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Atomic defects in the ordered compound B2-CoAl: A combination ofab initio electron theory
and statistical mechanics

G. Bester, B. Meyer, and M. Fa¨hnle
Max-Planck-Institut fu¨r Metallforschung, Heisenbergstraße 1, D-70569 Stuttgart, Germany

~Received 12 April 1999!

For an ideal model of a homogeneous thermodynamically stable ordered compoundB2-CoxAl12x , the
effective formation energies of vacancies and antistructure atoms on both sublattices are calculated by a
combination ofab initio electron theory and statistical mechanics. The results are compared with data for FeAl
and NiAl obtained by the same procedure and with experimental results. The structural defects in CoxAl12x are
Co antistructure atoms~for x.0.5) and Co vacancies~for x,0.5), albeit these latter defects are only slightly
more favorable than Al antistructure atoms. This near balance possibly is responsible for conflicting experi-
mental results obtained in real Al-rich samples. The dominant thermal excitations are also discussed.
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I. INTRODUCTION

Intermetallic phases with aB2 structure form a large
group of intermetallics, and some representatives, e.g., F
CoAl, NiAl, and mixed phases of these compounds are c
sidered as promising candidates for high-tempera
applications.1 Thereby, the mechanical properties of the
materials are influenced by the type of structural defects,
by those defects which survive at zero temperature in o
to maintain the deviations from stoichiometry, and som
times also by the thermally excited defects.2

It is generally accepted from experiments3 that in Fe-rich
FeAl, Fe antistructure atoms on the Al sublattice constit
the structural defects. Al-rich samples exist only very clo
to stoichiometry. Therefore, only few data are available a
there is no consensus concerning the structural defects. M
surements of the lattice parameter as function of composi
were taken as hints to structural Fe vacancies.3 Kogachi and
Haraguchi4 concluded from their study of the intensities
x-ray diffraction lines that the structural defects in Al-ric
samples are Al antistructure atoms.

For NiAl, most of the data obtained by a simultaneo
study of x-ray density and bulk density~see, e.g., Ref. 3! are
compatible with the notion that the structural defects are
antistructure atoms in Ni-rich samples and Ni vacancies
Al-rich samples. Kogachiet al.5 pointed out that the mea
surements of the bulk density may be critical because of
formation of microvoids which may pretend a vacancy co
centration that is too large, and they tried to avoid this eff
by using powder samples. In their analysis, they found t
the total vacancy concentration in Al-rich samples is a
smaller than the one which would arise if the deviation fro
stoichiometry was totally maintained by structural vacanc
and this observation was confirmed by a study of the int
sities of x-ray diffraction peaks by the same authors.5 Xiao
and Baker6 found even smaller vacancy concentrations
Al-rich samples utilizing diffracted x-ray intensity measur
ments. Both studies concluded that there is a consider
concentration of Al antistructure atoms in Al-rich samples
addition to the vacancies, and in the study of Kogachiet al.5
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Al vacancies were also found close to the stoichiome
composition.

For CoAl, which is between FeAl and NiAl in the per
odic table, and which is very similar to NiAl with respect t
density, thermal expansion behavior, melting temperatu
and phase diagram~see references given in Ref. 1!, the situ-
ation is also not yet clear. Again, most studies3,7 of the x-ray
and bulk density are essentially compatible with the not
that the structural defects are Co antistructure atoms in
rich samples and Co vacancies in Al-rich samples, wher
the more recent experiment of Kogachi and Tanaha8

yielded a smaller total vacancy concentration than expec
if the deviation from stoichiometry was totally maintained b
structural vacancies. As in the case of NiAl, the diffracti
x-ray intensity measurements6,8 indicated for Al-rich samples
considerable concentrations of Al antistructure atoms,
also a high concentration of Al vacancies which increa
with increasing Al content.8 ~The x-ray and bulk density
measurements of Fleischer9 indicated the existence of con
siderable vacancy concentrations at low temperatures eve
Co-rich samples, a result which was not found in all of t
other experiments.! Altogether, it can be concluded that the
is a wide consensus for FeAl, CoAl, and NiAl concerning t
structural defect in the Al-poor samples~Fe, Ni, and Co an-
tistructure atoms!, whereas for Al-rich samples, the appea
ance of Al antistructure atoms and~for CoAl and NiAl! Al
vacancies already at low temperatures in addition to str
tural transition-metal vacancies is under discussion.

