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Onset of magnetism inB2 transition-metal aluminides
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Ab initio calculation results for the electronic structure of disordered bcc FexAl12x(0.4,x
,0.75), CoxAl12x , and NixAl12x (x50.4;0.5;0.6) alloys near the 1:1 stoichiometry, as well as of the or-
deredB2 ~FeAl, CoAl, NiAl! phases with point defects are presented. The calculations were performed using
the coherent potential approximation within the Korringa-Kohn-Rostoker method for the disordered case and
the tight-binding linear muffin-tin orbital method for the intermetallic compounds. We studied in particular the
onset of magnetism in Fe-Al and Co-Al systems as a function of the defect structure. We found the appearance
of large local magnetic moments associated with the transition metal~TM! antisite defect in FeAl and CoAl
compounds, in agreement with the experimental findings. Moreover, we found that any vacancies on both
sublattices enhance the magnetic moments via reducing the charge transfer to a TM atom. Disordered Fe-Al
alloys are ferromagnetically ordered for the whole range of composition studied, whereas Co-Al becomes
magnetic only for Co concentration>0.5. @S0163-1829~99!00910-8#
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I. INTRODUCTION

The intermetallic compounds FeAl, CoAl, and NiAl a
tract considerable attention due to their uncommon prop
ties. For example, a high melting point makes them attrac
as promising high-temperature aerospace materials. Fur
more, an unusual magnetic behavior, depending on temp
ture and concentration, has been observed. Theb phase of
these aluminides crystallizes in theB2 ~CsCl! structure and
persists over 45–58 at. % in the case of Co;b phases of Ni
and Fe aluminides are stable over a broader range of c
position. It is known that these compounds have high c
centrations of point defects, and moreover exhibit spec
defect structures known as triple defects.1 Predominant are
apparently combinations of so-called antistructure~AS! at-
oms — usually transition metal~TM! atoms substituting Al
~in the Al-poor region of theb phase!, and vacancies on
transition-metal sites~in the Al-rich region!.

In spite of their structural similarity, these materials e
hibit different mechanical and magnetic properties. At lo
temperatures~below 10 K!, the nearly equiatomic alloy
Co0.506Al0.494 shows a temperature dependence of the m
netic susceptibility which coincides neither with the Cu
nor with the Curie-Weiss law.2 There is common agreemen
in the literature that the perfectly ordered compound CoA
nonmagnetic,3,4 but already a small disorder leads to the o
set of local moments~see, e.g., Ref. 5, and referenc
therein!. Also it is widely believed that the Co-AS atoms a
responsible for the magnetic properties of this compou
several authors tried to deduce from magnetic measurem
the moment per Co-AS atom which is associated with
effective moment of 5mB .2,3 It is necessary to note tha
above 60 at. % Co, a permanent magnetization appea
low temperatures.3 For the NiAl case, no magnetic mome
has been observed for any concentrations. Earlierab initio
calculations for ordered FeAl6,7 reveal a moderate magnet
PRB 590163-1829/99/59~10!/6824~10!/$15.00
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moment of 0.6–0.7mB at the Fe site and a ferromagnet
ordering. Ordered CoAl and NiAl were found in earlierab
initio calculations to be nonmagnetic, which is in agreem
with the measurements.

The experimental magnetic phase diagram shows
FeAl near stoichiometry is in a spin-glass phase,8 but in cold-
worked disordered Fe-Al alloys the saturation magnetizat
persists in both stoichiometric FeAl- and Al-rich alloys.9

The concentration dependence of the lattice paramete
the b phase of aluminides is also not trivial. Typically, on
should expect some slight deviations from the Vegard’s ru
i.e., nearly linear variation with composition. In CoAl an
NiAl, however, the lattice spacing has the maximum at a
proximately equiatomic concentration of the alloy.10,11 In
FeAl, the lattice constant is nearly constant over a w
range of composition from 30 to 51 at. % Al.9 This fact has
so far no theoretical explanation. Nevertheless one may
pect such behavior to be due to the lattice dilatation, depe
ing on the concentration of vacancies and antisite~AS! at-
oms, that in its turn is controlled by composition and he
treatment.

The microscopic understanding of these phenomena
be obtained from electronic structure calculations. Actua
the electronic structure of magnetic TM aluminides with s
ichiometric composition has already been studied ma
times by various methods in different approximations. In t
earliest calculations within the Korringa-Kohn-Rostok
~KKR! ~Ref. 12! and modified KKR methods13 the problem
of filling up of the TM d bands by Alp electrons was dis-
cussed in detail and the charge transfer was shown from
Al to a TM site. The possibility of magnetic ordering wa
studied for the Ni-Al system by the augmented spheri
wave ~ASW! method.14 Ferromagnetic ordering was onl
found for Ni3Al, with a value of the Ni magnetic moment b
an order of magnitude less than in pure Ni. Optical proper
of TM aluminides were studied by the linear muffin-tin o
6824 ©1999 The American Physical Society
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PRB 59 6825ONSET OF MAGNETISM INB2 TRANSITION-METAL . . .
bital ~LMTO! method15 and by the linearized-augmente
plane-wave~LAPW! method16 for NiAl and CoAl. The ex-
perimental absorption maxima were found to be correlate
the band structure of these alloys.17 Further details of the
electronic structure of these compounds were studied
comparing the data from electron energy-loss spectrosc
with theoretical investigations performed by the LMT
method.18 The trends in the chemical bonding and the ph
stability of transition metal aluminides with equiatomic com
position have been studied by the full-potential lineariz
augmented plane-wave~FLAPW! method.7 A review of
electronic structure calculation results, along with ba
structures, densities of states and Fermi surfaces of many
aluminides can be found in Ref. 19. A recent study using
full-potential linearized augmented Slater-type orbi
method20 reports the formation energies and equilibrium v
ume of many 3d aluminides.

