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Ab initio electronic structure calculations for point defects in CoA1 and CoGa
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Self-consistent, first-principles calculations are presented for the electronic structure of some

point defects in the binary alloys CoA1 and CoGa. All possible structural defects —i.e., antistructure
atoms and vacancies —as well as 3d transition-metal impurities on both sublattices are considered.
The calculations are based on the Korringa-Kohn-Rostoker Green's-function method and on
density-functional theory in the local-spin-density approximation. The calculated densities of states,
charge transfers, and magnetic moments are discussed and compared with the results of other
theoretical calculations and the available experimental data.

I. INTRODUCTION

The electronic and magnetic properties of CoM
(M =Al, Ga) intermetallic compounds have been the focus
of interest of many experimental investigations in recent
years. The CoAl and CoGa systems are isoelectronic and
exhibit similar behavior. The P phase in these binary al-
loys crystallizes in the B2 (CsC1) structure and persists
over a wide composition range: 46—58 at. % Co for CoA1
(Ref. 1) and 44—65 at. % Co for CoGa (Ref. 2). The per-
fectly ordered compounds are nonmagnetic, ' but even
small disorder leads to the occurrence of local mo-
ments. ' ' For deviations from stoichiometry, two kinds
of structural defects are mainly responsible: vacancies on
the Co sublattice and Co antistructure (AS) atoms on the
M sublattice, these two types of defects being present even
at the equiatomic composition. There is a common
agreement in the literature that Co AS atoms are respon-
sible for the magnetic properties of these compounds and
several authors have tried to deduce from magnetic mea-
surements the moment per Co AS atom. It is widely be-
lieved that each Co AS defect is associated with an effec-
tive moment of -5pz, ' ' ' ' but also more complex
models have been proposed ascribing magnetic behavior
only to clusters of AS atoms while a single AS defect car-
ries no moment. ' Moreover, above a critical Co concen-
tration of 60.6 at. % for CoA1, magnetic interactions be-
tween local moments lead to the appearance of a per-
manent magnetization at low temperatures. In CoGa
Meisel et al. '" identified also at low temperatures a
phase transition from a spin glass to a ferromagnetic re-
gime, at a concentration of 56 at. %%uoCo, an dpropose da
magnetic phase diagram for slowly cooled CoGa alloys in
the P phase. It must be pointed out that the distribution
of the structural defects is very sensitive to the heat treat-
ment which is used. Alloys quenched from high tempera-
tures contain heavy concentrations of Co vacancies as well
as large clusters of magnetic defects, as is apparent from
neutron scattering experiments. On the other hand, in
slowly cooled samples there are many fewer vacancies and
the Co AS atoms are more homogeneously distributed
than in quenched alloys. '

The study of further alloy series of the type
Co2Ga2 „T„(0&x& 1), where T is a 3d transition metal

has also attracted special interest. Magnetization, neutron
and x-ray diffraction as well as small-angle neutron
scattering experiments, together with Mossbauer studies
have been performed in order to investigate the structural
and magnetic properties of these compounds. ' It was
found that Ti, V, Cr, Mn, and Fe exercise site selectivity
by substituting for Ga atoms. As x =1 is approached in
the alloy series, the transition-metal atoms exhibit a
preference for one of two apparently identical Ga sites, re-
sulting in the doubly ordered Heusler structure. ' ' For
Ni, neutron diffraction data are consistent with a model
in which Ni atoms favor Co sites with displaced Co atoms
moving to the Ga sublattice. On the other hand, for Cu
the experimental results do not allow one to discriminate
at small dilutions between the situations where Cu atoms
occupy Ga sites or are equally distributed on all sites.
Diffuse neutron scattering data in Co2Ga2 T„
( T =Ti,V,Cr, Mn, Fe) suggest that Cr, Mn and, Fe atoms
are magnetic and behave analogously to the Co AS de-
fects, whereas Ti and V atoms do not carry a moment.
Ferromagnetism is observed as the transition-metal con-
centration increases above a critical value corresponding
to x =0.50, 0.25, and 0.10 for Ti, V, and Cr alloys, respec-
tively. ' ' In the case of Mn and Fe the critical concen-
tration was reported to be above 1.25 at. % Mn or Fe sub-
stitutions. ' For T =Ni, Cu the transition to the fer-
romagnetic regime was observed at x=0.45 and 0.40,
respectively.