It has been pointed out in Ref. 10 that differences betw
various experiments may arise from the fact that the sam
are in different states concerning purity, homogeneity, th
modynamical stability, and composition. In contrast, t
theory ~e.g., combination of statistical mechanics withab
initio electron theory! is able to deal with ideal referenc
systems, i.e., with ordered homogeneous thermodynamic
stable compounds free of impurities and with exactly defin
composition, and it therefore may provide reference data
these ideal systems. For FeAl, such calculations~see Ref. 11
and references therein! revealed antistructure atoms as stru
tural defects on both sides of the stoichiometric compositi
albeit on the Al-rich side, the Al antistructure atom is on
14 492 ©1999 The American Physical Society



PRB 60 14 493BRIEF REPORTS
TABLE I. The effective formation energies for theB2 structuresAxB12x with A5Fe~Refs. 11,13,25!, Ni
~Ref. 12!, and Co as obtained by a combination of statistical mechanics withab initio electron theory.

x.0.5 x50.5 x,0.5
FeAl CoAl NiAl FeAl CoAl NiAl FeAl CoAl NiAl

ẼV
a 1.56 1.93 1.11 1.06 1.29 0.74 0.56 0.0 0.0

ẼV
b 2.96 1.59 1.60 3.46 2.23 1.97 3.96 3.51 2.71

ẼA
b 0.0 0.0 0.0 0.99 1.29 0.74 1.98 3.85 2.22

ẼB
a 1.98 4.19 3.10 0.99 2.91 2.36 0.0 0.36 0.88
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slightly more favorable than the Fe vacancy. For NiAl, t
structural defects were found12 to be Ni antistructure atom
for the Ni-rich samples, and Ni-vacancies for the Al-ric
samples. It will be shown in the present paper that Co
yields the same types of structural defects as NiAl, albeit
the Al-rich side the Co vacancy is only slightly more favo
able than the Al antistructure atom. Results for the therm
excited defects will also be reported.

II. CALCULATIONAL PROCEDURE

The calculations were performed by a combination of s
tistical mechanics withab initio electron theory described i
detail in Refs.11–13, which is valid for small defect conce
trations. Theab initio electron theory within the densit
functional theory in local-density approximation14 and theab
initio pseudopotential method15 with a mixed basis set con
sisting of plane waves and five localized and nonoverlapp
d orbitals per Co atom16 was used. To test the reliability o
the local-density approximation, calculations of the vacan
formation energies have been performed in the literature
those simple metals and transition metals for which accu
experimental data are available. In all cases, the agreem
between theory and experiment was excellent~see, for in-
stance, Table I of Ref. 13, and Ref. 17!. Because there is no
reason why the local-density approximation should work l
reliably in intermetallic compounds, we refrained from goi
beyond the local-density approximation by using, for
stance, gradient-corrected exchange-correlation function
especially in view of the fact that these functionals do n
necessarily guarantee a consistent improvement over the
dictions of the local-density approximation.18 The ab initio
calculations provide the so-called defect formation para
eters« i

n , si
n , andDVi

n for the defects (i ,n), where the in-
dex i stands for a vacancy or an antistructure atom and
superscriptn denotes thea ~i.e., Co! or b ~i.e., Al! sublattice
of the B2 structure. These defect formation parameters
scribe the change in total energy, vibrational entropy, a
volume of the system when an atom is removed from
system~in the case of vacancies! or replaced by another kind
of atom ~in the case of antistructure atoms!. In the present
study the defect formation parameters were calculated b
supercell approach11–13 with supercells containing 54 sites
and the structural relaxation of the atoms surrounding
defects as well as the volume relaxation of the supercell w
fully taken into account. Furthermore, the electron the
gives the energy«0, the vibrational entropys0, and the vol-
ume V0 per formula unit of the perfectly ordered stoichi
metric compound. Based on this microscopic informati
l
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the statistical mechanics11–13 yield the concentrationci
n for

the various defects, which may be written as

ci
n5 1

2 eS̃i
n/kBe2(Ẽi

n
1pṼ i

n)/kBT. ~1!