The equation of state and all zero-pressure elastic mo
for CoAl have been calculated21 also using the FLAPW
method. In addition, cohesive, electronic and magnetic pr
erties of the transition metal aluminides have been calcula
using the tight-binding linear muffin-tin orbital~TB-LMTO!
method.6 Here it was found that only FeAl retains a magne
moment, which has been mentioned above. These find
coincide with the results of earlier LMTO calculations f
NiAl and FeAl intermetallic compounds22 and withab initio
pseudopotential calculations23 for CoAl.

There are relatively few calculations aimed at the study
defects’ influence on the electronic and magnetic structur
TM aluminides.Ab initio electronic structure calculations fo
point defects in CoAl have been performed by Stefan
et al.5 within the KKR-Green’s function method. Herein th
perturbation of the potential was included at the sites wh
are nearest to the substitutional impurity. Earlier, Koe
et al.24 performed Green’s function calculations for vaca
cies in B2 aluminides by the LMTO-Green’s functio
method, but allowing only the potential at the impurity site
be perturbed. The LMTO method has been applied to st
the electronic structure of AS defects in FeAl where the po
defect was modeled by suitably chosen supercells.25 Finally,
the LMTO-CPA technique has been used for the calcula
of electronic and thermodynamic properties of disorde
NiAl alloys.26 In Ref. 27, the LMTO-CPA calculation result
are presented for discussing the order-disorder transitio
FeAl alloys.

The supercell approach has been used in order to s
the antiphase boundary in NiAl and FeAl~Refs. 28,29! as
well as point defects in these aluminides.29 Very interesting
results for the magnetism of Co-doped NiAl by FLAPW s
percell calculation have been obtained by Singh,30 and we
compare our findings with these results.

Although many studies have been performed up to n
the aspects of magnetism seen as a function of concentr
remains not completely clear in these compounds. The
pose of this paper is therefore to investigate the onse
magnetism in theb phase of ferromagnetic TM~Fe, Co, Ni!
aluminides. First-principles total energy calculations ha
been performed in order to determine the magnetic ph
stability of these alloys. The calculations are based
density-functional~DF! theory. We have applied the TB
LMTO method in order to solve the DF equations in the ca
to
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of near-stoichiometric ordered compounds with points
fects. The KKR-CPA has been used for disordered subs
tional alloys. We also present here the results of our sup
cell simulations for AS atoms and vacancies for bo
sublattices of the ordered compounds and compare t
with the results for completely disordered alloys in order
clarify the physical reasons for the magnetic instability
these systems.

This paper is organized as follows. Section II is devot
to the description of our calculational methods, in Sec. III
discuss the results of our TB-LMTO calculations for th
point defects. In Sec. IV we present the results for disorde
alloys, concentrating on Co-Al as the most interesting one
summary is given in Sec. V.

II. METHODS OF CALCULATION

The conventional linear muffin-tin orbital method in th
atomic spheres approximation~LMTO-ASA! as well as its
tight-binding formulation~TB-LMTO! have been well de-
scribed in the literature.31,32 Here we present only the rel
evant computational details.

We have used equal and space-filling atomic sphere r
on Al and TM sites in all calculations, scaling them with th
lattice constant when studying the volume trends. Accord
to the experience of previous studies~see, e.g., Ref. 33!, this
choice gives the best description of electronic densities
these systems in the ASA. Basis functions up tol 52 were
included for both constituent atoms explicitly, and thel 53
functions via the downfolding procedure.34 Combined cor-
rections have been included throughout, and the effec
nonlocal corrections~after Langreth and Mehl, Ref. 35! to
the local density approximation~LDA !, i.e., compared with
the exchange-correlation potential by von Barth and Hedi36

has been specially addressed and discussed. Since the a
of schemes incorporating the nonlocal functional forms
the exchange-correlation energy in terms of electron dens
they have been applied to many solid-state problems, inc
ing magnetic ones. Whereas the nonlocal corrections w
shown to improve the LDA-based description in many ca
~providing, e.g., the correct total energy hierarchies of m
netic phases!, one should keep in mind that they tend
underestimate the bonding and hence to lead to an over
mated equilibrium volume~otherwise typically underesti
mated within the LDA!. Moreover, the nonlocal correction
favor larger magnetic polarization. In some systems, wh
the interplay of magnetic properties and volume is cruc
one must be careful in applying the non-local-correc
schemes. In the present study, we in many cases refer to
results obtained both within the LDA and incorporating t
nonlocal corrections. Taken together, they provide reas
able error bars for the properties obtainable from a fir
principle calculation scheme.

