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Ab initio investigations of point and complex defect structures in B2-FeAl
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We study single-site and two-site defect structures in B2-type Fe-Al alloys by means of density functional
theory supercell calculations. The defect formation energies are calculated as functions of the chemical potential,
which are used to obtain the dependence of the defect concentrations on Al content at different temperatures.
We also examine the converging behavior of the formation energies with respect to the supercell size to study
the corresponding limit of dilute defects. The effect of magnetism is investigated by considering nonmagnetic,
ferromagnetic, and paramagnetic states, calculations for the latter showing that the magnitude of the local
magnetic moments strongly impacts the defect formation energies. The methodological studies are used to
provide explanations for the wide spread of defect formation energies reported by experiments and other
theoretical investigations. Based on these insights, the stability of the B2-FeAl structure as a function of Al
concentration is obtained and discussed.
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I. INTRODUCTION

Fe-Al alloys have been a field of interest in materials sci-
ence since the 1930s. They have been promising candidates
for industrial applications since it was discovered that Fe-Al
alloys have high corrosion and sulfidation resistance proper-
ties [1] with composition of more than 20 at. % Al, compared
with steels and Fe-based commercial alloys. It has also been
realized that alloys with this composition have lower density
than stainless steels [2] and have comparable tensile strength
to that of ferritic and austenitic steels [3]. These properties
make Fe-Al alloys attractive for the industry, where inexpen-
sive and high-temperature structural materials are used.

However, the extensive technical applications of iron alu-
minides are constrained due to the low ductility at ambient
temperatures and poor fracture toughness [4,5]. The thermo-
mechanical properties of high-temperature intermetallics are
closely related to the defect structure and their migration.
Particularly comparing with other intermetallics, B2-FeAl
shows a very high vacancy concentration of several percent
at elevated temperatures [6–10]. Therefore the development
of more ductile Fe-Al alloys and the estimation of the high-
temperature mechanical behavior require that the fundamental
understanding of defect formation, concentration, and migra-
tion be advanced.
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Fe-Al alloys crystallize into many different lattice struc-
tures [11], especially for large concentrations of Al, but of
technological interest are mainly the DO3 (DO3-Fe3Al) and
the B2 (B2-FeAl) crystal phases. Owing to its high melt-
ing point and wide range of stability, the B2-FeAl structure
is usually the preferred phase when the interest centers on
high-temperature applications. This work focuses on defect
formation and corresponding finite-temperature defect con-
centrations of B2-FeAl.

Defect and diffusion behavior of Fe-Al alloys has been
studied experimentally [2,12–16] and theoretically [17–22].
Fu et al. [19] performed ab initio calculations to investigate
the binding energies of divacancy formation in stoichiometric
B2-FeAl. They reported a significantly high binding energy
with a value of 0.57 eV, which indicates that there is a strong
tendency for vacancy clustering and that vacancies can be
annealed out to create dislocations, voids, or grain boundaries.
Haraguchi et al. [23] confirmed this with spun and annealed
ribbons and fully annealed powder sample experiments. The
group of Fähnle used a grand canonical approach and reported
several extended studies [17,18,20,24]. One of their main
results is that there are no Al vacancies in B2-FeAl, which
has been confirmed by other authors.

However, there is a wide spread of reported defect for-
mation energies in B2-FeAl. For example, there are many
results of Al vacancy formation energies, changing from
1.62 eV [25] (with boron impurity) to 4.69 eV [26]. The
authors of Refs. [25,26] concluded that vacancy clustering is
negligible, which is in sharp contrast to the results obtained by
Fu et al. [19] and Haraguchi et al. [23]. By performing density
functional theory (DFT) calculations, here we show from first
principles that the main reasons explaining such a wide range
of defect formation energies reported in the literature (as in the
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case of Al vacancy) are as follows: (i) unconverged supercells,
i.e., the use of too-small supercells that are tied to large defect
concentrations; (ii) lack of consideration of the formation
of local magnetic moments at Fe sites, i.e., a nonmagnetic
simulation; and (iii) calculations that do not take into account
self-consistently the role of the chemical potential of Fe and
Al. We also investigate the effect of a paramagnetic state and
discuss the stabilization range of the B2-FeAl structure.

The paper is organized as follows: In Sec. II we give a brief
explanation of computational details and the methodology
used. In Sec. III, we describe how to calculate the considered
defect formation energies. The comparison of the calculated
defect concentrations against experiments is discussed in
Sec. IV. We finish the paper by providing conclusions and
remarks in Sec. V.

II. COMPUTATIONAL DETAILS

All first-principles calculations have been performed in
the framework of spin-polarized DFT using the Vienna
ab initio simulation package (VASP) [27,28]. We have used the
projector-augmented wave (PAW) method as implemented in
VASP. Exchange-correlation effects have been treated within
the generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzerhof (PBE) [29]. As mentioned in the Intro-
duction, the reported defect formation energies in B2-FeAl are
very sensitive to the supercell size. Therefore bulk and defect
simulations have been performed for 16-atom (2×2×2), 54-
atom (3×3×3), and 128-atom (4×4×4) supercells. We have
found that supercells containing 128 atoms are sufficiently
large to obtain defect formation energies that are converged
satisfactorily; see Sec. III A.