Here,S̃i
n , Ẽi

n, andṼ i
n denote the effective formation en

tropy, energy, and volume. Because in ordered compou
inevitably various types of atomic defects must be crea
simultaneously by thermal excitation in order to conserve
homogeneity of the sample,11–13 these effective defect for
mation quantities do not just depend on the defect forma
parameters of the considered defect (i ,n), but on the whole
set of defect formation parameters of all defects involved
the thermal excitation~and on«0 , s0, andV0). The analyti-
cal expressions for the effective defect formation quantit
of the B2 structure are all given in Appendix A of Ref. 12
These expressions hold if the concentrations of thermal
fects are much smaller than the concentration of the st
tural defect in the case of nonstoichiometric compounds,
if the defect concentrations are small and two types of
fects dominate strongly in the case of stoichiometric co
pounds. The structural defect is the one for which~at pres-
sure p50) the effective formation energy is zero. In th
present study we did not determine the defect entropy par
eters and therefore we cannot discuss the absolute valu
the defect concentrations. Furthermore, we neglected the
fect of the spin polarization, although the Co antistructu
atom exhibits a localized magnetic moment~see Ref. 19 and
references therein; a discussion of analogous magnetic
fects in FeAl is given in Refs. 11 and 13!.

III. RESULTS

Concerning the cohesive properties of ideal stoichiome
CoAl, we determined a lattice parameter ofa052.799 Å
and a bulk modulus ofB05204 GPa, in good agreemen
with plane-wave pseudopotential calculations20 based on a
Co pseudopotential of Ref. 21 (a052.805 Å,B05199 GPa!
and with linear-augmented-plane-wave calculations22 (a0
52.80 Å, B05207 GPa!. Experiments at room temperatur
~see Refs. given in 20! yield a052.861 Å andB05162
GPa, i.e., we obtain a slight overbinding, as is usual for
local-density approximation.

Table I represents our results for the effective format
energies.~Concerning the numerical accuracy we have p
formed the same convergence tests as in Ref. 12 with res
to the convergence parameters of theab initio method.! It
becomes obvious that the defect properties in CoAl are v
similar to those in NiAl. For the Co-rich systems, the stru
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tural defects are Co antistructure atoms on the Al sublatt
in agreement with experimental data. For the Al-rich s
tems, the structural defects are Co vacancies, but the
vacancies are only slightly more favorable than the Al an
structure atoms on the Co sublattice. We think that this n
balance is also reflected in the experiments~see above!: All
of them find Co vacancies in the Al-rich samples, but th
are also hints of Al antistructure atoms. We can imagine t
deviations of the real samples from the ideal reference s
considered in the theory, i.e., slight differences of t
samples concerning homogeneity or thermodynamical sta
ity may favor Co vacancies or Al antistructure atoms. B
cause of their very high effective formation energy, we ca
not imagine that the Al vacancies are of some importanc
low temperatures, in contrast to the conjecture of Koga
and Tanahashi.8 For NiAl the calculations12 yielded the same
type of structural defects as for CoAl, but in Al-rich NiA
the Ni vacancies are much more favorable than the Al a
structure atoms. For Al-rich FeAl, the calculations11 obtained
Al antistructure atoms as structural defects, which are o
slightly more favorable than structural Fe vacancies, a
again this near balance is reflected in the experiments.

Concerning the formation of thermal defects for the s
ichiometric composition~x50.5!, the triple defect formation
according to

0→2Va1Cob1CoAl; ẼV
a51.29 eV ~2!

is the dominant thermal excitation, as in NiAl. Here,Va and
Cob stand for the vacancy on thea ~i.e., Co! sublattice and
the Co antistructure atom on theb ~i.e., Al! sublattice, and
CoAl denotes the formation of a new unit cell during t
triple defect excitation. At least at high temperatures ther
possibly also a contribution of thermal Al vacancies. Acco
ing to Appendix A of Ref. 12, the formation of Al vacancie
in the stoichiometric triple defect compound CoAl procee
via the reaction

Cob→3Vb1Va12CoAl; ẼV
Al52.23 eV, ~3!

i.e., via an annihilation of Co antistructure atoms. Beca
we do not know the defect entropy parameters and hence
absolute values of the concentrations, we cannot figure
how strongly reaction~3! contributes to the formation o
thermal defects at experimental temperatures. In contra
CoAl and NiAl, stoichiometric FeAl is not a nearly pur
triple defect system, but there might be considerable ther
concentrations of Fe vacancies and antistructure atom
both sublattices.