The tetrahedron method integration37 have been per-
formed on the 16316316 mesh over the Brillouin zone
~BZ!, so that the total energy values cited below were c
verged against thek mesh enhancement within relevant di
its, important for the study of the volume trends. The ele
tronic structure of disordered Co-Al alloys have be
calculated using the fast KKR-CPA technique.38 The KKR-
CPA method is based on the multiple scattering theory.
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6826 PRB 59KULIKOV, POSTNIKOV, BORSTEL, AND BRAUN
this case the electronic Green’s function has to be calcul
self-consistently with the scattering path operator for
atom embedded into the ordered lattice of effective scat
ers. In addition, the potential for each constituent has to
brought to self-consistency in the CPA sense. Therefore
KKR-CPA we have two self-consistent procedures, t
leads to a number of numerical difficulties. An effective s
lution of this problem has been proposed in Ref. 38. Spe
cally, for the BZ integration the tetrahedron scheme w
complex energies is applied, and in the CPA loop the
trapolation approach with only few iterations is introduced
order to solve the CPA equation on the rectangular con
in the complex energy plane. As a rule, we used in
present work the same parameters for the energy integra
contour as described in Ref. 38. The necessarily mini
basis set includeds,p,d, and f orbitals for both TM and Al
atoms, at which all space-filling atomic spheres had the s
size. In this sense, the calculation setup was close to
used in TB-LMTO calculations for the ordered structure
Another similarity is that no frozen core approximation h
been used, i.e., both schemes are all-electron ones. The
ference is, TB-LMTO calculations were scalar-relativis
ones whereas KKR-CPA calculations were nonrelativis
but this difference seems to have only negligible effect
structural and magnetic properties of TM aluminides. Al
the effects of nonlocal density functionals have not be
studied in our KKR-CPA calculations. The exchang
correlation has been treated there in the LDA according
the Hedin-Lundqvist prescription39 for nonmagnetic system
and with spin scaling after von Barth and Hedin36 for mag-
netic alloys.

In contrast to the LMTO method where all energy eige
values are explicitly provided by matrix diagonalization a
the application of the tetrahedron method is straightforwa
the BZ integration is more involved in the KKR method.
order to trace thea priori unknown number of poles in th
energy-dependent determinant, we have divided the irred
ible part of the BZ into 1024 equivalent tetrahedra by
uniformly distributed mesh ofk points. While examining the
tetrahedra one by one, we have divided those where
phase of the integrand changes by more thanp/3 over the
volume into eight smaller tetrahedra, etc. This subdivis
allows us to reduce the number ofk points necessary to ob
tain the relevant precision by a factor of 2–2.5.

In consequence, 10–20 iterations using the modifi
Broyden scheme40 for accelerating the convergence ha
been sufficient in the potential loop, at which the CPA se
consistency being achieved inside each iteration for the
tential. The charge self-consistency has been used as the
vergency criterion, and the iterations have been perform
until the electronic density differences were stable to wit
1027. Apart from conventional total energy and electron
structure calculations within the CPA, we have used
fixed-spin-moment~FSM! procedure41 in order to analyze
the volume/magnetic moment total energy dependence
Co-Al alloys.

III. ELECTRONIC STRUCTURE OF POINT DEFECTS
IN CoAl AND FeAl COMPOUNDS

The above cited previous calculations of ordered Fe
CoAl, and NiAl compounds have shown that their electro
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structures are rather similar and related roughly by a rig
band shift, which is depending on the number of conduct
electrons and hence on the placement of the Fermi ene
This is illustrated by the electronic densities of states~DOS!
for these materials, which are shown in Fig. 1. The ferrom
netism of FeAl is perfectly consistent with the Stoner mod
as the Fermi level crosses the highest peak of a pronounc
two-peak DOS distribution. For CoAl and NiAl, the Ferm
level is outside of the region which is favorable for the on
of ferromagnetism.

Singh30 emphasized the existence of a peak in the ‘‘rigid
DOS between the positions of the Fermi level in CoAl a
NiAl. One can expect that tuning the number of conducti
electrons, e.g., doping NiAl with Co, would favor the a
pearance of the magnetic order. In Ref. 30, for example,
effect of substitutional Co in NiAl has been investigated in
sequence of supercell calculations with the FLAPW meth
An instability against ferromagnetism was found f
Co0.25Ni0.75Al and Co0.125Ni0.875Al compositions. Apart from
this, strong deviations from the rigid-band behavior we
found for doped systems, implicating that the onset of m
netism in these systems may also be strongly dependen
the short-range order.

In the present study, we are primarily interested in t
influence of local defects~vacancies and antisites!, which we
have introduced on both sublattices in FeAl as well as
CoAl. In order to suppress the defect-defect interactio
quite large supercells have been used. For examining
energetics~i.e., optimizing the lattice spacing for differen
defect configurations!, we have used supercells with transl
tion vectors (0,2a,2a),(2a,0,2a),(2a,2a,0) of the underly-
ing cubic lattice, i.e., including 32 atoms. For reasons
controlling and for the thorough study of the spatial char
and magnetic moment distribution, we have performed s
eral calculations with twice larger supercells, spanned up
the translation vectors (22a,2a,2a),(2a,22a,2a),(2a,2a,
22a). In the last case, the next translated defect appe
only as the ninth nearest neighbor within the correspond

FIG. 1. Local DOS of components in the nonmagnetic case
ordered FeAl, CoAl, and NiAl as calculated by TB-LMTO. Th
dashed line indicates the Fermi level.
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PRB 59 6827ONSET OF MAGNETISM INB2 TRANSITION-METAL . . .
sublattice. Since the calculations are fully self-consiste
they do probably provide a more accurate description of
screening of defects as was previously obtained with the
of KKR-Green’s function method,5 where the potentials only
at the defect site and its nearest neighbors were allowe
deviate from the perfect-crystal values.

It should be noted that in the present treatment we did
account for a possible lattice relaxation of neighboring ato
around a vacancy of any type, keeping in mind that su
relaxation cannot be reliably addressed in the ASA. To
knowledge, no such relaxation studies~with the use of any
full-potential scheme! have yet been done for the systems
question. According to Ref. 29, the relaxation around
vacancies in PdAl is up to 2.5%, and expectedly even les
FeAl, i.e., too small to have a noticeable effect on magn
moments.

