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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 inBl2ephase of FeCo are calculated by a combination
of the statistical mechanics with treb 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 82 transition-metal aluminides consisting of quite dissimilar constitu-
ents.
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[. Introduction. Binary intermetallic phase&,B;_, with perature of about 1000 K for the transition from the ordered
B2 structure composed of two interpenetrating simple cubi®2 phase to the disordered2 phase. Furthermore, it has
sublatticeq « for the A atoms and3 for the B atoms forma  been showh that the lattice constant of FeCo increases
large group of intermetallics. Thereby, the subgroup ofmonotonically with increasing amount of the bigger Fe atom
transition-metal(TM) aluminides has some representativesthrough the stoichiometric compositiofwith a slightly
which are considered as candidates for high-temperaturglower rate for the Fe-rich sampjes behavior which also
applications; e.g., FeAl, CoAl, NiAl, and ternary mixtures suggests that antistructure atoms are the structural defects in
of them. The physical properties of these materials aré-eCo. Experimental information on the properties of ther-
strongly influenced by the fact that the two constituents arenally excited atomic defects is completely missing. In the
quite different: The calculated lattice constant of Al in the present paper we therefore calculate the effective formation
bcc phase is about 14% larger than the calculated latticenergies of atomic defects by thb initio statistical mechan-
constants of Fe, Co, Ni in this phase, i.e., the Al atom isics to investigate the defect properties oB& phase for
bigger than the TM atoms. Furthermore, the electronic propwhich the constituent atoms are more similar than in the TM
erties are quite different: Al, which is more electropositive, isaluminides.

a simple metal with delocalized and p electronic states, Another important aspect is the role of magnetism. It has
whereas Fe, Co, and Ni are transition metals with well localbeen shown by electron thedrghat the spin polarization
ized 3 states. As a result, the correspondiBg phases stabilizes theB2 structure of FeCo because it leads to a
exhibit a coexistence of metallic, ionic, and covalentchange of sign of the most relevant pair-interaction param-
bonding®?® Especially CoAl and NiAl have a very strong eters. Therefore it will be interesting to figure out the role of
ordering tendency; the thermal disorder is small up to thenagnetism on the properties of atomic defects.

melting temperatures and the structural atomic defects, i.e., Il. Calculational procedure.lt is well known (see, e.g.,
the defects which survive in thermodynamic equilibriumRefs. 4, 5, 8, and )9that in ordered compound&,B;_,
when approaching zero temperature in order to compensateevitably various types of atomic defects must be created
the deviations X—0.5) from the stoichiometric composition, simultaneously by thermal excitation in order to conserve the
are TM antistructure atoms on the Al sublattice for TM-rich homogeneity of the sample. For instance, in pure
systems and vacancies on the TM sublattice for Al-richantistructure-type systems the thermal excitation consists of
systemg:® In addition, thermal defects are produced at el-a simultaneous creation éfandB antistructure atoms on the
evated temperatures, and it is characteristic for the TM alutwo sublattices. In pure triple defect systems tfcatom
minides that the effective defect formation energies arevacancies on the sublattice, arA antistructure atom on the
strongly different forx<<0.5,x=0.5, andx>0.5. B sublattice, and a new unit célB are generated. In general,

Another subgroup oB2 phases consists of, respectively, various types of such elementary excitations appear simulta-
two transition metals. A special representative is FeCo beneously with a respective statistical weight.
cause Fe and Co are neighbors in the periodic table, and This coexistence of various types of atomic defects may
therefore in theB2 phase the two constituents should bebe described by thab initio statistical mechanicgor details
more similar than the TM atoms and the Al atom. It is there-see, e.g., Refs. 4, 5, 8, angll¥y a formalism which is valid
fore expected that it costs little energy to exchange Fe andt small defect concentrations. The defect concentrations are
Co atoms between the two sublattices to produce Fe and Gabtained by minimizing an appropriate ansatz for the Gibbs
antistructure atoms, so that the structural defects are antfree energyG with respect to the numbens; of various
structure atoms on both sides of the stoichiometric composigrand-canonical defects which are introduced in the origi-
tion. This conjecture is supported by the low critical tem-nally perfectly ordered stoichiometric compound. The index
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denotes the type of defedt.e., vacancy or antistructure TABLE |. Lattice parameter, and bulk modulusB,, for stoichio-
atom), whereasy labels the sublatticéx or ) on which the metric B2 FeCo. The experimental lattice parameter isTer25 °C.
defect appears. The grand-canonical defects are grana'he s_ymbols_ nsp and sp denote calculations without and with the effect
canonical vacancies which are obtained by totally removing' SPin polarization.