We have sampled the Brillouin zone with a k mesh
described by a Monkhorst-Pack grid [30], considering
12×12×12, 8×8×8, and 6×6×6 k meshes for supercells
containing 16, 54, and 128 atoms, respectively. The cutoff
energy for the plane-wave basis used was 420 eV, and the
width of the smearing parameter was 0.15 eV. Eight and three
valence electrons were taken into account for Fe and Al,
respectively. The values of all these input parameters provide
an energy convergence with an error equal to or smaller than
1 meV/atom.

The formation of local magnetic moments and their
orientational ordering affect the defect formation energies, es-
pecially for the Al vacancy defect formation energy (a detailed
explanation is given in Sec. III). Similarly, the presence of
point defects such as Fe antisite, which is the dominant one in
the Fe-rich region, as will be shown later, leads to positional-
dependent magnetic moment magnitudes in the vicinity of the
defect [31]. We firstly study this effect by considering a ferro-
magnetic (FM) order for the local moments at the Fe sites and
comparing our results with those obtained in a nonmagnetic
case.

Experiments [32] have shown, however, that the magnetic
configuration in B2-FeAl can be paramagnetic at temperatures
as low as 1 K. It can also be nonmagnetic or a spin-glass
state depending on the chemical composition. Albeit conven-
tional density functional theory using both the local density
approximation (LDA) and GGA yields the ferromagnetic state
as the ground state of B2 FeAl, the low Curie temperature

for Al-rich compositions calls for an additional consideration
of a paramagnetic state. In addition, Mohn et al. [33] have
reported that the paramagnetic state becomes more stable after
taking into account correlation effects within the LDA+U
framework. Furthermore, Smirnov et al. [34] proposed that the
energy differences between the ferromagnetic and paramag-
netic states become almost negligible when partial long-range
order is considered within the concentration range of Al that
we are interested in, i.e., between 30 and 70%.

In this paper, paramagnetic results are achieved by a su-
perposition of magnetically disordered supercells akin to the
spin-space averaging (SSA) technique [35]. We assume that
the local moment orientations evolve very slowly, which
allows the averaging over a number of noncollinear local
moment configurations within magnetically constrained DFT
calculations. These calculations are also performed in VASP,
using a value of the Lagrange multiplier parameter λ = 50 eV
for the constraint, a cutoff energy of 500 eV, and supercells
containing 128 atoms with local moment orientations at the
Fe sites that are fully random. We consider two different
scenarios regarding the local moment magnitudes. In the
first one [paramagnetic (PM) 1], all moment magnitudes are
taken equal to values that are slightly smaller than those ones
obtained in the ferromagnetic state when a lattice defect is
included. In the second scenario (PM 2) we constrain the
magnitudes to the value obtained in the ferromagnetic state
without defects, i.e., 0.71 μB. In both scenarios, we have
found that an average over ten supercell configurations, each
one of them containing a different set of randomly generated
local moment orientations, suffices to yield a satisfactory ac-
curacy.

III. DEFECT FORMATION ENERGIES

In order to investigate defect properties, reliable reference
energies from bulk defect-free calculations are crucially im-
portant. We therefore start by performing bulk calculations
for a defect-free B2-FeAl structure for the ferromagnetic,
nonmagnetic (NM), and paramagnetic (PM 2) states. The
computed lattice parameter minimizing the total energy, the
bulk modulus, the cohesive energy, the formation enthalpy,
and the magnetic moment is obtained for the considered mag-
netic states and compared with experiment in Table I.

The theoretical lattice parameter and formation enthalpy
are in very good agreement with the experimental measure-
ments. The calculated bulk modulus is slightly overestimated,
but the agreement is satisfactory, also taking its dependence
on the defect concentration into account. Our calculations
confirm that ferromagnetic order is energetically more favor-
able than a nonmagnetic state, consistent with the findings of
other authors [39–41]. Since the values of the lattice parameter
and bulk modulus do not present substantial changes with
respect to the magnetic states studied, their comparison with
experiment does not allow us to make further conclusions.

In B2-FeAl compounds there are four kinds of native de-
fects: Fe vacancy, Al vacancy, Fe antisite, and Al antisite.
We remark that interstitial defects are not expected, due to
the size of the atoms. In order to explain the high defect
concentrations and extensive solubility range in B2-FeAl, we
also consider the following defect complexes with two atoms:
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TABLE I. Comparison of our DFT results with experimental data [36,37] of bulk B2-FeAl in the absence of defects. The lattice parameter
a and bulk modulus B have been determined by a linear regression to the Murnaghan equation of state [38]. H denotes the formation enthalpy.
The magnitude of the theoretical magnetic moments computed at the Fe sites is also shown.

a (Å) B (GPa) Cohesive energy (eV/atom) H (eV/atom) Averaged magnetic moment (μB/atom)

Nonmagnetic 2.870 179.7 −6.343 −0.315 0
Ferromagnetic 2.874 175.3 −6.359 −0.331 0.71
Paramagnetic 2.876 163.7 −0.322 0
Experiment [36,37] 2.86, 2.88 152 −0.33

(i) divacancies, (ii) diantisites, and (iii) the combination of one
antisite and one vacancy. All defect types considered in this
paper are compiled in Fig. 1.