As most interesting examples related to the developm
of magnetic properties, the local DOS at different sphe
around Fe and Co AS impurities in FeAl and CoAl a
shown in Figs. 2 and 3, correspondingly. The numerical d
for charge transfer values and magnetic moments in
atomic spheres of all defect systems studied are present
Table I. These data correspond to the lattice constana
55.40 a.u. that is about the equilibrium value for both o
dered FeAl and CoAl. In the discussion that concerns
bulk properties and defect formation energies~see below! we
refer to optimized equilibrium lattice spacings for defect s
tems, but this is not so important for discussing par
charges. The asymptotic value of the charge transfer wi
the perfect bulk is roughly recovered in the crystal aw
from defects. Some fluctuations in both charge transfer
magnetic moments, however, prevail and are discussed
low.

FIG. 2. Local DOS at the AS Fe defect and its several neighb
in FeAl as calculated by TB-LMTO. The dashed line indicates
Fermi level.
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It is well known that the charge transfer is not unique
determined, since it depends on the choice of atomic sph
or cells between which the charge flow occurs. Moreov
because of different localization degree and spatial distri
tion of charge in different solids it does not make sense
discuss the charge transfer accompanying, e.g., the forma
of a compound from elemental constituents. This has b
discussed at length by Schulz and Davenport for 3d alu-
minides in Ref. 42. With this in mind, we compare in Tab
I the uncompensated chargesQ in equal-sized atomic sphere
at Al and TM sites in perfectly ordered aluminides. Charg
induced perturbations~Friedel oscillations! around the de-
fects also can be found in Table I. We emphasize that not
absolute values ofQ, but their changes over shells of neig
bors to a defect are meaningful and of primary interest he
The interesting feature seen in Table I is that both Fe-AS
Al-AS defects are less charged as compared to respec
bulk atoms of the ordered alloy. This is not surprising b
cause the electronegativity of the nearest neighbors is
same in both cases.

The general trends for the Fe-Al system could be alre
expected based on the rigid-band model. Since the elec
transfer in the ordered alloy occurs from Al to TM, the wa
to lower the concentration of electrons at the TM site a
substitution of Al with a TM atom, or vacancies of any kin
The Al-AS substitution, on the other hand, is unfavorable
magnetism, as can be seen from Table I. The Fermi energ
ordered FeAl crosses the upper slope of a high peak. Acc
ing to the rigid band picture, the decrease in the Al→Fe
charge transfer leads to an increase of the local DOS valu
the Fermi energy and thus favor the increase in the magn
moment in the framework of Stoner theory.

Consistently with this it is seen from Table I that th

rs
e

FIG. 3. Local DOS at the AS Co defect and its several neighb
in CoAl as calculated by TB-LMTO. The dashed line indicates t
Fermi level.
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TABLE I. Uncompensated number of electrons in the atomic sphereQ and local magnetic momentsm in perfect ordered FeAl, CoAl and
over shells of atoms around point defects in these alloys. The results are from 32-atom supercell calculations with nonlocal e
correlation potential anda55.40 a.u.

Distance, Atom FeAl CoAl
units of a Q m,mB Q m,mB Q m,mB Q
Sites in perfect bulk Fe Al Co Al

20.240 0.761 0.240 20.036 20.330 0 0.330

Fe antisite Al vacancy Co antisite Al vacancy
0.000 TM or vac. 20.021 2.239 21.089 0.029 20.061 1.526 21.047
0.866 TM 20.204 0.759 20.019 1.406 20.280 0.143 20.131
1.658 20.247 0.648 20.284 0.534 20.337 0.027 20.358
1.000 Al 0.254 20.039 0.288 20.052 0.350 20.011 0.387
1.414 0.235 20.042 0.200 20.051 0.325 20.010 0.296
1.732 0.233 20.028 0.178 20.049 0.316 20.001 0.269
2.000 0.236 20.023 0.236 20.038 0.324 20.004 0.319

Al antisite Fe vacancy Al antisite Co vacancy
0.000 Al or vac. 0.180 20.022 21.064 20.006 0.157 0 21.076
0.866 Al 0.204 20.027 0.382 20.026 0.278 0 0.454
1.658 0.250 20.034 0.215 20.046 0.343 0 0.313
1.000 TM 20.282 0.392 20.204 0.838 20.373 0 20.310
1.414 20.242 0.643 20.282 0.635 20.322 0 20.350
1.732 20.234 0.758 20.299 0.603 20.316 0 20.370
2.000 20.202 1.199 20.206 1.454 20.333 0 20.358
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magnetic moment of Fe as an AS defect~see also Fig. 2! or
as a neighbor to the Al vacancy is enhanced simultaneo
with the decrease of the charge transfer onto these sites
cause of such a locally changed charge transfer thelocal
DOS at the defect site is affected in a rather complica
way, different from what one would expect from rigid-ban
considerations. The local DOS at the AS Fe, which is
central atom of the Fe9 nearest-neighbor cluster, acquir
certain similarity with the DOS of pure bcc Fe with its ha
filled minority-spin subband. Furthermore the magnitude
the local magnetic moment is quite close to that of bulk
This is consistent with the fact that practically no char
transfer occurs between the central Fe atom and its ne
neighbors. From the experimental studies43 the local moment
has been estimated to fall within the range of 4 to 5.4mB ,
depending on the vacancy concentration. According to
calculation, the cluster of nine Fe atoms including the
develops 8.3mB . The local DOS of Fe atoms which are mo
distant from the defect@Fe~1

2
1
2

1
2! and Fe~3

2
3
2

3
2! in Fig. 2# be-

come rapidly resembling that of Fe in ordered magne
FeAl. It is noteworthy that the spin-up subband is essenti
filled, so that any subsequent removal of electrons may t
place primarily from the minority-spin subband and thus
crease the magnetic moment. Therefore one should exp
clear correlation between fluctuations of charge transfer
those of local magnetic moment over shells of distant
neighbors. Apart from the Fe-AS atom, the pronounced
hancement of the magnetic moment, compared to the a
age value in the ordered alloy, occurs for Fe atoms which
first neighbors to the vacancy at the Al site.