an atom from the system, and grand-canonical antistructure
atoms where an atom on its own sublattice is replaced by an
atom of the other type. During the introduction of such a
grand-canonical defect the energy, vibrational entropy, and, [A] 2.8562 2726 2.703 2766  2.763  2.843
volume of the system changes by, s, andAV, (defect B, [GP4 289 324 258 268 196
formation parameteys The concentrationscy=N;/2M
(whereM is the number of unit celjsare obtained by mini-
mizing G with respect toNIV Whereby the conservation of Comparison of the results shows that the dataNer32 are
particle numbers is guaranteed by means of Lagrangian p&lready well converged with respectNoThe energies of the
rameters fire, fico) Which for the thermodynamic equilib- supercells were.calculated. by thb initio den§|ty—fgnctlonal
rium have the meaning of chemical potentials. This yieldsE!ectron theory in local spin-density approximatiarDA)

the concentrations as functions of temperaffirpressurgp, 107 the exchange-correlation enerfy.In addition, the

and chemical potentialgre, nco. The chemical potentials generallzed-gradle_nt approximation (GGA) fo_r_ the
exchange-correlation energy was used because it is kKifown

then are obtained from the Gibbs-Duhem relation and fron}hat for bee Fe the GGA vacancy formation energy agrees
tnhenl?nem?nd\‘Fel/ l\(lecJ: x/(til;x)\,lvr\:\{h;]crilnrepr:srerlltha Vsett Ofb better with the experimental value than the LSDA energy.
oniinéar coupled equations ¢ general have 10 D&pq caiculations were performed with thé initio pseudo-

solved numerically. Under certain circumstances which A% otential methot and the mixed-basis pseudopotential

fulfilled in many materials the defect concentrations the”code“‘(MB-PP) where the wave functions are evaluated into

may be written in the form plane waves and five localized and nonoverlapgirgbitals
b1 Skga (B4 pOY)keT per Fe and Co atom and where the spin polarization of the
Ci=zen®e i TR (D system was neglected, and with then 97 codé® based on
Y =y =, . . the full-potential linearized augmented plane-waves method
Here, S', Ej', Qf denote the effective formation entropy, (FLAPW), using local orbital¥ for the 3p states. In all cal-
energy, and volume. Because of the above discussed simulations the structural relaxations of the atoms around the
taneous generation of various atomic defects, these effectivgefects were taken into account, whereas the volume relax-
defect formation quantities do not just depend on the defecitions of the supercells with the defects were generally ne-
formation parameters of the considered defect)(but on  glected (see below. We also did not calculate the defect
the whole set of defect formation parameters of all defect%ntropy parameter&” and therefore must confine ourselves
involved in the thermal excitation. If one special type oftg a discussion of the effective defect formation energies
elementary excitation dominates strongs.g., the genera- \yhereas no data for the absolute values of the defect concen-
tion of A andB antistructure atoms, or the triple defect for- trations can be given.
mation then analytical expressions for the effective defect ||| Results. Table | represents our results for the lattice
formation quantities may be obtainddee Appendix A of  narameter and the bulk modulus of perfectly ordered sto-
Ref. 5. For FgCo,_ our numerical calculations have ichiometric FeCo. It is remarkable that we need a combina-
shown that the simultaneous generation of Fe and Co antj;y of the GGA and the spin polarization to get a good
stru.ctu.re atoms reprr—;sents the strongly domjnating thermz?a!greement with the experimental lattice constant. Unfortu-
excitation. The analytical results for the effective defect for’nately there is no experimental result for the bulk modulus
mation energies for this case are given by E43.)—(A9) of of a si,ngle crystal for comparison.