As listed in the Introduction, a consistent definition of
reference states is important for the comparability of defect
formation energies. In this paper, the chemical potential is
used as the thermodynamic natural variable throughout all
expressions for the defect formation energy and solution
enthalpy. The chemical potentials of Fe and Al are not in-
dependent of each other, if we consider the formation of
B2-FeAl, i.e.,

μFe + μAl = H f
FeAl. (1)

Here, H f
FeAl = −0.662 eV (−0.644 eV) is the formation en-

thalpy per formula unit of FM (PM) bulk B2-FeAl with
respect to pure ferromagnetic bcc Fe and pure nonmagnetic
fcc Al (compare with Table I). Thus only one of the chemical
potentials is an independent variable, which will change the
defect formation energies and the resulting composition of the
B2 phase.

In this paper, μAl has been chosen as the independent
chemical potential, and we plot the defect formation energies
with respect to μAl. It still cannot be arbitrarily changed, since
the condition

H f
FeAl < μAl < 0 (2)

Defects

Single defects

Fe vacancy

Al vacancy

Fe antisite

Al antisite

Complex defects

Divacancies

2 Fe vacancies

2 Al vacancies

Fe vacancy
Al vacancy

Diantisites

2 Fe antisites

2 Al antisites

Fe antisite
Al antisite

1 vacancy
1 antisite

Fe vacancy Fe antisite

Fe vacancy Al antisite

Al vacancy Fe antisite

Al antisite  Al vacancy

FIG. 1. Compilation of the single-site and complex, two-site,
defects considered in our theoretical investigations of B2-FeAl. For
each defect, two unit cells are schematically displayed, while the
remaining supercell of perfect B2-FeAl is not shown.

has to be fulfilled to ensure the stability of the system. By
definition, μAl = 0 corresponds to a chemical equilibrium
with bulk Al, i.e., it defines a critical defect solubility in the
B2 phase and the onset of a phase separation into B2-FeAl and
fcc Al. On the other hand, μAl = H f

FeAl implies μFe = 0, i.e.,
a chemical equilibrium with pure Fe. We note that the lower
value of μAl depends on the question of whether pure Fe is
assumed to form in the FM or PM state, of which the former
is chosen here. The solubility range is further reduced as soon
as a thermodynamic equilibrium with other phases such as
Fe3Al, Al2Fe, or Al5Fe2 is achieved, which are, however, not
taken into account in this paper.

A. Single-defect formation energies

The formation of a defect costs energy, which can be cal-
culated within DFT. The formation energy of an A vacancy in
an AB compound is given by

E f
vac,A = E (AN−1BN ) + μA − NE (AB), (3)

where A stands for either Fe or Al and N is the number of
B2 formula units of energy E (AB). E (AN−1BN ) is the energy
of a supercell, in which an A atom has been removed from N
B2 unit cells. μA is the chemical potential of the A species in
the B2 phase, i.e., fulfilling Eqs. (1) and (2). Similarly, the A
antisite formation energy can be defined as

E f
AS,A = E (AN+1BN−1) + μB − NE (AB) − μA, (4)

where E (AN+1BN−1) is the energy of a 2N-atom supercell in
which one B atom is replaced by an A atom, i.e., an A antisite
atom.

The definition of the formation energies given above con-
tains the size of the supercell studied. However, the results
do not depend on N if defect-defect interactions emerging
from periodic boundary conditions become negligible. Thus
we carefully study the convergence with respect to supercell
size. To this end, we perform a set of simulations for super-
cells of increasing size containing 16, 54, and 128 atoms. In
each of these supercells only one defect is considered, which
corresponds to defect concentrations of 6.25, 1.85, and 0.78%,
respectively.

As shown in Fig. 2, the lattice constant and the bulk
modulus significantly depend on the supercell size of 16 and
128 atoms, respectively. The lattice constants obtained for
the smaller, 16-atom supercells are underestimated in com-
parison to the ones computed in 128-atom supercells, except
for calculations containing a single Al antisite. This can be
understood by noticing that the defect concentration is larger
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(a)

(b)

FIG. 2. Ab initio calculations of (a) lattice parameters and
(b) bulk modulus of B2-FeAl for supercells containing 16 and 128
atoms with single-site defects. The dashed lines indicate correspond-
ing experimental values [37] as well as theoretical results without
defects.

in the smaller cells and the atomic radius of Al is larger than
that of Fe. For supercell calculations containing 128 atoms,
these size effects become negligible, and the lattice constants
are almost the same for all the considered defects, indicating
convergence.