For Co-rich samples (x.0.5), we obtain the formation o
vacancies on both sublattices according to the appendi
Ref. 12,
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Cob→2Vb1CoAl; ẼV
b51.59 eV. ~4!

0→2Va1Cob1CoAl; ẼV
a51.93 eV. ~5!

Because of the formation of vacancies on both sublattic
the self diffusion in Co-rich CoAl in principle may procee
by nearest-neighbor jumps between the two sublattices, a
the case of NiAl. The situation is totally different in FeA
where there are only extremely few vacancies on the Al s
lattice so that the diffusion mechanisms must be m
complicated.11,13Reaction~4! describes a replacement of th
Co antistructure atoms by Al vacancies. However, we do
think that this reaction may explain the observation
Fleischer9 of the existence of considerable vacancy conc
trations in Co-rich samples because Fleischer’s experim
was performed at low temperatures.

For the Al-rich system (x,0.5), the excitation with the
smallest effective formation energy is the excitation of an
antistructure atom on the Co sublattice with a simultane
annihilation of two Co vacancies, according to~appendix of
Ref. 12!

2Va1CoAl→Ala; ẼAl
a 50.36 eV, ~6!

leading to a shrinkage of the sample with increasing te
perature. It can be shown23 that the effective formation en
tropy for this process is very large and negative, expecia
when approaching the stoichiometric composition, so t
the corresponding defect concentrations at typical measu
temperatures are very small in spite of the very small eff
tive formation energy. As noted above, the situation might
different in real samples deviating from the ideal referen
state where inhomogeneities or deviations from thermo
namic stability could favor the formation of structural A
antistructure atoms. BecauseẼV

b and ẼA
b are very high, the

thermal concentrations of the corresponding defects are
small, in spite of the large positive effective formatio
entropies.23 We therefore conclude that in the ideal referen
systems of Al-rich CoAl there should be only few therma
excited defects at any temperature. For NiAl the effect
formation energy of the Al antistructure atom is larger a
hence, the concentration of this defect is probably ev
smaller than in CoAl. On the other hand, the effective fo
mation energy for theA ~i.e., Ni! antistructure atom, which
in the Al-rich system is also formed by a triple defect ex
tation according to reaction~2! ~as in the stoichiometric sys
tem! is smaller than in CoAl, so that the creation of the tw
Ni vacancies during the triple defect formation possibly m
be responsible for the experimentally observed expansio
Al-rich NiAl with increasing temperature.24
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13M. Fähnle, B. Meyer, J. Mayer, J.S. Oehrens, and G. Bester

Diffusion Mechanisms in Crystalline Materials, edited by Y.
Mishin et al., MRS Symposia Proceedings No. 527~Materials
Research Society, Pittsburgh, 1998!, p. 23.

14W. Kohn and L.J. Sham, Phys. Rev.140, A1133 ~1965!; J.P.
Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.

15D. Vanderbilt, Phys. Rev. B32, 8412~1985!.
16B. Meyer, C. Elsa¨sser, and M. Fa¨hnle, FORTRAN 90 Program for

Mixed-Basis Pseudopotential Calculations for Crystals, M
in

-

Planck-Institut fu¨r Metallforschung, Stuttgart~unpublished!.
17A. Satta, F. Willaime, and S. de Gironcoli, Phys. Rev. B57, 11

184 ~1998!.
18A. Garcia, C. Elsa¨sser, J. Zhu, S.G. Louie, and M.L. Cohen, Phy

Rev. B46, 9829~1992!.
19J.M. Koch and C. Koenig, Philos. Mag. B55, 359 ~1987!.
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