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Self-consistent embedded cluster modds are developed to describe the electronic struc-
ture of CoGa, and of isolated transition-metal impurities (Ti,V,Cr) in CoGa. First-
principles local-density theory is used in a variational linear combination of atomic orbitals
framework to obtain effective charge and spin configurations of host and impurity atoms.
9, 15, and 27 atom clusters are considered; charge configurations are somewhat sensitive to
cluster size, and spurious spin polarization of peripheral Co atoms is observed in the small-
er clusters. The large-cluster results are consistent with experimental interpretations.

I. INTRODUCTION

CoGa is a type VIII —IIIA binary alloy that
crystallizes in the 82 (CsC1) structure over a cobalt
composition range of 45 —65 at.%. The
stoichiometric, perfectly ordered compound is be-
lieved to be a very weak paramagnet. On the Co-
rich side of stoichiometry, cobalt substitutes as antis-

tructure (AS) atoms on the gallium lattice. Howev-

er, when excess Ga is added, no similar substitution
of gallium for cobalt occurs; instead, a defect struc-
ture is formed with vacancies on cobalt sites.

Magnetization and magnetic susceptibility mea-
surements of Co-Ga alloys over a wide range of
composition have detected rather interesting magnet-
ic properties, most of which can be attributed to the
Co AS atoms. Mossbauer measurements on
stoichiometric CoGa (Ref. 3) have revealed that
structural Co atomic sites are nonmagnetic. Simi-
lar measurements on Co-rich alloys have shown that
two inequivalent Co sites exist, one magnetic
(presumably the AS site) and one nonmagnetic
(structural Co). Booth and Marshall found that

quenched CoGa alloys richer than 51 at. % cobalt
were ferromagnetic. Their determination of the
Curie temperatures and intrinsic magnetizations of
several Co-rich compounds correlated well with Co
concentrations; hence, they associated the ferromag-
netic properties with the formation of AS cobalt
atoms. Susceptibility measurements have re-
vealed a Curie-gneiss law behavior at high tempera-
tures (& 100 K). The measured Curie constants
also correlated well with the AS concentration, and
an effective magnetic moment of 5JM~ can be asso-
ciated with each AS atom. ' ' However, the effec-
tive magnetic moment decreases dramatically for
AS concentrations below 2%. This decrease could
be attributed to the lack of clustered Co AS atoms
below a critical concentration. Amamou and Gau-
tier studied the AS dependence of the magnetic
moments and suggested that (i) isolated Co atoms
on Ga sites are nonmagnetic, (ii) neighboring pairs
of antistructure atoms are somewhat magnetic, and
(iii) clusters of four Co atoms are strongly magnetic.
Sellmyer and Kaplow' have similarly found that
single AS atoms are nonmagnetic, and that clusters
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of three or more AS atoms are highly magnetic,
having effective magnetic moments of 5.7pz per AS
atom. The proposed clustering of Co AS atoms is
consistent with the neutron diffraction and x-ray

measurements of Booth and Pritchard" for
CozGa2 „Ti„(0& x & 1) alloys and small-angle

diffuse neutron scattering data of Cywinski et al. '

for Co-rich CoGa alloys. The latter report large su-
0

perparamagnetic assemblies ( & 20 A) in quenched

alloys; these large clusters were related to spin-

correlated groups of AS cobalt atoms. Experimen-
tal resistivity measurements' ' in which high-

temperature resistivity minima are observed are also
consistent with a model in which giant spin clusters
exist.

The introduction of transition metal (TM) impuri-

ties into CoGa produces effects that are similar to
those caused by excess Co atoms. The compounds

Co2Ga2 „Ti, Co2Ga2 „V„,and Co2Ga2 „Cr„
become ferromagnetically ordered for concentra-
tions of x =0.50, 0.25, and 0.10, respectively. "'
Neutron scattering experiments on the Ti alloys re-

veal that the Ti atoms are nonmagnetic and that the

cobalt atoms remain nonmagnetic until

x & 0.50."' For the V and Cr impurity alloys,

neutron scattering indicates that some structural Co
atoms become magnetic (possibly near impurity
atoms), that V atoms are nonmagnetic, and that Cr
atoms are magnetic. ' ' Electrical resistivity mea-
surements of CoGao»VOO5 and CoGao95Croo5
show that the V alloy is paramagnetic while the Cr
alloy is superparamagnetic. ' A low-temperature
resistivity minimum is observed for each alloy, and
the lnT temperature dependence may be associated
with the formation of local moments. '