Similarly, the bulk modulus is fairly independent of the
type of defect for the supercells containing 128 atoms, though
the value is still smaller than the bulk modulus of 175.3 GPa
calculated for the FM defect-free supercells (see Table I). The
softening becomes stronger for the larger vacancy concentra-
tions in the 16-atom supercells. The better agreement with the
experimental value of 152 GPa in this case suggests that in
experiment, B2-FeAl contains a high concentration of vacan-
cies, especially in samples away from the nonstoichiometric
regime (e.g., Al content between 40 and 50 at.%).

In Fig. 3, the effect of the supercell size and of ferromag-
netism on the defect formation energies is investigated. The
Al vacancy formation energy changes drastically from 2.53 to
1.80 eV, i.e., by about 40%, when changing the supercell size
from 16 to 128 atoms in a ferromagnetic state. This is in sharp
contrast to the results obtained for other single-site defects,
where this change is much smaller. It indicates that vacancy-
vacancy interaction in the 16-atom supercell is particularly
strong. However, in the case of 54-atom cell size the deviation
from the 128-atom supercell is only 4.4%. We also performed
non-spin-polarized calculations and found that the Al vacancy
formation energy in this case changes by only 8.8% from
3.32 eV (16-atom case) to 3.05 eV (128-atom case). Thus the
significant change in the formation energy is caused by the

FIG. 3. Ab initio calculations of the single-site defect formation
energies in ferromagnetic and nonmagnetic states against the size of
the supercell. All of the defect formation energies are determined for
Fe-rich conditions (μFe = 0). Here, anti, antisite; vac, vacancy.

ferromagnetism. The strong interaction and magnetic effects
explain the large spread of Al vacancy formation energies
reported in the literature.

On the other hand, the calculations including Fe vacancies
do not show such large dependencies. Nevertheless, these
formation energies still differ between FM (0.72 eV) and non-
magnetic (0.91 eV) supercells containing 128 atoms. In the
case of single-antisite defects, the Al antisite calculations for
both ferromagnetic and non-spin-polarized states show a very
small dependence on the size of the supercell. In addition,
ferromagnetic and non-spin-polarized Fe antisite calculations
only show defect-defect interactions for the 16-atom super-
cell, while, e.g., for the spin-polarized calculations the defect
formation energy is almost the same for the 54-atom supercell
(0.17 eV) as for the 128-atom supercell (0.15 eV).

As discussed above, B2-FeAl has a Curie temperature that
is very close to 0 K or even remains paramagnetic, depend-
ing on the chemical concentration. Nevertheless, experiments
have shown that an Fe antisite defect, which forms a cluster
of Fe atoms, as well as an Al vacancy, can exhibit an effective
magnetic moment [31,32,42]. Bester et al. [43] also stated
that inclusion of the spin polarization of Fe atoms supports
the formation of Fe antisite defects, because of the gain of
interatomic exchange energy. Such an interplay of defects and
local magnetic moments is also important for the choice of the
paramagnetic state (PM 1). In order to investigate this effect
efficiently, the individual magnetic moment of each atom is
determined by a Bader analysis [44] in the ferromagnetic
state.

Although the element Al is nonmagnetic, it experiences an
induced, antiparallel, magnetic moment (of magnitude −0.17
μB to −0.24 μB) due to the presence of ferromagnetically
ordered Fe atoms.

The dependence of the magnetic moments of the Fe atoms
on the distance between the respective atom and the defect
position in a 16- and a 128-atom supercell (Fig. 4) is shown in
Fig. 5. In the 16-atom supercell, all the Fe atoms are nearest
neighbors (NNs) of the Al vacancy and have magnetic mo-
ments of 1.2 μB, respectively. In the 128-atom supercell the
sizes of the magnetic moments after relaxation are 1.75 μB,
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FIG. 4. Representation of 16-atom (left) and 128-atom (right)
supercells with an Al vacancy. The Al vacancy is symbolized by the
white box, and Al atoms are represented by red spheres. Fe atoms
are shown as spheres shaded from white to gray to black according
to their distance from the defect.

0.32 μB, 0.86 μB, and 0.69 μB within the first, second, third,
and fourth shells, respectively, i.e., they show a Friedel-like
oscillatory behavior. The magnetic moments of the eight Fe
atoms in the NN shell of the Al vacancy (1.75 μB) are in this
case closer to the value obtained for a perfect bcc Fe calcu-
lation (2.20 μB, orange line in Fig. 5) than to corresponding
moments in B2-FeAl without defects (0.71 μB, blue line).
Instead, for the fourth shell we have found smaller magnetic
moment magnitudes of 0.69 μB that are close to the value for
a B2-FeAl calculation without defects. The latter indicates
that the selection of a 128-atom supercell is magnetically
converged with respect to the magnetic moment sizes of atoms
away from the vacancy.