Ref. 5 for the stoichiometric composition and by Egs. Table Il represents the effective defect formation energies
A15)—(A17) f toichi tri itions. PI L i
(AL5)—(AL7) for nonstoichiometric compositions cease for stoichiometric FeCo as calculated by the MB-PP method,

note the well-known discontinuity in the values of the effec- X : o
tive formation energies when going from Fe-rich to Co-rich "e€glecting the effect of spin polarization. There are two ma-

systemg:58°The reason for this is very simple: For Fe-rich 1T and surprising points: First,_ the very large relaxations of
compounds the structural defe@thich is the one with zero the atoms around the vacancies which have a very strong
effective formation energyis the Fe antistructure atom, effect on the effective vacancy formation energies. Second,

whereas for the Co-rich compounds it is the Co antistructuréhe negative values of the effective formation energies for the
atom. This abrupt change in the kind of the structural defecntistructure atoms, which means that stoichiometric unpo-
is reflected in a discontinuity of the chemical potentialslarizedB2 FeCo is unstable against the spontaneous forma-

which enter the effective defect formation energies andion of antistructure atoms. Very similar results were ob-

Experiment MB-PP FLAPW
LDA LDA nsp LSDA sp GGA nsp GGA sp

which thus produce a discontinuity of these. tained for calculations including the volume relaxation of the
The defect energy parameter§ were calculated by the supercells.
supercell approach®>®®i.e., large supercells containiny The situation seems to be similar to the case ofSFe

sites and one grand-canonical defeictf, respectively, are which crystallizes in theD05 structure and for which our
repeated periodically. We used=16 and N=32, and a calculations neglecting spin polarization also revealed an in-
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TABLE II. The effective defect formation energiéi® eV) for stoichiometric FeCo as calculated by the
MB-PP code, neglecting the effect of spin polarization. The calculations were performed for supercells with
N=232 sites, and the structural relaxation of the atoms around the defects were neg@laoted taken into
account(r). The last line represents the calculated atom displacements in percent of the lattice parameter for
the atoms in the first three neighbor shells around the defect. The minus and plus sign denotes a displacement
towards or away from the defect, respectively.

EY E{ Ef. E
unr 1.65 1.57 ~0.05 ~0.05
r 0.13 0.34 ~0.06 ~0.06
~9.34+4.31-0.4 ~9.0H0.7+0.5 +0.8/-0.4/-0.1 ~1.4/+2.0/-0.2

stability against the spontaneous formation of deféCts. energies are only little affected by the relaxations, and the
was our conjecturd that FgSi is stabilized in thé 05 struc-  effective formation energies for the antistructure atoms are
ture by magnetic effects. As outlined in the introduction, thepositive. The results are very similar for supercells with
B2 structure of FeCo is also stabilized by magnetic effects=16 or N=32 sites, and therefore they appear to be well
We therefore tried to remove the negative effective formatiorconverged with respect to the supercell size. Furthermore,
energies for antistructure atoms by performing spin-polarizedhere is only little difference between the respective results
FLAPW calculations. from LSDA and spin-polarized GGA calculations, in contrast
Table Il represents the effective defect formation enerto the case of pure bcc Fe where the vacancy formation en-
gies for stoichiometric FeCo as obtained by the FLAPW cal-ergy depends sensitively on the choice of the exchange-
culations. When neglecting the spin polarization the FLAPWcorrelation functionat?
calculations reveal the same surprising features as the The stabilization of th&2 structure of FeCo by magnetic
MB-PP calculations, i.e., a very strong effect of structuraleffects may be interpreted in the following way. An Fe atom
relaxations and negative values for the effective formatiorin the perfectly ordere®2 structure is surrounded by eight
energies for antistructure atoms. When taking into accoun€o atoms, and it exhibitsaccording to our LSDA calcula-
spin polarization, both peculiarities are removed, i.e., thagions) a magnetic moment of 2.6 which is considerably
structural relaxations are much small@ompare the last larger than the atomic magnetic moment of bce Fe (22
lines of Tables Il and Il so that the effective formation The corresponding gain in intra-atomic exchange energy sta-

TABLE lll. The effective defect formation energi€m eV) for stoichiometric FeCo as calculated by the
FLAPW code, without(nsp and with (sp) the effect of spin polarization, withouunr) and with (r) the
structural relaxation, and in LDA or LSDA as well as in GGA. The last line gives the calculated atom
displacements in percent of the lattice parameter for the atoms in the first three neighbor shells around the
defect, for the GGA32 spr calculation. The minus and plus sign denotes a displacement towards or away from
the defect, respectively. The numbers 16 and 32 denote the number of sites in the supercells.