From theoretical point of view, the band structure of
the ordered stoichiometric CoA1 and CoGa compounds
has been investigated by several authors, but there
are very few calculations of the electronic structure of
point defects in these alloys. Benesh and Ellis per-
formed self-consistent cluster calculations in order to
describe the electronic structure of isolated transition-
metal impurities T( =Ti,V,Cr,Co) in CoGa, using a varia-
tional linear combination of atomic orbitals (LCAO s)
scheme. In general, they find a strong dependence on the
size of the cluster. The largest considered clusters
TCo8Ga6Ga&2 turned out to be nonmagnetic. Recently,
Koch et al. ' performed first-principles Green's-
function calculations for vacancies in VA1, FeA1, CoA1,
NiA1, and CoGa by the linear muffin-tin orbital (LMTO)
method in the atomic-sphere approximation (ASA). In
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these calculations it is explicitly assumed that only the
impurity potential is perturbed.

Since the cluster calculations are not conclusive with
respect to the magnetic properties of these complicated
systems, a more sophisticated numerical treatment is
desirable. This is the reason we have started the present
calculation, which is, in principle, similar to the one of
Koch et al. , ' ' but in addition includes also the per-
turbation of the neighboring atoms. In a previous paper
we have reported results for the electronic structure of AS
Co atoms and Co vacancies in CoA1. The aim of the
present work is to obtain a more complete picture of the
behavior of intrinsic defects and 3d impurities in CoAl
and CoGa. In addition to the Co AS atoms we calculate
the electronic structure of M AS atoms as well as Co and
M vacancies. We consider also all 3d impurities on both

I

sublattices and investigate the magnetic behavior of the
different defects in the CoM systems.

This paper is organized as follows: Sec. II is devoted to
the description of our calculational method. In Sec. III
we discuss our results and in Sec. IV we compare them to
the available experimental data.

II. CALCULATIONAL METHOD

Our calculational method is based on the multiple
scattering theory. The Green's function of the electrons,
which are multiply scattered by a collection of non-
overlapping muffin-tin potentials centered at positions R"
is expanded into eigensolutions of these spherically sym-
metric local potentials: '

G(r+R", r'+R";E)= —i6„„~Eg YI(r)Rp(r, E)Hp(r, E)YI(r')+ g YL(r)Rp(r E)GIL (E)Rp (r', E)YL(r'), (1)
L L,L'

in Rydberg atomic units. The position vectors r, r are restricted to the Wigner-Seitz cell and r &,r & are the smaller and
larger of r =

~

r
~

and r'=
~

r
~

. The subscript L =(l,m) denotes angular momentum quantum numbers and YL are real
spherical harmonics. The irregular HI" and regular R~" solutions of the radial Schrodinger equation for the nth muffin-
tin potential at energy E are defined by their asymptotic behavior outside the muffin-tin sphere of radius RMr
(r )RMz'):

HP (r,E)=hi(rV E ),
RP (r,E)=ji(r~E ) i~Et/ (E—)hi(rV E ), (2)

where jI,hI are the spherical Bessel and Hankel functions and tI the usual t matrix for the nth single potential.
The information about the multiple scattering between muffin-tins is contained in the structural Green s function ma-

trix GLL . It can be related to its counterpart for the host crystal by an algebraic Dyson equation:

GpL (E)=GLL" (E)+ g GLI.
" (E)It/ (E) t('" (E))GI".-L (E—),

n",L"
(3)

where the 0 superscript refers to the host. This equation
describes correctly and in a very efficient way the embed-
ding of the defect into the ideal crystal. In our calculation
the angular momentum expansion in the Green's func-
tions includes s, p, and d electrons, and the perturbation
induced by the defect is considered to be extended up to
the first shell of neighboring atoms. The perturbation of
outer host shells is neglected. The resulting 81&&81 ma-
trix equation (3) is solved using group theoretical
methods, which reduce the computational effort. The
one-electron effective potentials of the nine-atom cluster,
consisting of the defect and its eight first-nearest neigh-
bors, are determined self-consistently in the framework of
density functional theory. Exchange and correlation ef-
fects are included through the local spin-density approxi-
mation of von Barth and Hedin with the constants as
given by Moruzzi et al. The necessary charge density is
obtained for the valence states by complex energy integra-
tion of the Green's function up to the host Fermi level EF
using 32 complex energies and by considering the core
states as frozen. The use of an improved iteration
scheme accelerates considerably the convergence of the
self-consistency iterations.

The host crystal potential was calculated self-
consistently by the augmented spherical wave (ASW)

band-structure method with a lattice constant of 5.409
(5.442) a.u. for CoAl (CoGa). Since for the construction
of the host Green's-functions bands in a broad energy
range are needed, including the Ga 3d states and up to 20
(18) eV above EF for CoAl (CoGa), this potential is used
in an augmented-plane-wave (APW) band structure pro-
gram in order to obtain the expansion coefficients of the
Bloch function. Using these coefficients we calculate the
host structural Green's functions by a Brillouin-zone in-
tegral and a Kramers-Kronig transformation. ' The
necessary Brillouin-zone integrations are performed by the
tetrahedron method with 321 points in the irreducible
wedge.

Our calculations are limited due to two major approxi-
mations. First we completely neglect lattice relaxations
around the impurity and their possible effect on the elec-
tronic structure. Secondly the host potential perturbations
are restricted to the first shell. Therefore we cannot say
anything about induced charge perturbations and mo-
ments of more distant atoms, e.g., the next-nearest-
neighbor atoms. From our experience with calculations
for impurities in Pd (Ref. 37) where potential perturba-
tions in up to three shells are taken into account, we know
that the inclusion of more distant shells has very little ef-
fect on the local behavior. Therefore, we expect that the
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present results for the impurity and the nearest neighbors
change only very little if longer-ranged perturbations are
included.

III. RESULTS AND DISCUSSION

8.0- {a)

6.0—

A. Band structure of CoAl and CoGa

The band structure of the ordered CoA1 and CoGa al-
loys has been investigated by several authors and
presents similar features for these two systems. It is
characterized by a narrower d band than found in pure
Co. The overlap of d-wave functions of the Co atoms is
reduced because, being next-nearest neighbors to each oth-
er on a simple cubic sublattice with a lattice constant of
5.409 a.u. and 5.442 a.u. for CoA1 and CoGa, the distance
between Co atoms is larger than in pure Co (4.56 a.u. ),
leading to the band narrowing. On the other hand, the
hybridization with the s and mostly the p levels of M,
which lie above the Fermi level, leads to bonding states in
the lower part of the d band and to antibonding states in
the region above E~. Since the bonding states are mostly
centered at the Co site the number of Co d electrons con-
siderably increases and the number of M s and p electrons
decreases compared to the situations in elemental Co and
M, respectively. A total charge transfer of 0.42 and 0.40
electrons from Al to Co and from Ga to Co is obtained in
our band structure calculation, where the charges refer to
the number of electrons within Wigner-Seitz spheres of
equal size. Our results for the charge transfer agree quali-
tatively with those of the other theoretical calculations
and they are a few hundredths of an electron larger than
the LMTO values calculated by Koch and Koenig under
similar assumptions. A further consequence of the strong
hybridization is that the tendency for magnetism is
suppressed. As it is shown in Figs. 1 and 2, the Fermi en-

ergy lies in a region of low density of states, between a
high peak of mainly d, character and a smaller one of
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FIG. 1. LDOS of ordered CoA1. (a) Co site, (b) Al site.
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FIG. 2. LDOS of ordered CoGa. (a) Co site, (b) Ga site.

mainly d, character, so that the Stoner enhancement is

quite small.
An important qualitative difference between these two

binary alloys is the presence of the Ga 3d states near the
bottom of the band. These states are treated as core states
in the self-consistent ASW band structure calculation. In
the APW calculation the 3d states are treated as band
states leading to a narrow band at about 14.4 eV below
EF, with a width of about 0.6 eV. In the defect calcula-
tions we have included these states in the self-consistency
procedure.