The single-site defect formation energies are calculated
according to Eqs. (3) and (4) and plotted in Fig. 6. It is found
that among the different point defects for all studied magnetic
states the highest formation energy belongs to the Al vacancy,
even in Fe-rich conditions (μFe = 0) where it is 1.79 eV in the
FM state. This explains the consistent reports in the literature
about very small Al vacancy concentrations [18]. It further
indicates that the strong interaction effects observed for Al
vacancies will have no implications for the upcoming results.

FIG. 5. Calculated magnitudes of the magnetic moments form-
ing at Fe sites in 16- and 128-atom supercells with one Al vacancy.
Both corresponding crystal structures are shown in Fig. 4.

For Fe-rich conditions the dominant single-site defect is
the Fe antisite with a formation energy of 0.14 eV, which is
a consequence of the chemical driving force. This dominance
covers the region from μAl = −0.67 eV to the vertical blue
line in Fig. 6, where μAl ≈ −0.48 eV. Similarly, for Al-rich
conditions the dominant defect is the Al antisite. However,
the defect formation energy has a negative value above μAl ≈
−0.12 eV. Therefore, for larger values of μAl, the B2 crystal
structure becomes unstable due to a drastic increase in the
number of Al antisites, and the solubility range of Eq. (2)
needs to be adapted accordingly. For intermediate values
of the chemical potential, −0.48 eV < μAl < −0.29 eV be-
tween the blue and red vertical lines, the dominant defect is the
Fe vacancy, while the Al antisite dominates for −0.29 eV <

μAl < −0.12 eV, between the red and green vertical lines.
If the local moments of the Fe atoms are paramagnetically

disordered with magnitudes similar to the ones obtained in
the defective FM state (PM 1), the range of μAl in which
the B2-FeAl phase is stable does not change substantially.
For example, on the Al-rich side the Al antisite defect for-
mation energies in both the FM and PM 1 states are nearly
identical. The behavior is similar on the Fe-rich side for the
Fe antisite defect formation energy. On the other hand, when
we constrain the local moment magnitudes to values close to
0.71 μB (PM 2), all the defect formation energies strongly
increase. We have found that these high energy values lead to
an unrealistic situation, in which no defects are formed. It can
be therefore concluded that the local change in the magnetic
moment magnitudes is important.

B. Complex defect formation energies

The second defect group contains the complex, two-site,
defects listed in Fig. 1. The formation energy of an A-type
divacancy and diantisite in an AB compound can be given by

E f
2vac,A = E (AN−2BN ) + 2μA − NE (AB), (5)

E f
2AS,A = E (AN+2BN−2) + 2μB − NE (AB) − 2μA, (6)

where E (AN−2BN ) is the energy of a supercell containing N −
2 atoms of type A and N atoms of type B, i.e., two vacancies
in the A sublattice in neighboring unit cells. E (AN+2BN−2) is
the energy of the supercell where two B atoms are replaced by
A atoms, i.e., two neighboring antisites.

The abovementioned groups can also involve both sublat-
tices of B2-FeAl, e.g., one A vacancy and one B vacancy or
one A antisite and one B antisite. The corresponding defect
formation energies can be formulated as

E f
1vac,A,B = E (AN−1BN−1) + μA + μB − NE (AB), (7)

E f
1AS,A,B = E (AN BN )AS − NE (AB), (8)

where the first term on the right denotes again the energy of
the defect cell, respectively.

The last class of complex defects that we consider (Fig. 1)
involves simultaneously one vacancy and one antisite, which
consists of four possible defects. Two of them involve one
sublattice only, e.g., one A vacancy together with one A an-
tisite. The other two involve both sublattices: one A antisite
together with one B vacancy, and one B antisite together with
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FIG. 6. Calculated single-site defect formation energies and their dependence on μAl for the ferromagnetic and paramagnetic state in
128-atom supercells. In the paramagnetic states PM 1 (PM 2) the disordered local magnetic moments at the Fe sites have magnitudes that
are slightly smaller than those obtained in the FM state with (without) corresponding defects (cf. Sec. II). The left-hand (right-hand) sides of
the plot correspond to Fe-rich (Al-rich) conditions, respectively. Vertical lines separate the different dominant defect regions based on the FM
calculations.

one A vacancy. This can also yield complex combinations of
chemical potentials as in

E f
1AS,A,1vac,B = E (AN+1BN−2) + 2μB − NE (AB) − μA, (9)

where E (AN+1BN−2) is the energy of a structure that includes
one A antisite and one B vacancy.

Consideration of complex defects has a significant impact
on the stability range of B2-FeAl and the dependence of the

dominant defect type on the chemical potential. In comparison
to Fig. 6, Fig. 7 shows that the dominant defect, in Fe-rich
conditions, is the double Fe antisite with a small and positive
value between μAl = −0.67 and μAl ≈ −0.61. The single
Fe antisite is the energetically most favorable defect now
only between μAl ≈ −0.61 eV and μAl ≈ −0.48 eV. Addi-
tion of complex defects has not changed the dominant defect
type in the intermediate regions of the chemical potential,

FIG. 7. Calculated formation energies of single and complex defects as functions of μAl for ferromagnetic 128-atom supercells. Single
defects are given by solid lines as in Fig. 6, divacancies and diantisites are given by dashed lines, and one-vacancy–one-antisite defects are
given by dotted lines. The left-hand (right-hand) side of the plot corresponds to Fe-rich (Al-rich) conditions. The vertical lines separate different
dominant defect regions.
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TABLE II. Defect formation energies (in eV) with respect to the
referent B2-FeAl structure without defects calculated in the Fe-rich
(μFe = 0) and Al-rich (μAl = 0) conditions.

