands,
which will cause the magnetic moment to change.

The behaviour of the magnetic moment is different de-
pending on the environment of the iron atoms. It is inter-
esting to notice that the behaviour of the non-equivalent
Fe with lattice parameter is quite similar when they have
similar environments independently of the structure un-
der which the calculations are performed. The calcula-
tions indicate that the number of Fe atoms in the nearest
neighbourhood of one Fe atom which are needed to cause
an abrupt jump of its magnetic moment (with lattice-
parameter variation) increases as the Fe content increases
in the alloy. This is a clear indication that the position of
the peak of the DOS corresponding to the d-Fe orbital of
that environment moves to larger energies (relative to the
Fermi energy) as the iron-content increase.
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Fig. 5. Evolution of the magnetic moment of a 9-Fe atom-
cluster with the ASFe-Fe distance for the Fers Alas composition
and two different structures (D03, B2).

Table 1 indicates that the equilibrium lattice param-
eter decreases with the Fe content increase in the alloy.
In addition, as can be expected, the magnetic moment
increases with Fe content.

Moruzzi et al. [43] classified the paramagnetic to ferro-
magnetic transitions taking into account the evolution of
the magnetic moment with volume. Comparing this clas-
sification with the results obtained in this work, it can
be said that the B2 FesgAlsg alloys have a type I transi-
tion. However, for all the structures and compositions the
scanned volume is not sufficient to reach the onset and
therefore no type can be assigned to them.

3.2 Fe-clusters

Fe2-sites in the DO3 and B2 structures of FersAlss can
be compared to 9 Fe-atom cluster calculations found in
the literature [21,44], where the Fe2-site corresponds to
the antisite (AS) Fe atom (uspe in Figs. 2c and d). These
types of clusters may be present in the samples and might
be the cause of the discrepancy in the magnetic moment
between theory and experiments in the FesqAlsg stoichio-
metric alloy [44]. The calculations in the literature [21,44]
were performed for interatomic Fe-Fe distances that cor-
respond to the experimental lattice parameter of the FeAl
composition.

The results obtained in this work depend on the cell
structure we are analysing. For B2 (FezsAlgs), taking the
value corresponding to the theoretical equilibrium lattice
parameter, a magnetic moment of 6.4 up was obtained
(2.2 pp for the antisite (AS) Fe atom and 0.52 up for
the 8 surrounding atoms). Moreover, the cluster results
at the equilibrium lattice parameter for D03 (FersAlas)
give a magnetic moment of 15.24 up (2.2 up for the anti-
site (AS) Fe atom and 1.6 up for the surrounding atoms),
much larger than in the previous case. It is interesting
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to notice that the AS-Fe magnetic moment at the equi-
librium lattice parameter is 2.2 up independently of the
structure under which the calculations were performed.
The trend of the magnetic moments of different Fe atoms
in both clusters are similar and Figure 5 indicates that
there is a shift of the magnetic moment of the cluster
with respect to the ASFe-Fe distance. Figure 5 also shows
that for ASFe-Fe distances shorter than 9 a.u. the mag-
netic moment of the clusters simulated with D03 and B2
structures in FersAlss give similar magnetic moment. The
magnetic moment of the AS-Fe varies slowly but the sur-
rounding 8 atoms of the cluster have a strong dependence
on ASFe-Fe distance. Indeed, in the B2 (Fez5Alys) struc-
ture, a 4% inward relaxation of the atoms surrounding the
AS-Fe atom gives a cluster magnetic moment of 5.7 ugp
(1.7 pp for the AS-Fe atom and 0.5 up for the surround-
ing 8 Fe-atoms) as predicted by Bogner et al. [44]. The
same amount of inwards relaxation (4%) in the case of
D03 (FersAlss) gives a magnetic moment of 5.26 up for
the cluster, in good agreement with the experimental re-
sults obtained by Bogner et al. [44].

As shown, the magnetic moments of the cluster ob-
tained in this work for equilibrium lattice parameters are
in between the ones of references [21] and [44]. However,
the present results indicate clearly that the magnetic mo-
ments of the 9 Fe-atom clusters are very dependent on the
ASFe-Fe distance.

3.3 Disordered structure (A2)

Most of the theoretical work done to study the reinforce-
ment of magnetism in these alloys has been performed
assuming point defects [21,24,45] and antiphase bound-
aries [47]. Recently, several articles have studied by self-
consistent methods the disordered structures for compo-
sitions near the equiatomic B2 one using the Coherent
Potential Approximation (CPA) [22,36]. Kulikov et al. [25]
found magnetism in the studied range of disordered al-
loys but opposite to the experimental results they found
a decrease of lattice parameter with disordering in all the
studied composition range.

Taking into account that X-ray diffraction of se-
vere cold deformed (mechanically milled) FeAl alloys
shows diffraction peaks corresponding to the A2 struc-
ture [46,48], and that this structure also appears in sam-
ples prepared by rapid quenching from the melt [47,48],
we have simulated the disorder in FeAl alloys by means of
the A2 structure. On the other hand, the magnetic prop-
erties depend strongly on the local environment, which
at the same time depends on the chosen cell. In order to
make a good approximation, the average of seven different
A2 supercells for FesgAlsg composition and seven different
A2 supercells for Fer5Alos composition have been used to
compare theoretical and experimental results.