From all four defects considered in the Co-Al syste
only the Co-AS develops a magnetic moment which is
agreement with previous observations based on the K
Green’s function calculations of Stefanouet al.5 Quantita-
ly
e-
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tively, our results differ only slightly from those of Ref. 5
our magnetic moment at the AS Co (1.53mB) is almost the
same as in pure elemental Co (1.72mB experimentally;
1.55mB as calculated, e.g., in Ref. 6! against 1.22mB in Ref.
5. The total moment at the cluster of nine Co atoms
2.67mB(2.06mB in Ref. 5!. This difference is probably re
lated to the fact that the magnetic moments are attribute
space-filling atomic spheres, which we used in our ca
compared to nonoverlapping muffin-tin spheres in the KK
Green’s function approach.

An unusual feature in Table I is that in two cases, nam
for the Fe vacancies and for the Al AS in FeAl, the Fe ato
which aremost distantfrom the defect exhibit quite large
magnetic moments. This is most probably an artifact rela
to a yet too small supercell size. This artifact, which is qu
stable against the changes in the calculation setup~more
densek mesh in the BZ integration, etc.!, was not reported in
earlier LMTO supercell calculations by Gu and Fritsche25

They used the same geometry of the 32-atoms supercell~for
AS defects! as we did and of course obtained much simi
results for the magnetic moments in the vicinity of defec
Our explanation for the artifact is the following: Magnet
moments within different shells of Fe neighbors surround
the defect exhibit long-range oscillations around the b
value of 0.76mB , as is seen from Table I. For the Fe atom
most distant from the vacancy at Fe and from the Al A
which are both situated at 2a from the defect, the oscillations
just tend to be positive. In our particular supercell geome
there is only one of such an Fe atom per supercell, whic
the same time is the~fourth nearest! neighbor to six defect
sites. The constructive interference of these oscillations c
ing from six defects is pinned at a single atom, resulting
an anomalously high magnetic moment. In a real defect c
tal with no ordering in the mutual orientation of defects the



d

o
o

er
he
se
rt

pe
c
ou
tio
et
s
th
pi

m
ag
e
,
e
lfi
t

the
ilar
er
ces
-

ith
s

lcu-
l
out

yer,
ent

s of
ior.
nt
in-
tal

s
cy
les
s

t
d

h
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is no physical reason for such a high moment to be pinne
any site far from the defect.

In order to prove that the explanation given above is c
rect, we have performed the calculations for supercells
increased size~including 64 atoms! for two defect types in
question. The magnetic and charge distributions over sph
are shown in Fig. 4 in comparison with the data for t
32-atom supercells, which are listed in Table I. One can
that, while the anomalous magnetic moment at the fou
neighboring Fe site is considerably reduced in a larger su
cell, the trends in the vicinity of defects are not as mu
affected. Therefore the use of 32 atom-supercells for
subsequent analysis is justified. An additional observa
seen from Fig. 4 is that charge fluctuations and magn
fluctuations over spheres behave almost identically. Thi
due to the manifestation of the above mentioned feature
local charge fluctuations affect essentially the minority-s
subband and hence the net magnetic moment.

For CoAl, the Fermi energy is placed near the minimu
between twod peaks and therefore leads to a loss of m
netic moment in spite of decreasing of charge transfer du
the charge-induced perturbations around the Co vacancy
vacancy, and Al-AS defects. Only the Co-AS defect provid
a sufficient decrease in the charge transfer in order to fu
the Stoner condition and to create the magnetic momen
this site.

FIG. 4. Charge transfer~left scales! and magnetic moment
~right scales! over shells of Fe neighbors to AS Al and Fe vacan
in FeAl. Dots: calculation results for 32 at. supercells; open circ
for 64 at. supercells. Dashed lines indicate the asymptotic value
charge transfer and magnetic moment in ordered FeAl.
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It is necessary to point out that planar defects, like
surface, may be expected to affect the magnetism in a sim
way as point defects do. In particular, FLAPW seven-lay
slab calculations, performed in order to simulate the surfa
of FeAl and CoAl compounds,44 resulted in a magnetic or
dering for FeAl~100! and CoAl~100! surfaces, while
NiAl ~100! was magnetically dead. The Fe surface atom w
a magnetic moment of 2.57mB has up to 0.25 electrons les
than the next iron layer atom with a moment of 0.67mB —
this is the same trend, but more pronounced, as in our ca
lation for a Fe atom neighboring the ‘‘cavity’’ of the A
vacancy. In the case of CoAl, the surface atom loses ab
0.3 electrons as compared to the atom in the next Co la
which results in the enhancement of the surface Co mom
to 1.12mB .