= E¢ EL. Eg,
LDA 16 1.72 1.69 —0.07 —0.07
nsp, unr  LDA 32 1.72 1.72 —0.07 -0.07
GGA 16 1.52 1.52 —0.06 —0.06
LDA 16 0.24 0.03 —0.07 —0.07
nsp, r LDA 32 0.11 0.30 —0.08 —0.08
GGA 16 0.21 0.02 —0.07 —0.07
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

-0.2/-0.5+0.1 —-3.3+1.4/~0.7 -0.06+0.9/~0.09 +0.4/-0.7/+0.06
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TABLE IV. The effective formation energigén eV) for FeCoas A2 phase. It results from the fact that Fe and Co in the bcc
obtained from calculations for supercells with 32 sites, includingphase are quite similar: For instance, according to our calcu-

spin polarization and atomic relaxations. lations the lattice constants of bcc Fe and Co differ by less
~ — — ~ than 1% and the electronic structure is also similar because
EV E{ EF Eco Fe and Co are neighbors in the periodic table. In contrast, for
Xx=0.5 LSDA 1.65 1.75 0.07 0.07 the transition-metal aluminides FeAl, CoAl, and NiAl with
GGA 1.65 1.68 0.15 0.15 B2 structure the lattice constant of bcc Al is about 14%
x<0.5 LSDA 161 1.78 0.15 0 larger than the ones of Fe, Co, and Ni in the bcc phase, and
GGA 157 1.75 0.30 0 the two constituents are electronically very differemiinly
x>0.5 LSDA 1.69 171 0 0.15 d character in the transition metals asdp character in Al.
GGA 1.72 1.60 0 0.30 As a result, there is a much stronger tendency to preserve the
atomic order for the transition-metal aluminides than for
FeCo.

bilizes theB2 structure. In contrast, an Fe antistructure atom The effective formation energies for Fe and Co vacancies
is surrounded by eight Fe atoms as in bcc Fe, and we therere very similar which again results from the similarity of the
fore obtained a reduced magnetic moment of 232The  constituent atoms, in contrast to the behavior of the
corresponding loss of intra-atomic exchange energy leads tivansition-metal aluminides. For instance, for stoichiometric
a positive value for the formation energy of an Fe antistrucB2 FeAl the effective formation energy for the Al vacancy is
ture atom. A Co antistructure atom has the same effectiva factor of 3.5 larger than the one for the Fe vacdhty.
formation energy{Eq. (A7) of Ref. 5 because the elemen- Because in FeCo the vacancies are available on both sublat-
tary thermal excitation is given by a simultaneous excitatiortices, the self-diffusion may proceed by a random walk of
of an Fe and a Co antistructure atom. To explain the reducearest-neighbor jumps of vacancies, whereas in FeAl prob-
tion of the very strong relaxation effects by the magnetismably cooperative jumps of Fe and Al atoms occur to avoid
we have performed spin-polarized calculations for the atonthe generation of a fully developed Al vacarfcy*’ Further-
positions obtained by nonpolarized calculations. We foundnore, it is striking that the effective formation energies for
that for these positions the magnetic moments are mucthe various defects vary only little when going from the Fe-
smaller than for the unrelaxed positions, leading to a big lossich to the stoichiometric to the Co-rich compounds. In con-
of intra-atomic exchange energy. The strive to attain largerast, for the transition-metal aluminides there is a big varia-
magnetic moments and hence large intra-atomic exchangen of effective formation energies with compositibn.
energies drives the atoms back until they are close to theibltogether, it appears that tH82 phase FeCo consisting of
unrelaxed positions. two rather similar constituents exhibits a much simpler be-
Table IV represents our final results for the effective for-havior of the atomic defects than the transition-metal alu-
mation energies for stoichiometric and nonstoichiomé®2c  minides consisting of strongly dissimilar constituents.
FeCo. This material is of antistructure type, i.e., the struc- Unfortunately, there are no direct experimental results for
tural defects are Fe antistructure atoms for the Fe-rich comeomparison. From the enthalpy of formation an effective for-
positions and Co antistructure atoms for the Co-rich compomation energy for antistructure atoms of 0.34 eV was
sitions, and the effective formation energies for antistructureestimatefl but no details on the underlying assumptions are
atoms are much smaller than those for vacancies. The logiven. This value would agree rather well with our calculated
effective formation energy for antistructure atoms is consis<GGA value for nonstoichiometric compounds.
tent with the relatively low critical temperature of about AcknowledgmentsThe authors are indebted to G. Bester
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