Table 1 shows the average of the minimum energy of
the studied A2 disordered structures for spin-polarized
and unpolarized calculations. The spin-polarised calcula-
tions have a lower energy than the unpolarised ones and
therefore we can conclude that for these structures and
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compositions these alloys are magnetic in all the different
cells built, independently of the Fe content (FesgAlsg or
FezsAlgs). Table 1 also shows that the equilibrium lattice
parameter decreases with Fe-content increase in the alloy.
The mean lattice parameter for the A2-FesqAlsy composi-
tion is 10.95(0.02) a.u. and 10.72(0.01) a.u for the Fe75Algs
composition. These values underestimate by less than 3%
the experimental value obtained by Frommeyer et al. [35]
in deformed or ball milled samples of FezgAlsg that present
the A2 structure. It is worth mentioning that this under-
estimate is of the same order as the one found between the
Fe75Alss D03 ordered theoretical and experimental values.

The mean magnetic moment at the equilibrium volume

is 1.7(0.1) pp for FesgAlsg and for Fezs Alas 2.00(0.06) pg.

3.4 Comparison between ordered and disordered
structures

The equilibrium lattice parameter of the calculated A2
structures is larger than the corresponding ordered (B2
and DO3) ones (see Tab. 1), in good agreement with X-
ray diffraction observations after severe deformation in al-
loys of similar composition [14]. These results are in very
good agreement with the lattice-parameter increase in de-
formation experiments. However, it disagrees with the cal-
culations performed under the KKR-CPA approach [25].
Moreover, it must be remarked that the theoretical in-
crease of lattice parameter between the A2 and D03 struc-
tures of FersAlss is 0.75%, in very good agreement with
the experimental increase after deformation of about 0.7%
found both for FezgAlsg [35] and FegoAlyg [14]. In the case
of FesgAlsg the increase of lattice parameter with disorder
is 2%. Therefore, the results obtained are in good agree-
ment with the experimental ones.

The magnetic moment per iron atom increases with
disorder (see Tab. 1). This is specially pronounced in the
case of FegoAlsy (B2), where the magnetic moment in-
creases in more than 1 up after disordering. These the-
oretical results are in agreement with the experimentally
observed increase of magnetism in deformed or ball-milled
alloys [15] that, as previously cited, also show an increase
in the lattice parameter with any type of deformation.

Figure 6 shows the density of states with respect to
the energy for an ordered and a disordered structure
of FesgAlsg composition. Owing to the lower lattice pa-
rameter of the B2 alloy, the hybridisation of the sp-
and d-bands is larger than for the disordered structure
(higher A parameters) and therefore the difference be-
tween the two bands is larger in the disordered case which
causes the magnetic moment to be higher. In addition
to this, the nearest neighbour configuration of each iron
atom (in the disordered structure not every iron atom is
surrounded by 8 Al atoms, as it happens in B2 FesqAlsg)
favours a larger magnetic moment. In the same Figure 6
we can see that the major contribution is given by the iron
atom and, as in previous cases, this contribution comes
mainly from the d-band.

Hernando et al. [15] have found that an important con-
tribution to the magnetism of these alloys comes from
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changes in the lattice parameter induced by the order-
disorder transition. This contribution is linked to modifi-
cations in the electronic band structure induced by volume
changes. In the present work, it has been clearly shown,
through the study of the lattice-parameter dependence of
the magnetic moment, that this effect is important all
along the different structures and compositions that were
studied. However, our results indicate that the disorder
has also a large contribution which, depending on the com-
position, can be even larger than the lattice contribution.

4 Conclusions

The calculations performed on B2, D03 and B32 struc-
tures for different compositions of the Fe-rich side of the
Fe-Al system show results that are in good agreement with
the scarce experimental data available in the literature.

The too low bulk modulus calculated in the B32 struc-
ture for FesgAlsg clearly indicates that this structure can-
not exist at concentrations close to FesgAlsg.

The calculations show a large dependence of the mag-
netic moment with the lattice parameter in all the stud-
ied structures and compositions. The hybridisation of the
majority and minority spin Fe d-orbitals with its neigh-
bours changes significantly with the lattice parameter as
seen in the values of the LMTO band-width parameter A
for Fe d-orbitals. This hybridisation causes charge transfer
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between both majority and minority spin sub-bands and
therefore a change in the magnetic moment.

For FespAlsg and Fers Alos compositions, at the energy
minimum, the D03 structure shows both larger magnetic
moment and larger lattice parameter than the B2 struc-
ture. The calculations indicate clearly that the magnetic
moment of nine Fe-atom clusters is very dependent on the
ASFe-Fe distance, so the comparison with experiment is
not straightforward.

The comparison between calculations performed in or-
dered and disordered structures of the same composition
indicates that the disorder makes both the lattice param-
eter and the magnetism increase in comparison to the or-
dered structures. Indeed, the lattice parameter increase
with disorder for FesgAlsy and Fer5Alys alloys is in good
agreement with experimental results. The contribution of
disorder to the magnetism of these alloys can be even
larger that the contribution of the lattice-parameter in-
crease.
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