It has been well established both experimentally
and theoretically that the magnetic state of a dilute
transition-metal impurity in a metallic matrix

depends mainly upon the local environment of the

impurity. Additionally, in the case of an intermetal-

lic compound the local environment seems to play
an important role in the ferromagnetic properties of
the compound. Thus, as the first step in the
theoretical examination of impurities in CoGa, we
have performed first-principles calculations on 9, 15,
and 27 atom clusters representing CoGa sites and
isolated impurity sites. Co~5 clusters embedded in

CoGa were studied to explore the ferromagnetic
states resulting from cluster TM atoms. A further

goal of this work is to test whether such cluster
models can predict the presence or absence of mag-
netic moments in CoGa, and to examine the
cluster-size dependence of such predictions.

where a is the exchange scaling parameter and p is
the electronic charge density of spin o.. In this work
a was chosen as 0.70, close to the Kohn-Sham

2.
value of —, frequently used in metals calculations.

In our extended CoGa calculations on 15 and 27
atom clusters, correlation effects were more exactly
included through a further local density approxima-
tion. Since both polarized and nonpolarized calcu-
lations of similar clusters were made, it was desir-
able to use an exchange-correlation potential that
could be easily adapted to either model. For these
reasons, the Gunnarsson-Lundqvist potential was
adopted. It can be written as

V„+-, (r) = V„(r)[P(r,) + —,5(r, )g/(1+ yg)j

where

p(r, ) = 1 + 0.0545r, ln(1 + 11.4/r, )

(2a)

(2b)

5(r, ) = 1 —0.036r, —1 36r,/(1+ 1.0r, ), (2c)
' 1/3

V„(r) = —2 p(r)
3

8m
(2d)

r, (r) = 3

4m

1/3

(2e)

y = 0.297, and g is the fractional magnetization

(p+ —p )/p. The (+ ) and ( —) denote spin-up
and spin-down terms, respectively. For the nonpo-
larized calculations the second term in square brack-
ets in Eq. (2a) was omitted.

B. Self-consistency procedure

Molecular-orbital energies and wave functions
were obtained by a discrete-variational method
described previously. ' Eigenfunctions were ex-
panded as a linear combination of symmetry orbi-
tals which were themselves expanded as a linear
combination of atomic orbitals (LCAO) centered on

II. THEORETICAL MODEL
AND COMPUTATIONAL PROCEDURE

A. Exchange correlation

Our original study of CoGa (Ref. 20) utilized the
spin-unrestricted Hartree-Fock-Slater (HFS) formal-
ism. ' The essential point of this theory is that the
nonlocal Hartree-Fock exchange potential is approx-
imated by a local, spin-dependent exchange poten-
tial. In Hartree atomic units this potential is of the
form

1/3

V„(r) = —3a p (r)
4m.
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This charge density was approximately decomposed

by Mulliken populations as

pcluster gfnl I+q/(r~)
I (4)

where f„~ denotes the occupation of the nl atomic
shell of atom v.

For bulklike clusters, the crystal charge density
was constructed for the next self-consistent (SC) cy-
cle by extending the sum over atoms in Eq. (4) to
infinity and averaging with previous cycles. A pre-
viously described one-parameter pseudopotentia126

was used to truncate exterior wells to prevent elec-
tron transfer from the cluster into filled exterior
states, Clusters representing dilute transition-metal

(TM) impurities in CoGa were embedded in the SC
potential of the pure solid. Since the crystal poten-
tial is that of the unperturbed, nonmagnetic alloy,

TM impurity sects were limited to nearest-

neighbor, second-neighbor, and third-neighbor shells

in the 9-, 1S- and 27-atom clusters, respectively. It
should be emphasized that these calculations are for

the different cluster atoms. The matrix secular
equation (H ES—)C = 0 was solved by standard
procedures and Fermi-Dirac statistics were invoked
to determine occupation numbers f~ for each molec-
ular orbital (MO). The cluster charge density was
then constructed by summing over all MO's:

isolated impurity atoms. Impurity-impurity interac-
tions have not been included in this study.

C. Basis sets

The atomic orbitals used in the molecular-orbital
expansion were obtained by solving the self-
consistent free-atom problem. Several numerical
free-atom basis sets were considered in these calcula-
tions. Because the Mulliken population analysis is
often misleading when describing rather diffuse

charge, it is desirable to restrict the spatial extent
. of some valence and unoccupied atomic levels.