B. Electronic structure of vacancies and M AS atoms

As mentioned above, the experimental data show that
vacancies occur preferentially on the Co sublattice, but in
order to have a more complete picture we calculate here
the electronic structure of vacancies on both sublattices.
The local densities of states (LDOS's) are shown in Figs. 3
and 4. They are characterized dominantly by s and p
states. Electrons tunnel from the neighbors into the va-
cancy region where a repulsive potential dominates. We
calculate 1.20 and 1.06 electrons within the vacancy
Wigner-Seitz sphere, on the Co and Al sublattice in CoA1.
In the case of CoGa the corresponding values are 1.14 and
0.97 electrons. The calculated vacancy charges are similar
to the ones obtained in other systems, e.g., in Cu (Ref. 32)
or FeAl (Ref. 29) or Fe and Ni (Ref. 38). On the con-
trary, Koch and Koenig calculated a much smaller elec-
tronic charge for vacancies in CoA1 and CoGa: 0.09 and
0.06 electrons on a Co and Al vacancy in CoA1 and 0.03
and 0.01 electrons on a Co and a Ga vacancy in Cooa.
Their calculation relies on a single site approximation and
an adjustment of a constant Madelung potential to satisfy
the Friedel's screening rule. Due to the low density of
states at the Fermi level for these binary alloys the total
screening charge is quite insensitive to the strength of the
defect potential, so that this procedure leads to very repul-
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FIG. 5. LDOS of AS Al atom (solid line) and Al atom of or-

dered CoA1 (dashed line).
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FIG. 3. LDOS of vacancy in CoA1 on the Al sublattice (a)

and on the Co sublattice (b).

sive vacancy potentials, which strongly repel the electrons
out of the vacancy cell. In the present calculation the
modification of potentials on the sites neighboring the va-
cancy are also taken into account in a self-consistent way
and consequently the calculated charge transfer into the
vacancy should be much more reliable.

The LDOS's on the Al and Ga AS atoms are shown in
Figs. 5 and 6. In both cases, the AS M s and p states are
shifted to lower energies compared to the M states in or-
dered CoM, so that a sharp s peak near the bottom of the
band occurs. The number of electrons on the AS Al is in-
creased by 0.38 and on the AS Ga by 0.56 with respect to

0.8 —
( u )

0.6—

0.4—

the corresponding M electronic charge in the pure host.
This can be explained by the fact that the AS Al and Ga
atoms have no nearest-neighbor Co atoms which would
push up their s and p states and which would lead to an
appreciable charge transfer. Therefore the AS Al and Ga
atoms are practically neutral. If we define the cluster
neutrality as the charge transfer difference between the
defect and the host system summed over all nine per-
turbed atoms, we find an almost neutral cluster in a11 the
cases (Table I).

C. 3d impurities on the M sublattice

We now discuss the electronic structure of the 3d-
transition impurities on the M sublattice in the CoM sys-
tems, including the case of Co AS atoms. The electronic
structure of these defects is strongly influenced by the
large overlap of the impurity d electrons with d electrons
of the eight nearest-neighbor Co atoms. We illustrate the
situation explicitly in the case of AS Co. The d overlap is
much larger than the one between next-nearest Co neigh-
bors in the ordered alloys. The results of paramagnetic
calculations, not allowing for spin polarization, are shown
in Figs. 7(a) and 8(a). Due to the strong hybridization, the
LDOS is split into a bonding state at lower energies and
an antibonding state at higher energies. Both regions are
separated by a deep minimum. The resulting LDOS is
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FIG. 4. LDOS of vacancy in CoGa on the Ga sublattice (a)
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TABLE I. Point defects in CoAl and CoGa. Number of electrons in the impurity X; p, cluster neutrality 5q, ~, moment in the im-

purity M; p and in the nine-atom cluster M, ~.