Defect type Fe-rich condition Al-rich condition

Fe vacancy 0.72 0.06
2 Fe vacancy 1.15 −0.17
Al vacancy 1.79 2.45
2 Al vacancy 3.12 4.44
Fe antisite 0.15 1.47
2 Fe antisite 0.003 2.64
Al antisite 1.09 −0.23
2 Al antisite 1.97 −0.67
Al antisite Fe antisite 1.53 1.53
Al antisite Al vacancy 2.44 1.78
Al antisite Fe vacancy 1.62 −0.36
Fe antisite Al vacancy 1.68 3.66
Fe antisite Fe vacancy 0.78 1.44
Al vacancy Fe vacancy 2.54 4.52

which is the single Fe vacancy. From μAl ≈ −0.29 eV to
μAl ≈ −0.22 eV the dominant defect is the single Al antisite.
For larger values than μAl ≈ −0.22 the double Al antisite
becomes the defect with the lowest formation energy. Its
formation energy vanishes already for a lower value of the
chemical potential (μAl ≈ −0.17 eV) as compared with the
single Al antisite (compare also Fig. 6). Therefore the inclu-
sion of complex defects gives rise to a reduction in the stability
range of the B2-FeAl structure by approximately 0.04 eV
within the chemical potential axis. All the corresponding de-
fect formation energies can be seen in Table II in more detail.

IV. DEFECT CONCENTRATIONS

The defect investigations performed can be used to
calculate quantitatively and self-consistently the defect con-
centrations in B2-FeAl alloys. Once the formation energies of
the defects are known, it is possible to calculate the tempera-
ture dependence of the corresponding concentrations. This is
not straightforward for ordered binary alloys, while for unary
metals the relation is

c̃def = exp

(
−E f

def

kBT

)
. (10)

Here, c̃def holds for the concentration and E f
def for the for-

mation energy of the investigated defect, kB is the Boltzmann
constant, and T is the temperature.

We apply Eq. (10) also for the complex two-site defects
such as two A vacancies, for which the expression can also be
written as

c̃2vac,A = c̃vac,A exp

(
−E f

vac,A

kBT

)
exp

(
−Eb

2vac,A

kBT

)
. (11)

The presence of the first exponent alone would yield c̃2vac,A <

c̃vac,A, but a low vacancy formation energy E f
vac,A (depending

on μA) and a strong vacancy binding energy Eb
2vac,A (inde-

pendent of μA) can change this inequality. Therefore Eq. (10)

can only in the dilute limit be expected to provide reasonable
results.

To quantify this limit, we consider a theory developed by
Mayer et al. [17] that allows one to calculate the single-site
defect concentrations based on a grand canonical approach
for B2-FeAl. The concentrations of A vacancies cvac,A and A
antisites cAS,A are given in this theory by

cvac,A = e−E f
vac,A/kBT

1 + e−E f
vac,A/kBT + e−E f

AS,B/kBT
, (12)

cAS,A = e−E f
AS,A/kBT

1 + e−E f
vac,B/kBT + e−E f

AS,A/kBT
, (13)

respectively. As shown in Fig. 8, Eq. (10) gives rather similar
results to those obtained using Eqs. (12) and (13), especially
in the Fe-rich region between 40 and 50% Al concentration, in
which we are mainly interested and for which most of the ex-
periments have been performed. Equation (10) only deviates
noticeably above 5% defect concentration. Even for higher
defect concentrations, the corrections by Eqs. (12) and (13)
are not significant. Therefore we use Eq. (10) in this paper.

Figures 8 and 9 visualize the calculated defect concentra-
tions in B2-FeAl against the concentration of Al. We have
chosen two different temperatures: 1000 K, where the B2
structure has the highest stability range of Al content between
22 and 50.5%, and 1450 K, which is close to the melting
temperature [23].

Both of the figures confirm the general experimental
trend [7,9,10,45,46] that the concentration of Fe vacancies
is strongly dominant against Al vacancies in B2-FeAl and
increases with increasing Al content and temperature. It has
also been reported in this trend that the concentration of
Fe vacancies exhibits a rather gradual increase with com-
position at lower Al content and more rapid increase once
the composition approaches stoichiometry. The single- and
double-Fe-vacancy concentrations are indeed orders of mag-
nitude larger than the concentration of Al vacancies. Note that
for intermediate chemical potentials, the single Fe vacancy
has the lowest formation energy of all the defects consid-
ered (see Fig. 7). With increasing (decreasing) Al content
this formation energy decreases (increases) linearly, which
immediately explains the concentration behavior in Figs. 8
and 9.