The changes in the total energies due to the variation
the lattice constants exhibit the expected parabolic behav
This is shown in Fig. 5, where the results for two differe
exchange-correlation potentials are presented. Table II
cludes the results obtained by a parabolic fitting of the to

:
of

FIG. 5. Total energy~dots, left scale! and magnetic momen
~crosses, right scale! per formula unit vs lattice constant in ordere
FeAl and CoAl as calculated by TB-LMTO in the LDA and wit
nonlocal corrections~LMH !.
TABLE II. Cohesive properties~eV! at equilibrium lattice constantsa ~a.u.! of FeAl, CoAl, and NiAl.

FeAl CoAl NiAl
Energy a Energy a Energy a

Formation energy
Experiment~Ref. 45!
and as cited in~Ref. 6! 20.26 5.409 20.56 5.408 20.64 5.456
TB-LMTO ~Ref. 6! 20.50 5.364 20.75 5.317 20.77 5.377
FLASTO ~Ref. 20! 20.42 5.330 20.70 5.354
Present work: OrderedB2 20.40 5.397 20.66 5.354 20.71 5.422
Present work: Disordered 20.23 5.366 20.38 5.367 20.53 5.410

Magnetic energy
OrderedB2 20.02
Disordered 20.05 0.00
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energy data. As pointed out in Sec. II, the data related
ordered compounds, as well as the defect formation ener
have been obtained with nonlocal corrections to the
change correlation, whereas the data for disordered al
~discussed in more detail below! result from the calculations
within the LDA. The calculated equilibrium lattice constan
are consistently underestimated by about 1%, with some
better agreement to the experimental data in the case w
the nonlocal corrections have been included. The compar
with the results of earlier TB-LMTO calculations6 for or-
dered TM aluminides, obtained within the same formali
but in the LDA, reveals that the nonlocal corrections to t
LDA produce indeed a systematic improvement of all co
sive properties for the alloys under consideration.

The cohesive properties have been calculated at equ
rium volumes and are compared with the experimental d
available. The experimental data in Table II are from th
mochemical formation energy measurements; the total
ergy of the constituent solids are taken at the equilibri
volume in their respective ground-state structures, i.e., fcc
and Ni, hcp Co, and bcc Fe~ferromagnetic Fe, Co, and Ni!,
calculated with the same setup as used for alloys. The t
energies in the TB-LMTO calculation have been also mi
mized for the defect supercell systems, thus accounting f
uniform lattice dilatation around defects. The correspond
lattice constants are shown in Table III.

It is noteworthy to mention that the calculated heats
formation come out systematically overestimated for all
dered compounds, but to a less extent in the present w
than in earlier TB-LMTO calculations6 with local exchange
correlation. On the other side, they are systematically un
estimated by about the same margin in the KKR-CPA cal
lations ~see next section!. Apparently, the properties of rea
systems fall between the two extremities of complete sub
tutional disorder and complete ordering with point defec
which are addressed in the present study.

In our calculations ordered CoAl and NiAl fail to develo
any magnetic ordered state in agreement with all previ
calculations, while FeAl has both ferromagnetic~FM! and
nonmagnetic solutions. The earlier LMTO~Ref. 22! and TB-
LMTO ~Ref. 6! studies found the nonmagnetic solution
the ground state within the LDA; our calculation with th
LDA puts the magnetic solution minutely lower in energ
actually one cannot reliably claim this~see Fig. 5!. With
nonlocal corrections included to the exchange correlat
the ferromagnetic ground state clearly gains in energy w
respect to the nonmagnetic state. The values of the mag
moment~per cell! for different values of lattice constant ar
also shown in Fig. 5. As is consistent with other studies
magnetic systems, the nonlocal exchange-correlation re
in somehow larger values of magnetic moments. It should
noted also that ASW fixed-spin-moment calculations33 pro-
vided, in addition, the antiferromagnetic~AFM! state with an

TABLE III. Equilibrium lattice constantsa ~a.u.! from TB-
LMTO supercell calculations.

TM vacancy Al vacancy TM antisite Al antisite

FeAl 5.404 5.401 5.387 5.424
CoAl 5.355 5.337 5.341 5.381
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energy difference between FM and AFM states of only
tenths of a mRy. Since three possible ground states have
small energy differences, one can conclude that the for
tion of a spin-glass state seems plausible in the Fe-Al syst
The existence of the spin-glass state was indeed detecte
Ref. 8.

IV. ELECTRONIC STRUCTURE
OF DISORDERED ALLOYS

While the supercell approach aims at studying point
fects in otherwise perfect alloys, the limiting case of t
ultimate substitutional disorder can be treated by the KK
CPA approach. Here an atom of each species in the la
with the probability equal to its concentration can be cons
ered as an impurity in the effective medium, and w
complementary probability — as the AS defect. We ha
performed such calculations for FexAl12x , CoxAl12x, and
NixAl12x alloys in the range of compositionsx50.4 to 0.6.
From the series of KKR-CPA calculations for different allo
compositions and different volumes per atom we have de
mined the equilibrium lattice parameters. Their values fox
50.5 are also listed in Table II. In Fig. 6 we show the resu
of these calculations for Co-Al and Fe-Al systems for bo
ferromagnetic and nonmagnetic solutions. The magnetic
lution is missing in CoxAl12x only for x50.4. For NixAl12x
no magnetic solution has been found in the whole range
concentrations, which have been studied in this contribut

As it is shown in Fig. 6 the Co0.5Al0.5 alloy exhibits the
ferromagnetic solution, in contrast to the ordered CoAl co
pound~see Fig. 5!. The total energy difference between fe
romagnetic and nonmagnetic ground states is, however,
tremely small, as is listed in Table II. The magnetic mome

FIG. 6. Total energy~per atom! vs lattice constant in disordere
Fe-Al and Co-Al for several concentrations as calculated by KK
CPA, for paramagnetic~PM! and ferromagnetic~FM! solutions.
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at the Co site is 0.47mB near the transition point to the non
magnetic state. The ferromagnetic state disappears u
pressure but becomes clearly the favorable one for incre
volumes in this system.