CQAl
Al sublattice

&imp

Aq, )

M'
p (pz per atom)

M„(~,)

Vacancy

1.06
—0.00

0
0

22T1

21.34
—0.01

0
0

23V

22.50
—0.02

0
0

'4Cr

23.71
—0.01

2.47
3.02

Mn

24.78
—0.01

3.32
4.54

Fe

25.87
—0.01

3.00
4.81

Co

27.08
—0.00

1.22
2.06

Ni

28 ~ 17
0.00
0
0

"Cu

29.16
0.00
0
0

'3Al

12.58
0
0
0

CoAl
Co sublattice

&imp

hq, )

M; p (p~ per atom)
M, ) (pg)

Vacancy

1.20
0.01
0
0

21.68
0.01
0
0

22.87
0.01
1.78
1.99

"Cr

24.05
0.01
1.79
1.84

Mn

25.21
0.01
0
0

26.33
0.01
0
0

27Co

27.42
0
0
0

Ni

28.45
—0.00

0
0

"Cu

29.41
0.00
0
0

"Al

12.96
0.01
0
0

CoGa
Ga sublattice

+imp
Aq, )

M; p (p~ per atom)
M, ) (pg)

Vacancy

0.97
—0.01

0
0

22T1

21.17
—0.01

0
0

23V

22.35
—0.02

0
0

24C

23.58
—0.01

2.02
2.69

Mn

24.68
—0.01

3.36
4.50

26Fe

25.76
—0.01

3.28
5.16

Co

26.92
—0.01

2.09
3.49

Ni

28.08
—0.00

0
0

29Cu

29.10
0.00
0
0

"Ga

30.60
0
0
0

CoGa
Co sublattice

&imp

Aq, )

M; p (pz per atom)
M, i (pg)

Vacancy

1.14
0.01
0
0

22T1

21.69
0.01
0
0

23V

22.87
0.01
1.04
1.11

24C

24.06
0.01
0.83
0.83

"Mn

25.19
0.01
0
0

Fe

26.31
0.00
0
0

27Co

27.40
0
0
0

28Ni

28.44
0.00
0
0

Cu

29.39
0.00
0
0

'Ga

31.15
0.01
0
0

I
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FIG. 7. (a) LDOS of paramagnetic AS Co atom (solid line)
and Co atom of ordered CoAl. (b) LDQS of spin polarized AS
Co atom (upper curve: majority spin states; lower curve:
minority spin states).

FIG. 8. (a) LDOS of paramagnetic AS Co atom (solid line)

and Co atom of ordered CoGa. (b) LDOS of spin-polarized AS
Co atom (upper curve: majority spin states; lower curve:
minority spin states) ~
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similar to the DOS of bcc transition metals, reflecting the
local symmetry of the AS atom and its eight Co neigh-
bors. Since the antibonding peak is close to the Fermi en-

ergy, the LDOS at EF is quite high indicating an instabili-
ty which leads to the formation of a local moment. The
total number of electrons on the AS atom is appreciably
smaller than the one on the host Co atoms (Table I). This
is due to the broadening of the local d bands induced by
hybridization which pushes d states above the Fermi level.
Partly this is also a consequence of the missing M nearest
neighbors, so that the sp-d hybridization leading to bond-
ing hybrids at lower energies is not so effective as for the
host Co atoms. As a result there is no appreciable charge
transfer to the AS Co atoms. We obtain a charge of 27.08
electrons for the Co AS atom in CoA1 and a slightly
smaller charge of 26.92 for the Co AS atom in CoGa.