The impact of the different magnetic treatments on single-
defect concentrations is also given in the inset of Fig. 8.
Ferromagnetic- and paramagnetic-(PM1)-treated defect con-
centrations yield very similar defect concentrations for the
Fe-rich and the stoichiometric compositions. They also have
similar solubility limits toward Fe-rich compositions of ap-
proximately 37 and 41% Al for PM1 and FM, respectively.
A considerable difference appears for high Fe vacancy con-
centrations at high Al compositions. This can be explained
by the difference in calculated Fe vacancy formation energies
as given in Fig. 6. Since FM-treated B2 results in lower Fe
vacancy formation energy, it yields higher vacancy concentra-
tions compared with the PM1 treatment.

There are many available experimental works in the lit-
erature that state that Fe vacancy is the dominant defect
type at the stoichiometric composition [8,10,14,46,47], which
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FIG. 8. Calculated concentrations of all considered defects as a function of Al concentration at 1000 K. The calculations are based on the
FM defect formation energies that are given in Fig. 7. The Boltzmann statistics (solid, dashed and dotted lines) according to Eq. (10) as well
as a more advanced grand canonical approach (thin dash-dotted lines) according to Eqs. (12) and (13) are used. (Divacancies and diantisites
are given by dashed lines, and one-vacancy–one-antisite defects are given by dotted lines.) The inset shows a comparison of the single-defect
concentrations using FM (solid lines) and PM (dashed lines) defect formation energies. The vertical lines indicate for this case the solubility
limit determined by μFe = 0 for the FM and the PM 1 defect calculations, respectively. In both cases, the reference state for bcc Fe is FM. The
details of the transformation from chemical potential to concentration of Al can be found in Ref. [17].

confirms our results. The dominant single-Fe-vacancy con-
centration is calculated to be 0.25% at 1000 K and 1.6%
at 1450 K at the stoichiometric composition. Earlier, it was
measured as 0.45% at 1073 K by dilatometry and high-
temperature lattice constant determination [6]. Then Kogachi
and Haraguchi [9] investigated the compositional depen-
dence of vacancy concentration based on density and lattice

constant measurements in powder samples quenched at dif-
ferent temperatures. They reported a vacancy concentration
of ∼2.3% for water-quenched samples at 1073 K. Same au-
thors reported a value of ∼3.8% for samples measured at
1250 K [46] a few years later. One can conclude that our the-
oretical investigations underestimate the concentration of Fe
vacancies.

FIG. 9. Calculated concentrations of all considered defects as functions of Al concentration, similar to Fig. 8, but at 1450 K. The inset
zooms into the values for low defect concentrations.
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However, for a particular case, a conflict between our
results and an experiment appears by comparing the Al va-
cancy concentration. Experimental work of Haraguchi and
Kogachi [46] showed that the vacancies occur in both sub-
lattices, but we do not observed significant values of Al
vacancies in our results. This could be attributed to the ab-
sence of formation entropy in our methodology. Nevertheless,
Mayer et al. [17] calculated a negligible concentration of Al
vacancy of the order of 10−14. The authors concluded that
higher concentrations around 10−3 would require a forma-
tion entropy of 25kB, which is an unrealistic value. Even the
addition of 5kB in analogy would lead to an Al vacancy con-
centration of 10−12. These calculations and other theoretical
work reporting high defect formation energy and consequent
absence of Al vacancies [17–20,24,48–50] are in agreement
with our results.

We predict the Fe antisite as the dominant defect for
smaller Al content below the stoichiometry. The concentration
of Fe antisites increases with decreasing Al content. The fact
that antisite defects are dominant for these Al concentrations
can be explained by examining the partially filled bonding
states of Fe-Al, therefore with the Fe antisites in the bulk,
where the local Fe-Al bonding can be enhanced by d-band
filling through d-p hybridization [19]. As given in Fig. 7,
above μAl ≈ −0.48 (this value corresponds to stoichiomet-
ric conditions) the single Fe antisite has the lowest defect
formation energy, which yields the highest defect concentra-
tion between the stoichiometric composition and ∼47% Al
content at 1000 K (∼41% Al at 1450 K). For lower values
of Al content the dominant defect is the double Fe antisite.
Experimentally, the corresponding concentration is reported
to be ∼6% Fe antisite at 1250 K for Fe53Al47 [46]. In our
calculations we find ∼3.8% for T = 1000 K and ∼5% for
T = 1450 K, which are in reasonable agreement with experi-
ment.

In contrast to the results obtained for the Al antisite defects,
the Fe antisite formation energy remains positive over all the
values of μAl (see Fig. 7) such that in our calculations the B2
structure is stable down to Al concentrations of around 40%
when single-site defects are considered only. The stability
of the B2 structure down to this value of Al concentration
observed in experiments [51] can therefore be caused by the
presence of single-site defects, while two-site defects are nec-
essary to explain the stabilization down to 25% of Al content
also found experimentally, as shown in Fig. 8.

