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Atomic defects in FeCo: Stabilization of theB2 structure by magnetism
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The effective formation energies of atomic defects in theB2 phase of FeCo are calculated by a combination
of the statistical mechanics with theab initio density-functional electron theory with the local-spin-density
approximation and the generalized-gradient approximation for the exchange-correlation functional. The effect
of magnetism is required to stabilize the system against a spontaneous formation of antistructure atoms even in
the stoichiometric case. The structural defects are antistructure atoms, and the effective energy for the forma-
tion of thermal antistructure atoms is much smaller than the effective formation energies for Fe and Co
vacancies. The behavior of the atomic defects in this system consisting of two quite similar constituents
appears to be much simpler than in theB2 transition-metal aluminides consisting of quite dissimilar constitu-
ents.
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I. Introduction. Binary intermetallic phasesAxB12x with
B2 structure composed of two interpenetrating simple cu
sublattices~a for theA atoms andb for theB atoms! form a
large group of intermetallics. Thereby, the subgroup
transition-metal~TM! aluminides has some representativ
which are considered as candidates for high-tempera
applications,1 e.g., FeAl, CoAl, NiAl, and ternary mixture
of them. The physical properties of these materials
strongly influenced by the fact that the two constituents
quite different: The calculated lattice constant of Al in t
bcc phase is about 14% larger than the calculated la
constants of Fe, Co, Ni in this phase, i.e., the Al atom
bigger than the TM atoms. Furthermore, the electronic pr
erties are quite different: Al, which is more electropositive,
a simple metal with delocalizeds and p electronic states
whereas Fe, Co, and Ni are transition metals with well loc
ized 3d states. As a result, the correspondingB2 phases
exhibit a coexistence of metallic, ionic, and covale
bonding.2,3 Especially CoAl and NiAl have a very stron
ordering tendency; the thermal disorder is small up to
melting temperatures and the structural atomic defects,
the defects which survive in thermodynamic equilibriu
when approaching zero temperature in order to compen
the deviations (x20.5) from the stoichiometric composition
are TM antistructure atoms on the Al sublattice for TM-ri
systems and vacancies on the TM sublattice for Al-r
systems.4,5 In addition, thermal defects are produced at
evated temperatures, and it is characteristic for the TM a
minides that the effective defect formation energies
strongly different forx,0.5, x50.5, andx.0.5.

Another subgroup ofB2 phases consists of, respective
two transition metals. A special representative is FeCo
cause Fe and Co are neighbors in the periodic table,
therefore in theB2 phase the two constituents should
more similar than the TM atoms and the Al atom. It is the
fore expected that it costs little energy to exchange Fe
Co atoms between the two sublattices to produce Fe and
antistructure atoms, so that the structural defects are a
structure atoms on both sides of the stoichiometric comp
tion. This conjecture is supported by the low critical tem
0163-1829/2001/64~13!/132102~4!/$20.00 64 1321
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perature of about 1000 K for the transition from the order
B2 phase to the disorderedA2 phase. Furthermore, it ha
been shown6 that the lattice constant of FeCo increas
monotonically with increasing amount of the bigger Fe ato
through the stoichiometric composition~with a slightly
slower rate for the Fe-rich samples!, a behavior which also
suggests that antistructure atoms are the structural defec
FeCo. Experimental information on the properties of th
mally excited atomic defects is completely missing. In t
present paper we therefore calculate the effective forma
energies of atomic defects by theab initio statistical mechan-
ics to investigate the defect properties of aB2 phase for
which the constituent atoms are more similar than in the T
aluminides.

Another important aspect is the role of magnetism. It h
been shown by electron theory7 that the spin polarization
stabilizes theB2 structure of FeCo because it leads to
change of sign of the most relevant pair-interaction para
eters. Therefore it will be interesting to figure out the role
magnetism on the properties of atomic defects.

II. Calculational procedure.It is well known ~see, e.g.,
Refs. 4, 5, 8, and 9! that in ordered compoundsAxB12x

inevitably various types of atomic defects must be crea
simultaneously by thermal excitation in order to conserve
homogeneity of the sample. For instance, in pu
antistructure-type systems the thermal excitation consist
a simultaneous creation ofA andB antistructure atoms on th
two sublattices. In pure triple defect systems twoA atom
vacancies on thea sublattice, anA antistructure atom on the
b sublattice, and a new unit cellABare generated. In genera
various types of such elementary excitations appear simu
neously with a respective statistical weight.