Spin-polarized calculations yield the spin-split densities
of states shown in Fig. 7(b) for CoA1 and Fig. 8(b) for
CoGa. For the Co AS atom in CoA1 we obtain a moment
of 1.22pz, smaller than in elemental Co. The neighboring
Co atoms are weakly polarized with a moment of
0.10pz per atom, so that the total moment of the cluster
of nine Co atoms is 2.06pz. For CoGa the AS Co atom
has a larger moment, 2.09pz. Also the nearest neighbors
carry a slightly larger moment of 0.17pz per atom. Con-
sequently a total magnetic moment of 3.49pz is ascribed
to the nine atom cluster. The results of paramagnetic cal-
culations for 3d impurities on the Al site in CoA1 are
shown in Fig. 9. The corresponding results for CoGa are
very similar and therefore not given here. For the Ti im-
purity we obtain a broad antibonding d peak above the
Fermi energy and a weaker bonding feature at about 2 eV
below EF. With increasing valence the antibonding peak
shifts to lower energies and more intensity is transferred
to the bonding peak. For Cr, Mn, and Fe the antibonding
peak is located close to the Fermi energy, so that the
LDOS at EF is quite high. Spin-polarized calculations
therefore yield Cr, Mn, and Fe to be magnetic with mo-
ments of 2.47 (2.02) ps for Cr in CoA1 (CoGa), 3.32 (3.36)
ps for Mn and 3.00 (3.28) pz for Fe (see Table I). The
corresponding spin-split LDOS are shown in Fig. 10 for
Cr, Mn, Fe, and Co in CoAl. Again the LDOS of these
impurities in CoGa are very similar and not given here.
For V and Ni impurities the antibonding peak is still close
to the Fermi energy. However, the LDOS at EF is rather
small so that these impurities are nonmagnetic, both in
CoA1 and CoGa, as is confirmed by spin-polarized calcu-
lations.

The disagreement between our results and those of
Benesh and Ellis, who found Cr and Co impurities on
the Ga sublattice in CoGa nonmagnetic is most likely due
to the fact that their 27-atom cluster is inadequate to ob-
tain converged results for the magnetic properties of these
alloys. This is quite plausible since, as we have shown,
the occurrence of a local moment in CoGa depends
strongly on the LDOS at Ez; of these impurities which
cannot be calculated reliably in a cluster calculation.
Moreover, the clusters in general are not stoichiometric
and the outer shell contains either Co or Ga atoms. Both
might complicate the convergence behavior as a function
of the cluster size.

V
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FIG. 9. Paramagnetic LDOS of 3d impurities in CoAl on the
Al sublattice ( denotes non-spin-polarized calculation).

D. 3d-impurities on the Co sublattice

The behavior of 3d impurities on the Co sublattice is
quite different from the previous case. The d-d interac-
tion and the resulting splitting of the d band is rather
weak, since the Co atoms are now next-nearest neighbors
to the impurity. Similar to pure CoM there is however a
strong d-s and d-p hybridization with the neighboring Al
or Ga atoms. The calculated paramagnetic LDOS of the
impurities in CoA1 are shown in Fig. 11. In all cases we
observe a single sharp d state and some additional broader
d intensity within the range of the CoM d band. Whereas
for the Ti impurity the narrow d-peak is still located
slightly above EF, for V and Cr the peak is centered quite
close to EF. Therefore, one expects the formation of local
moments for V and Cr. The results of spin-polarized cal-
culations are shown in Fig. 12. The calculated local mo-
ments are 1.78 (1.04) pz for V and 1.79 (0.83) pz for Cr
in CoA1 (CoGa). The eight M neighbors are weakly po-
larized so that the resulting cluster moment is slightly
higher. For Mn and Fe impurities the situation is dif-
ferent. The local d peak is shifted below the Fermi energy
and the LDOS at EF is very low. Indeed, spin-polarized
calculations show that Mn and Fe are not magnetic. This
is quite surprising since it is usually Mn which has the
biggest moment of all 3d impurities in a given host, e.g. ,
in Cu or Ag. ' The physical reason for this unusual
behavior is the strong d-sp hybridization with the host M
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FICz. 10. LDOS of magnetic 3d impurities in CoAl on the Al
sublattice (upper curves: majority spin states; lower curves:
minority spin states).