According to available experiments and other theoretical
works [17,17,19,46,48], the concentration of Fe antisite de-
fects decreases and then vanishes by increasing the content
of Al, which completely agrees with our results. Above the
stoichiometric composition, there is a competition for the
formation of vacancy and antisite defects at the Fe sites. From
stoichiometry to ∼52% of Al content the dominant defect is
the single Fe vacancy. Then for higher Al concentrations the
single Al antisite becomes dominant at 1000 K. The range
in which the single-Fe-vacancy defect is dominant extends
until 57% of Al content at 1450 K. As shown in Fig. 7, for
μAl < −0.17 eV the double Al antisite has a negative defect
formation energy, which means that the B2 structure is no
longer stable. Qualitatively, this observation is in agreement
with experiment, where it is found that B2-FeAl becomes

unstable for Al-rich and intermediate conditions [51], albeit
at lower Al concentrations. Except in the region close to stoi-
chiometry, where it is nonlinear due to the Fe vacancies, the Al
antisite concentration depends on the Al content. Note that the
concentration of Al antisite defects is substantial compared
with the concentrations calculated for other defects within the
Fe-rich region, especially at 1450 K.

V. CONCLUSIONS

We have carried out ab initio calculations based on density
functional theory to investigate the defect structures and solu-
bility of B2-FeAl alloys at finite temperature. Our results show
that the defect formation energies substantially depend on
both the size of the supercell, tied to the corresponding defect
concentration, and the underlying magnetic state considered.
This, together with the fact that the effect of the chemical
potentials of Fe and Al has not been considered in some earlier
works, can explain the diversity of defect formation energies
that is found in the literature.

Albeit B2-FeAl can be paramagnetic at zero temperature or
show a very small Curie point, in our defect-free calculations
the ferromagnetic state appears as the most stable magnetic
phase at 0 K, in agreement with other theoretical studies. The
computed bulk modulus and lattice parameter are in good
agreement with experiment regardless of the magnetic state
considered, either ferromagnetic, nonmagnetic, or paramag-
netic. On the other hand, the performed calculations for the
paramagnetic state have demonstrated that the magnitudes of
the magnetic moments can largely impact the defect formation
energies.

The dependence of the defect formation energies on the
chemical potential has been used to calculate the concentra-
tions of single-site and two-site defects self-consistently as
functions of Al concentration at different temperatures. The
well-known finite-temperature Boltzmann relation for unary
metals provides very similar results to those obtained applying
the relations developed by Mayer et al. [17] describing defect
statistics beyond the dilute limit, which supports the applica-
tion of our approach for a large range of concentrations.

Indeed, our results are in agreement with experiment in a
major part of the aspects investigated. For example, Fe vacan-
cies are dominant at the stoichiometric composition, and their
concentration is enhanced by increasing the concentration of
Al. However, the magnitude of the concentration computed is
somewhat smaller than the experimental one. There is a criti-
cal value of Al content above which Al antisites are dominant.
By raising the temperature we observe an increment of the
concentration of Fe vacancies that is increasingly larger for
higher concentrations of Al. This directly causes Fe vacancies
to become more predominant close to stoichiometry and a
consequent enhancement of the critical value of Al content. A
negligible concentration of Al vacancies, consequent of their
high formation energy and as also found in other theoretical
studies, represents the most important disagreement between
our calculations and experiments regarding defect concentra-
tion.

Complex defects causing low or high concentrations of
Al are naturally favored away from stoichiometry. Pairs of
Fe and pairs of Al antisites show the highest concentration
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values at the low and high limits of Al content at 1000 K,
respectively. Our calculations also indicate the presence of
Al antisites next to Fe vacancies for Al-rich compositions.
Interestingly, raising the temperature up to 1450 K reduces
the relative concentration of complex defects as the critical
Al concentration that corresponds to the chemical potential
of equal defect formation energies (vertical lines in Fig. 7) is
shifted away from stoichiometry.

Our calculations demonstrate that the stability of the B2-
FeAl phase down to Al concentrations of about 40% can
be caused by single-site defects, whereas the experimentally
observed extensions of the solubility range down to 25%
can only be explained if two-site defects are also taken into
account. We have also found that the formation of defects
would give rise to a solubility range of the B2-FeAl phase
for Al concentrations well above the stoichiometric compo-
sition of the B2 structure, both with single-site defects and
with two-site defects. In these calculations, the maximum
chemical potential of Al is, however, only determined by
the formation of pure fcc Al or the earlier divergence of Al

antisite concentrations. The competition and coexistence with
other crystal structures, in particular, FeAl2, substantially re-
strict the allowed range of Al chemical potentials that stabilize
the B2-FeAl phase and explain the experimental findings of
limited B2 stability above stoichiometry.

Our work lays out the groundwork for a future investi-
gation of the kinetics and diffusion mechanism of defects.
At present, there is still not generally accepted agreement
regarding the mechanisms governing the diffusion behavior
in B2-FeAl, establishing such a theoretical study as a very
important and fundamental research line.
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