This coexistence of various types of atomic defects m
be described by theab initio statistical mechanics~for details
see, e.g., Refs. 4, 5, 8, and 9! by a formalism which is valid
at small defect concentrations. The defect concentrations
obtained by minimizing an appropriate ansatz for the Gib
free energyG with respect to the numbersNi

n of various
grand-canonical defects which are introduced in the or
nally perfectly ordered stoichiometric compound. The indei
©2001 The American Physical Society02-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 132102
denotes the type of defect~i.e., vacancy or antistructur
atom!, whereasn labels the sublattice~a or b! on which the
defect appears. The grand-canonical defects are gr
canonical vacancies which are obtained by totally remov
an atom from the system, and grand-canonical antistruc
atoms where an atom on its own sublattice is replaced by
atom of the other type. During the introduction of such
grand-canonical defect the energy, vibrational entropy,
volume of the system changes by« i

n , si
n , andDVi

n ~defect
formation parameters!. The concentrationsci

n5Ni
n/2M

~whereM is the number of unit cells! are obtained by mini-
mizing G with respect toNi

n whereby the conservation o
particle numbers is guaranteed by means of Lagrangian
rameters (mFe,mCo) which for the thermodynamic equilib
rium have the meaning of chemical potentials. This yie
the concentrations as functions of temperatureT, pressurep,
and chemical potentialsmFe, mCo. The chemical potentials
then are obtained from the Gibbs-Duhem relation and fr
the demandNFe/NCo5x/(12x), which represent a set o
nonlinear coupled equations which in general have to
solved numerically. Under certain circumstances which
fulfilled in many materials the defect concentrations th
may be written in the form

ci
n5 1

2 eS̃i
n/kBe2~Ẽi

n
1pṼ i

n
!/kBT. ~1!

Here, S̃i
n , Ẽi

n , Ṽ i
n denote the effective formation entrop

energy, and volume. Because of the above discussed si
taneous generation of various atomic defects, these effec
defect formation quantities do not just depend on the de
formation parameters of the considered defect (i ,n) but on
the whole set of defect formation parameters of all defe
involved in the thermal excitation. If one special type
elementary excitation dominates strongly~e.g., the genera
tion of A andB antistructure atoms, or the triple defect fo
mation! then analytical expressions for the effective def
formation quantities may be obtained~see Appendix A of
Ref. 5!. For FexCo12x our numerical calculations hav
shown that the simultaneous generation of Fe and Co a
structure atoms represents the strongly dominating ther
excitation. The analytical results for the effective defect f
mation energies for this case are given by Eqs.~A7!–~A9! of
Ref. 5 for the stoichiometric composition and by Eq
~A15!–~A17! for nonstoichiometric compositions. Plea
note the well-known discontinuity in the values of the effe
tive formation energies when going from Fe-rich to Co-ri
systems.4,5,8,9The reason for this is very simple: For Fe-ric
compounds the structural defect~which is the one with zero
effective formation energy! is the Fe antistructure atom
whereas for the Co-rich compounds it is the Co antistruct
atom. This abrupt change in the kind of the structural def
is reflected in a discontinuity of the chemical potentia
which enter the effective defect formation energies a
which thus produce a discontinuity of these.

The defect energy parameters« i
n were calculated by the

supercell approach,4,5,8,9 i.e., large supercells containingN
sites and one grand-canonical defect (i ,n), respectively, are
repeated periodically. We usedN516 and N532, and a
13210
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comparison of the results shows that the data forN532 are
already well converged with respect toN. The energies of the
supercells were calculated by theab initio density-functional
electron theory in local spin-density approximation~LSDA!
for the exchange-correlation energy.10 In addition, the
generalized-gradient approximation11 ~GGA! for the
exchange-correlation energy was used because it is kno12

that for bcc Fe the GGA vacancy formation energy agr
better with the experimental value than the LSDA ener
The calculations were performed with theab initio pseudo-
potential method13 and the mixed-basis pseudopotent
code14 ~MB-PP! where the wave functions are evaluated in
plane waves and five localized and nonoverlappingd orbitals
per Fe and Co atom and where the spin polarization of
system was neglected, and with theWIEN 97 code15 based on
the full-potential linearized augmented plane-waves met
~FLAPW!, using local orbitals16 for the 3p states. In all cal-
culations the structural relaxations of the atoms around
defects were taken into account, whereas the volume re
ations of the supercells with the defects were generally
glected ~see below!. We also did not calculate the defe
entropy parameterssi

n and therefore must confine ourselv
to a discussion of the effective defect formation energ
whereas no data for the absolute values of the defect con
trations can be given.

III. Results. Table I represents our results for the latti
parameter and the bulk modulus of perfectly ordered s
ichiometric FeCo. It is remarkable that we need a combi
tion of the GGA and the spin polarization to get a go
agreement with the experimental lattice constant. Unfor
nately, there is no experimental result for the bulk modu
of a single crystal for comparison.