atoms which pushes the 3d levels of these impurities
down to lower energies and kills the local moment. In
this respect the behavior is quite similar to the case of the
pure CoM alloy. Therefore we also observe a rather large
charge transfer to the 3d impurity, ranging from 0.21
(0.19) for Mn in CoAl (CoGa) to 0.45 (0.44) for Ni. On
the contrary, for the early transition-metal impurities
(Ti,V) the charge transfer reverses, due to the increase of
the atomic 3d level. We have investigated the transition
from a magnetic solution for Cr in CoA1 to a nonmagnet-
ic solution for Mn in more detail by performing calcula-
tions for fictitious noninteger nuclear charges between
Z =24 (Cr) and Z =25 (Mn). In Fig. 13 we have plotted

4—
I I

-8 0
E- EF (eV)

FIG. 12. LDOS of magnetic 3d impurities in CoA1 on the Co
sublattice (upper curves: majority spin states; lower curves:
minority spin states).

the resulting local moment versus the impurity nuclear
charge. The moment vanishes for Z ~ Z, =24.46. In the
vicinity of this transition the magnetic moment is propor-
tional to (Z, —Z)', as expected for a second-order phase
transition.

IV. COMPARISON WITH EXPERIMENTS
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In the case of Co AS atoms in CoA1 our calculation
confirms the experimental result that Co AS atoms are
magnetic. It also verifies the speculation proposed in
most of the experimental publications on this subject, that
localized moments due to a single Co AS atom are as-
cribed to a magnetic cluster associated with a group of
nine Co atoms.

Quantitative comparison of our value for the local mag-
netic moment with the experimental data is rather diffi-
cult because of disorder, clustering of Co AS atoms and
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FICs. 11. Paramagnetic LDOS of 3d impurities in CoAl on
the Co sublattice ( + denotes non-spin-polarized calculation).

FICr. 13. Magnetic transition in the 3d-series impurities on
the Co sublattice in CoAl (see the text).
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magnetic interaction between them, not taken into ac-
count in our calculation but occurring in the real alloy.
On the other hand, the interpretation of the experimental
data is also a difficult problem related to the questions
how to correlate magnetic susceptibility or magnetization
measurements with the isolated local moments and what
is the correct number of AS atoms for a given Co concen-
tration. Extrapolating their 4.2 K data for the magnetiza-
tion to zero external field Butler and co-workers' found
saturation moments between 1.5pz and 2.5pz per excess
Co atom for the data between 51% and 58% Co which
rather agree with our value. Sellmyer et al. derived local
effective moments of 5.9pz per AS Co from the tempera-
ture dependence of the susceptibility at concentrations
50.4% and 50.6% Co. The concentration of Co AS
atoms was defined using a simple excess model which
means that the presence of vacancies was completely
neglected. In this way, underestimating the number of Co
AS atoms the moment is overestimated. Wachtel and co-
workers ' used a defect mechanism taking into account
vacancies on Co sublattice and Co AS atoms. They
deduce the AS Co concentration from the Co vacancy
concentration which they determine from a Simmons-
Baluffi experiment. Thus, correlating the measured Curie
constant with the local effective moment they found
values depending on the concentration and varying be-
tween 0.63pz and 5.32pz per AS Co in the composition
range from 49.8—53.5% Co (Ref. 5) and between 2.4p, s
and 5.3pz per As Co for concentrations from 49% to
55% Co (Ref. 7), but remaining quite stable ( —5pz) on
the Co-rich side compositions. The value of p, ff 5pg
corresponds to a spin S=2 (p,rr=g[S(S + 1)]' ps ) and
thus a moment of M=4@~ (M =gSp~) has to be com-
pared with our results. Finally, Parthasarathi and Beck'
proposed a formula relating the magnetization to the tem-
perature and the external field. By least-squares fits of
the parameters to their experimental data they calculate a
moment of lpga on a single Co AS atom for Cop 48Alp 52
and Coo. soAlo. so.