Thus, the Mulliken population of a valence Co orbi-
tal could then more reasonably be associated with a
Co atom. Also, the reduced overlap between orbi-
tals on different atomic sites produces an improved
variational basis. The limited spatial extent of
valence orbitals, however, should not be so great as
to significantly affect the atomic core orbitals.
Spherical wells of varying depth and radial extent
were added to the atomic potentials so that different
basis sets could be constructed. The set obtained by
adding a well of depth 4 a.u. and radius S a.u. best
satisfied the criteria listed above. This basis consist-
ed of Co, Ga, and TM 1s, 2s, 2p, 3s, 3p, 3d, 4s,
and 4p orbitals. In the early calculations, Ga Ss, Sp
and Co4d, Ss, Sp orbitals were added to increase
the variational freedom. However, the low popula-

tion of these levels indicated that they were probably
not needed, so in subsequent calculations on larger
clusters they were omitted.

TABLE I. Self-consistent atomic-orbital populations for bulklike CoGa clusters.

Orbital GaCo8(sp)' GaCo8(np) CoGa8(sp) CoGa8(np) Crystal potential

Ga 3d
4s

4p
5s

5p
Co 3d

4s

4p
4d
5s

5p

9.99
0.80
1.13
0.20
0.41
7.53
1.06
0.51
0.28
0.04
0.02

9.98
1.23
1.02
0.08
0.10
7.33
1.25
0.64
0.16
0.04
0.02

10.00
1.81
0.77
0.03
0.02
7.41
0.88
0.40
0.85
0.04
0.07

10.00
1.63
1.02
0.05
0.06
7.32
0.99
0.53
0.11
0.04
0.04

10.00
0.80
1.12
0.20
0.40
7.68
1.00
0.46
0.28
0.04
0.02

'Denotes spin-polarized calculation.
Denotes nonpolarized calculation.
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FIG. 1. Partial density of states for CoGa8 cluster;

Co 3d (solid curve) and Ga3d (dashed). FIG. 2. Self-consistent valence charge density in

CoGa8 cluster. Logarithmic contour levels are 6.70,
3.35, 1.68,. . .e/ao.

III. RESULTS

A. Nine-atom impurity clusters

The self-consistent bulk CoGa crystal potential
was chosen by considering the results from calcula-
tions on four bulklike clusters. In Table I, the final
Mulliken populations for spin-polarized (sp) and
nonpolarized (np) GaCos and CoGas clusters are
listed. In each case the Co and Ga atomic-orbital
populations were used to generate the crystal
embedding potential. The number of electrons as-.
signed to the A88 clusters was determined by the ef-

fective atomic charges as part of the self-consistency
loop. The tabulated results give a reasonable pic-
ture, showing that the filled deep-lying Ga 3d band
is not perturbed while —0.5 electron is transferred
from the valence shells onto cobalt sites. The Co 3d
population is increased relative to the free-atom
value of 7.0, as would be expected. Thus the

minimal cluster results agree on the general features
of the charge configuration; however, with notice-
able site- and spin-dependent diA'erences.

A typical partial density of states (PDOS) dia-

gram, obtained for the CoGa8 cluster, is shown in

Fig. 1. Continuous curves are obtained by broaden-
ing the discrete cluster levels with a Lorentzian of
width 0.4 eV. The Ga 3d band is seen to lie —11
eV below the Fermi energy and is essentially decou-
pled from the partially occupied Co 3d band. The
valence charge density, taken through a Ga-Co-Ga
plane, is presented in the contour-level diagram of
Fig. 2. The spin-polarized GaCo8 cluster results
were favored in choosing the crystal configuration
for later calculations (last column of Table I) since
the environment of this cluster most resembles that
of the (TM)Cos clusters that are of interest. Table I
also reveals the extremely small populations of the
Co Ss and Sp atomic orbitals, indicating that their

TABLE II. Self-consistent atomic-orbital populations for MCo8 clusters embedded in CoGa.

Orbital M=Ti Co

3d
4s

4p
Net spin
Co 3d

4s
4p

Net spin

2.66' 0.08b

1.43 0,01
0.14 0

0.09
7.60 1.82
1.13 0.13
0.28 0.02

1.97

359' 113
1.42 0.04
0.38 0.04

1.21
7.58 1.86
1.14 0.04
0.27 0.01

1.91

5.05'
1.33
0.28

2.11"
0.03
0.06
2.20

7.59 1.87
1 ~ 10 0.02
0.27 —0.01

1.86

7.66' 1 50
1.14 0.02
0.44

1.52
7.51 2.05
1.05 0.01
0.34 —0.04

2.02

9 99' 001
0.85 0.07
1.09 —0.07

0.01
7.56 1.56
1.16 0.08
0.41 —0.01

1.63

'Net population, f + g occupation.
Net spin density, t —l occupation.