Table II represents the effective defect formation energ
for stoichiometric FeCo as calculated by the MB-PP meth
neglecting the effect of spin polarization. There are two m
jor and surprising points: First, the very large relaxations
the atoms around the vacancies which have a very str
effect on the effective vacancy formation energies. Seco
the negative values of the effective formation energies for
antistructure atoms, which means that stoichiometric un
larizedB2 FeCo is unstable against the spontaneous for
tion of antistructure atoms. Very similar results were o
tained for calculations including the volume relaxation of t
supercells.

The situation seems to be similar to the case of Fe3Si
which crystallizes in theD03 structure and for which our
calculations neglecting spin polarization also revealed an

TABLE I. Lattice parametera0 and bulk modulusB0 for stoichio-
metric B2 FeCo. The experimental lattice parameter is forT525 °C.
The symbols nsp and sp denote calculations without and with the e
of spin polarization.

Experiment MB-PP FLAPW

LDA LDA nsp LSDA sp GGA nsp GGA sp

a0 @Å# 2.8562 2.726 2.703 2.766 2.763 2.843

B0 @GPa# 289 324 258 268 196
2-2
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BRIEF REPORTS PHYSICAL REVIEW B 64 132102
TABLE II. The effective defect formation energies~in eV! for stoichiometric FeCo as calculated by th
MB-PP code, neglecting the effect of spin polarization. The calculations were performed for supercel
N532 sites, and the structural relaxation of the atoms around the defects were neglected~unr! or taken into
account~r!. The last line represents the calculated atom displacements in percent of the lattice param
the atoms in the first three neighbor shells around the defect. The minus and plus sign denotes a displ
towards or away from the defect, respectively.

ẼV
a ẼV

b ẼFe
b ẼCo

a

unr 1.65 1.57 20.05 20.05
r 0.13 0.34 20.06 20.06

29.3/14.3/20.4 29.0/10.7/10.5 10.8/20.4/20.1 21.4/12.0/20.2
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stability against the spontaneous formation of defects.17 It
was our conjecture17 that Fe3Si is stabilized in theD03 struc-
ture by magnetic effects. As outlined in the introduction, t
B2 structure of FeCo is also stabilized by magnetic effe
We therefore tried to remove the negative effective format
energies for antistructure atoms by performing spin-polari
FLAPW calculations.

Table III represents the effective defect formation en
gies for stoichiometric FeCo as obtained by the FLAPW c
culations. When neglecting the spin polarization the FLAP
calculations reveal the same surprising features as
MB-PP calculations, i.e., a very strong effect of structu
relaxations and negative values for the effective format
energies for antistructure atoms. When taking into acco
spin polarization, both peculiarities are removed, i.e.,
structural relaxations are much smaller~compare the las
lines of Tables II and III! so that the effective formation
13210
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energies are only little affected by the relaxations, and
effective formation energies for the antistructure atoms
positive. The results are very similar for supercells withN
516 or N532 sites, and therefore they appear to be w
converged with respect to the supercell size. Furtherm
there is only little difference between the respective res
from LSDA and spin-polarized GGA calculations, in contra
to the case of pure bcc Fe where the vacancy formation
ergy depends sensitively on the choice of the exchan
correlation functional.12

The stabilization of theB2 structure of FeCo by magneti
effects may be interpreted in the following way. An Fe ato
in the perfectly orderedB2 structure is surrounded by eigh
Co atoms, and it exhibits~according to our LSDA calcula-
tions! a magnetic moment of 2.6mB which is considerably
larger than the atomic magnetic moment of bcc Fe (2.22mB).
The corresponding gain in intra-atomic exchange energy
e

atom
und the
ay from
TABLE III. The effective defect formation energies~in eV! for stoichiometric FeCo as calculated by th
FLAPW code, without~nsp! and with ~sp! the effect of spin polarization, without~unr! and with ~r! the
structural relaxation, and in LDA or LSDA as well as in GGA. The last line gives the calculated
displacements in percent of the lattice parameter for the atoms in the first three neighbor shells aro
defect, for the GGA32 spr calculation. The minus and plus sign denotes a displacement towards or aw
the defect, respectively. The numbers 16 and 32 denote the number of sites in the supercells.