In the case of CoGa, the same interpretation problems
as for CoA1 exist in the experimental literature concerning
the magnetism of the AS Co atoms. Amamou and Gau-
tier suggested that the localized moments arise from
magnetic interaction between AS Co atoms, whereas a sin-
gle AS Co defect does not carry any moment. Conse-
quently a cluster of AS atoms should be considered.
Parthasarathi and Beck' ascribed a local moment of
about 1p~ per AS Co atom in Cop $7Gap 53 whereas
Cywinski et ah. ' analyzing their recent magnetization
density data, deduced from neutron diffraction experi-
ments, proposed a moment of 0.49pz per AS Co. On the
other hand, several authors ' ' deduced from magnetic
susceptibility measurements the value of five effective
Bohr magnetons per AS Co atom.

Experimental investigations of the structural and mag-
netic properties of the 3d-transition series impurities in
CoGa have been also performed. As it was pointed out by
Booth et al. ' ' Ti, V, Cr, Mn, and Fe impurities occur

preferentially on the Ga sublattice. In this context it is in-

teresting that the experimental data show that Cr, Mn,
and Fe atoms possess a moment and behave analogously
to the Co AS atoms in CoGa, whereas Ti and V impuri-
ties do not carry a moment, which is consistent with our
results. The magnetic moment on the Cr of (1.5+0.3)pz
per Cr atom, measured by the small-angle neutron scatter-
ing technique in the concentrated Co2Gal zCrp q alloy is in
satisfactory agreement with the calculated value of
2.02p~ per Cr atom. Mn and Fe impurities on the Ga
sublattice are calculated to have stronger moments than
Cr or Co. The calculated moment on the Mn impurity of
3.36pz per atom is in good agreement with the experi-
mental value of (3.01+0.16)ps per Mn atom measured in

the Heusler alloy Co2MnGa. The same experimental lo-
cal moment on the Mn is measured in the alloy
Co2MnA1, which is also consistent with our value of
3.32pz per atom.

V. SUMMARY AND CONCLUSIONS

We have performed self-consistent ab initio calculations
in the framework of density functional theory using the
local spin-density approximation. The electronic struc-
ture of vacancies, AS atoms and 3d impurities on both
sublattices in the binary alloys CoA1 and CoGa is investi-
gated. The embedding of the defect into the ordered com-
pound is described within the Korringa-Kohn-Rostoker
(KKR) Green's-function method, considering a cluster of
perturbed muffin-tin potentials at the defect and its eight
nearest-neighbor sites in an otherwise ideal alloy.

Vacancies on both sublattices contain about one elec-
tron within their Wigner-Seitz sphere which is roughly
the same value as calculated for vacancies in other sys-
tems. 3d impurities on both sublattices can be magnetic
or not. On the M sublattice Cr, Mn, Co, and Fe are mag-
netic. The moment is distributed on the impurity and its
eight Co neighbors. On the Co sublattice only V and Cr
carry a local moment.

Our theoretical results are in agreement with experi-
mental magnetic measurements in Co2Gaz T„
(T=Ti,V,Cr,Mn, Fe) ternary alloys according to which
Ti, V, Cr, Mn, and Fe impurities occur preferentially on
the Ga sublattice and only Cr, Mn, and Fe carry a mo-
ment and behave analogously to the Co AS atoms. In the
case of Co AS atom the situation is more delicate. While
our values of 2.06p8 and 3.49pz per Co AS atom in CoA1
and CoGa, respectively, are still within the scattering of
the experimental data they are smaller than the generally
accepted value of 4p~ deduced from susceptibility mea-
surements for the Co-rich CoA1 and CoGa alloys. This
discrepancy is most likely to be related to experimental
difficulties in defining the AS Co concentration, as well as
to the effects of vacancies and clustering of Co AS atoms
on the local moments. These effects are not taken into ac-
count in our calculation but might be of importance in the
real alloy.
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