In order to investigate the type of magnetic instability, w
have performed the FSM analysis for the Co0.5Al0.5 alloy,
with the total energy calculated as a function of fixed ma
netic moment and lattice constant. The results of these
culations shown in Fig. 7 indicate the presence of a sad
point between magnetic and nonmagnetic solutions. It me
that the phase transition between ferromagnetic and nonm
netic states occurs as a first-order transition. At the mom
this is only a theoretical prediction, since the fully disorder
CoAl alloy was not obtained experimentally and, moreov
the magnetic transition is expected to occur for a someh
expanded lattice. However, this transition can be seen
kind of pressure-induced transition in the case of Co-r
disordered alloys, as follows from Fig. 6, and it has be
really found at low temperatures in the Co0.6Al0.4 alloy.3

For Fe-Al disordered alloys, the ferromagnetic solutio
exist over the whole range of composition 0.4,x,0.75,
which has been covered in the present work. The results
shown in Fig. 6. The energy difference between ferrom
netic and nonmagnetic solutions increases for Fe-rich di
dered alloys, and for the Fe0.5Al0.5 alloy we obtain the ferro-
magnetic ground state already within the LDA approa
~see, also, Table IV!. Only for the casex,0.4 can the non-
magnetic solution be more stable. It is interesting to point
that for both Co-Al and Fe-Al disordered alloys the min
mum of the formation energy coincides with the stoich
metric composition. On the contrary, for the Ni-Al alloy th
minimum is shifted to a higher concentration of the transit
metal.

The Fe-Al alloys, annealed from high temperatures in

FIG. 7. Total energy vs lattice constant and magnetic mom
calculated by FSM KKR-CPA for disordered Co0.5Al0.5.
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der to obtain the perfect disordered state, show the magn
zation in a broad range of compositions.2 We compare these
experimental values with the calculated KKR-CPA magne
zation per unit cell in Fig. 8, where also the local magne
moments for Fe and Al atoms are given. Actually, the cal
lated magnetization decreases slower with the Al concen
tion than it does in the experimental findings. This can
explained by the change of disordering degree with conc
tration in the actual samples. The comparison between
experimental and the calculated dependencies of the la
constant supports this possibility~see Fig. 8!. The experi-
mental dependence of the lattice constant on composi
can be considered as an averaging over local variation
spacing around randomly distributed defects, as affec
e.g., by the heat treatment. The KKR-CPA calculation,
the contrary, gives the equilibrium volume as a smoo
monotonic function of the iron concentration. As usual, t
magnetization is a function of the equilibrium volume, a
an extended lattice provides a larger value of the magnet
tion. In order to get more insight into the volume trends
disordering, the data on equilibrium lattice constants for
fect systems, as estimated from our supercell calculati

nt

TABLE IV. Disordered alloys formation energies~eV!.

Alloy x electron/atom ferro para

FexAl12x 0.4 5.00 20.25 20.23
0.5 5.50 20.28 20.23
0.55 5.75 20.28
0.6 6.00 20.28 20.20
0.65 6.25 20.26
0.7 6.50 20.25
0.75 6.75 20.22

CoxAl12x 0.4 5.40 20.36
0.5 6.00 20.38 20.38
0.6 6.60 20.36 20.34

NixAl12x 0.4 5.80 20.45
0.5 6.50 20.53
0.6 7.20 20.55

FIG. 8. Theoretical KKR-CPA~open circles! and experimental
~dots! concentration dependence of the lattice constant and the m
netic moment in the Fe-Al alloys.
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~see Table III!, may be of some use. We did not allow fo
local ~breathing! relaxations of neighbors around the defe
because such energy evaluations might not be sufficie
reliable in a calculation done with the ASA. The trends in t
uniform lattice expansion, simulating in this case the eff
of a lattice dilatation around defects, are usually quite rob
and reasonably obtainable in the ASA. The equilibrium l
tice constant for a system with an Al-AS defect is 5.424 a
whereas that with an Fe-AS defect is 5.387 a.u. The o
possibility to understand the experimental trend seen in
8, i.e., that the lattice constant is relatively independent
the Fe concentration, is to assume the existence of Al ant
defects even at elevated Fe concentration.

It is very useful to compare the DOS for the disorder
alloys series Ni-Al, Co-Al, and Fe-Al as we do in Fig. 1 fo
ordered compounds. This comparison is shown in Fig. 9.
becomes evident from our results, the rigid-band model
plies better for any fixed TM-Al composition with differen
TM components than for the same alloy with different co
centrations. In particular, the low-energy structure at ab
20.3 eV is present for Ni-Al, Co-Al, and Fe-Al alloys with
60% of TM but it disappears for the alloys with smaller T
concentrations. Also, the sharpness of the peak at the F
energy remarkably changes with the concentration.