ẼV
a ẼV

b ẼFe
b ẼCo

a

LDA 16 1.72 1.69 20.07 20.07
nsp, unr LDA 32 1.72 1.72 20.07 20.07

GGA 16 1.52 1.52 20.06 20.06

LDA 16 0.24 0.03 20.07 20.07
nsp, r LDA 32 0.11 0.30 20.08 20.08

GGA 16 0.21 0.02 20.07 20.07

LSDA 16 1.75 2.03 0.11 0.11
sp, unr LSDA 32 1.69 2.01 0.10 0.10

GGA 16 1.72 1.87 0.17 0.17
GGA 32 1.67 1.90 0.17 0.17

LSDA 16 1.71 1.86 0.10 0.10
sp, r LSDA 32 1.65 1.75 0.07 0.07

GGA 16 1.70 1.73 0.17 0.17
GGA 32 1.65 1.68 0.15 0.15

20.2/20.5/10.1 23.3/11.4/20.7 20.06/10.9/20.09 10.4/20.7/10.06
2-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 132102
bilizes theB2 structure. In contrast, an Fe antistructure at
is surrounded by eight Fe atoms as in bcc Fe, and we th
fore obtained a reduced magnetic moment of 2.32mB . The
corresponding loss of intra-atomic exchange energy lead
a positive value for the formation energy of an Fe antistr
ture atom. A Co antistructure atom has the same effec
formation energy@Eq. ~A7! of Ref. 5# because the elemen
tary thermal excitation is given by a simultaneous excitat
of an Fe and a Co antistructure atom. To explain the red
tion of the very strong relaxation effects by the magneti
we have performed spin-polarized calculations for the at
positions obtained by nonpolarized calculations. We fou
that for these positions the magnetic moments are m
smaller than for the unrelaxed positions, leading to a big l
of intra-atomic exchange energy. The strive to attain la
magnetic moments and hence large intra-atomic excha
energies drives the atoms back until they are close to t
unrelaxed positions.

Table IV represents our final results for the effective fo
mation energies for stoichiometric and nonstoichiometricB2
FeCo. This material is of antistructure type, i.e., the str
tural defects are Fe antistructure atoms for the Fe-rich c
positions and Co antistructure atoms for the Co-rich com
sitions, and the effective formation energies for antistruct
atoms are much smaller than those for vacancies. The
effective formation energy for antistructure atoms is cons
tent with the relatively low critical temperature of abo
1000 K for the transition from theB2 phase to the disordere

TABLE IV. The effective formation energies~in eV! for FeCo as
obtained from calculations for supercells with 32 sites, includ
spin polarization and atomic relaxations.

ẼV
a ẼV

b ẼFe
b ẼCo

a

x50.5 LSDA 1.65 1.75 0.07 0.07
GGA 1.65 1.68 0.15 0.15

x,0.5 LSDA 1.61 1.78 0.15 0
GGA 1.57 1.75 0.30 0

x.0.5 LSDA 1.69 1.71 0 0.15
GGA 1.72 1.60 0 0.30
i
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A2 phase. It results from the fact that Fe and Co in the
phase are quite similar: For instance, according to our ca
lations the lattice constants of bcc Fe and Co differ by l
than 1% and the electronic structure is also similar beca
Fe and Co are neighbors in the periodic table. In contrast
the transition-metal aluminides FeAl, CoAl, and NiAl wit
B2 structure the lattice constant of bcc Al is about 14
larger than the ones of Fe, Co, and Ni in the bcc phase,
the two constituents are electronically very different~mainly
d character in the transition metals ands, pcharacter in Al!.
As a result, there is a much stronger tendency to preserve
atomic order for the transition-metal aluminides than
FeCo.

The effective formation energies for Fe and Co vacanc
are very similar which again results from the similarity of t
constituent atoms, in contrast to the behavior of
transition-metal aluminides. For instance, for stoichiome
B2 FeAl the effective formation energy for the Al vacancy
a factor of 3.5 larger than the one for the Fe vacancy.8,9,17

Because in FeCo the vacancies are available on both su
tices, the self-diffusion may proceed by a random walk
nearest-neighbor jumps of vacancies, whereas in FeAl p
ably cooperative jumps of Fe and Al atoms occur to av
the generation of a fully developed Al vacancy.8,9,17Further-
more, it is striking that the effective formation energies f
the various defects vary only little when going from the F
rich to the stoichiometric to the Co-rich compounds. In co
trast, for the transition-metal aluminides there is a big va
tion of effective formation energies with composition4

Altogether, it appears that theB2 phase FeCo consisting o
two rather similar constituents exhibits a much simpler
havior of the atomic defects than the transition-metal a
minides consisting of strongly dissimilar constituents.

Unfortunately, there are no direct experimental results
comparison. From the enthalpy of formation an effective f
mation energy for antistructure atoms of 0.34 eV w
estimated6 but no details on the underlying assumptions
given. This value would agree rather well with our calculat
GGA value for nonstoichiometric compounds.
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