The main features of the DOS profiles for ordered co
pounds are assigned by Zou and Fu,7 in the order of increas-
ing of energy, to the bonding, nonbonding~the peak just
below EF in NiAl ! and antibonding states~Fig. 1!. A
‘‘pseudogap’’ separating the bonding and nonbonding sta
remains well defined in all DOS calculations for order

FIG. 9. Total DOS for several concentrations of disordered
Al, Co-Al, and Ni-Al alloys as calculated by KKR-CPA.
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compounds. As is shown in Fig. 9, the nonbonding struct
completely disappears for disordered alloys. The tende
for the disappearance of the nonbonding peak can alread
traced in Figs. 2 and 3 for the AS local DOS, but only t
complete disorder leads to the total smearing out of this D
feature. This effect is favorable for the magnetism, wh
develops in Co-Al disordered alloys. On the other hand,
disorder reduces the formation energy~see Table II! because
the Al to TM charge transfer requires that a late TM ato
has as many Al atoms as its nearest neighbors as possib
order to facilitate the charge transfer and the bonding hyb
ization.

V. CONCLUSION

We have shown in this paper that the onset of magnet
in the Ni, Co, and Fe aluminides is closely related to t
defect structure of these compounds. Among the perfe
ordered 1:1 compounds, only FeAl retains a magnetic m
ment of 0.76mB per atom. In CoAl and NiAl the magnetic
moments are totally quenched due to thed-band population.
However, in the case of TM-AS defects the value of t
magnetic moment for a Fe defect is the same as for a p
bcc iron atom. A large magnetic moment also appears for
Co-AS defect. All nearly disordered Fe-Al alloys exhibit
ferromagnetic ordering over the range of compositions 75
to 40 at. % of Fe, i.e., the existence range of theB2 phase. In
Co-Al disordered alloys, the onset of ferromagnetism occ
only for a Co concentration larger than 50 at. %. The Ni-
alloys do not show any magnetic ordering.

The Friedel oscillations around the defects are favora
for the enhancement of magnetic moments in the ferrom
netic FeAl matrix. It means that any defect creates an
hancement of the magnetic moment on neighboring Fe
oms, as charge transfer to these atoms decreases. In
paramagnetic Co-Al matrix, however, these oscillations
only sufficient for creating magnetic moments on Co sit
which are directly neighbors to the Co AS impurities.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungs
meinschaft. N.I.K. thanks the University of Osnabru¨ck for
the kind hospitality during his stay there. Useful comme
by J. Kudrnovsky´ are appreciated.

-

G.P.

’d,
1R.J. Wasilewski, J. Phys. Chem. Solids29, 39 ~1968!.
2L.G. Booth, H.P.J. Wijn, and G. Zibold,Numerical Data and

Functional Relationships in Science and Technology, Landolt-
Börnstein, New Series, Group III: Crystal and Solid State Ph
ics, Vol. 19, Magnetic Properties of Metals, subvolume b Allo
and Compounds of d-Elements with Main Group Elements, P
~Springer, Berlin, 1987!, p. 363.

3D.J. Sellmeyer, G.R. Caskey, and J. Franz, J. Phys. Chem. S
33, 561 ~1972!.

4A. Amamou and F. Gautier, J. Phys. F4, 563 ~1974!.
5N. Stefanou, R. Zeller, and P.H. Dederichs, Phys. Rev. B35,

2705 ~1987!.
-

1

ids

6V. Sundararajan, B.R. Sahu, D.G. Kanhere, P.V. Panat, and
Das, J. Phys.: Condens. Matter7, 6019~1995!.

7J. Zou and C.L. Fu, Phys. Rev. B51, 2115~1995!.
8P. Shukla and M. Wortis, Phys. Rev. B21, 159 ~1980!.
9A.J. Besnus, A. Herr, and A.J.P. Meyer, J. Phys. F5, 2138

~1975!.
10A.N. Bashkatov, L.P. Zelenin, F.A. Sidorenko, and P.V. Gel

Phys. Met. Metallogr.31, 46 ~1971!.
11M.J. Cooper, Philos. Mag.8, 805 ~1963!.
12V.L. Morruzzi, A.R. Williams, and J.F. Janak, Phys. Rev. B10,

4856 ~1974!.
13C. Müller, W. Blau, and P. Ziesche, Phys. Status Solidi B116,



.

B

ys

.M

g

,

-

PRB 59 6833ONSET OF MAGNETISM INB2 TRANSITION-METAL . . .
561 ~1983!; C. Müller, H. Wonn, W. Blau, P. Ziesche, and V.P
Krivitskii, ibid. 95, 215 ~1979!; C. Müller and P. Ziesche,ibid.
114, 523 ~1982!.

14D. Hackenbracht and J. Ku¨bler, J. Phys. F10, 427 ~1980!.
15D. Knab and C. Koenig, J. Phys.: Condens. Matter2, 465~1990!;

C. Koenig and M.A. Khan, Phys. Rev. B27, 6129~1983!; J.M.
Koch and C. Koenig, Philos. Mag. B57, 557 ~1988!.

16Kwang Joo Kim, B.N. Harmon, and D.W. Lynch, Phys. Rev.
43, 1948~1990!.

17K. Schlemper and L.K. Thomas, Phys. Rev. B50, 17 802~1994!.
18G.A. Botton, G.Y. Guo, W.M. Temmerman, and C.J. Humphre

Phys. Rev. B54, 1682~1996!.
19D. Singh, inIntermetallic Compounds, edited by J.H. Westbrook

and R.L. Fleischer~Wiley Chichester, 1994!, Vol. 1, p. 127.
20R.E. Watson and M. Weinert, Phys. Rev. B58, 5981~1998!.
21M.J. Mehl, J.E. Osborn, D.A. Papaconstantopoulos, and B

Klein, Phys. Rev. B41, 10 311~1990!.
22B.I. Min, T. Oguchi, H.J.F. Jansen, and A.J. Freeman, J. Ma

Magn. Mater.54-57, 1091~1986!.
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