24 TRANSITION-METAL IMPURITIES IN CoGa 1607

&Ga
7'I

FIG. 3. "Spin halo" found in GaCos clusters; spin

density on log scale of + 6.70, + 3.35, + 1.68,. . .e/ao.
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FIG. 4. Total density of states for CoGa using

CoGagCo6 cluster.

inclusion is not required for a basis to have suffi-

cient variational freedom.
Self-consistent spin-polarized calculations were

performed on MCoq clusters for M = Ga, Co, Ti,
V, and Cr, representing a bulk gallium site, an an-
tistructure cobalt site, and three impurity sites,
respectively. The results for these clusters are com-
pared in Table II. It can be seen that of the M
atoms, the largest moments belong to the Cr, Co,
and V atoms with substantially smaller moments
( & 0.lpga) on the Ti and Ga sites. The relative size
of the magnetic moments pc ) pv ) pTj is con-
sistent with both the neutron scattering experiments

and the relative impurity concentrations required for
ferromagnetic ordering. The neighboring Co atoms
are seen to have rather large magnetic moments

( —2'), not only in the vicinity of the impurity
and AS atoms but also near the structural Ga atom.

The latter result, polarized Co atoms in a bulklike
CoGa cluster (see Fig. 3), does not speak well for
the present nine-atom cluster model. Experimental

results rather strongly suggest that structural Co
atoms are nonmagnetic, but our calculations
describe a nearest-neighbor Co atom with an almost
free-atom spin configuration. When a spin-

polarized calculation was performed on a CoGa8
cluster, the polarization of the 3d level was reduced
to a value of only 0.12' (compared with 1.56pz in

the GaCos cluster), a value much more consistent

with experiment. Thus, the problem with the nine-

atom cluster model appears to be in its description
of the local environment of the peripheral cluster
atoms. In the MCo8 clusters, the Co atoms are
rather isolated in the sense that only one nearest-

neighbor atom (M) is explicitly included in the clus-

ter wave function, the other nearest neighbors being
approximated in the (spin-independent) crystal po-
tential. Because of )his relative isolation, the Co
atoms develop a high-spin configuration that ap-
proaches that of the free atom. The atomic charge
configuration, on the other hand, is already rather
well determined by the embedded minimal cluster.

By expanding the size of the cluster to include in

the cluster wave function some of the near neigh-

bors to the peripheral Co atoms, one can obtain a
more reliable model. We have thus performed
first-principles calculations on 15 and 27 atom clus-
ters which include four and seven of the eight Co
near neighbors, respectively.

B. 15 and 27 atom impurity clusters

In order to obtain a crystal potential that more
closely resembles the environment of an MCo8Ga6
cluster, a self-consistent calculation of a nonpolar-
ized GaCo8Ga6 cluster was performed using smaller

(3d,4s,4p) basis sets. This cluster was self-

consistently embedded in its own crystal potential as
described in Sec. II B. A nonpolarized calculation
was performed so as to minimize the spin-dependent
effects of the cluster boundary conditions (see

preceding section). However, since the derived crys-
tal potential was to be used in spin-polarized calcu-
lations, an exchange-correlation potential that could
easily be made spin dependent was desired. For
this reason, the potential of Gunnarsson and
Lundqvist [Eq. (2)] was employed. The atomic po-
pulations found in this manner were Ga 3 d(9.98)
4s(1.47) 4p(1.58) and Co 3d(7.21)4s(0.89)4p(0.88),
with an indicated small charge transfer of 0.03 elec-
trons from Co to Ga sites. The differences between

this configuration and the GaCo8 results listed in

column 2 of Table I are due to three factors: (i) In-
teractions are treated more explicitly due to in-

creased cluster size, (ii) reduced variational freedom
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FIG 5. Central Co atom 3d partial density of states
from CoGa8Co6 cluster.

of the smaller basis alters the charge transfer, and
(iii) a somewhat different exchange-correlation po-
tential was used. The resulting crystalline Coulomb
and exchange-correlation potentials are very similar
in the two models. In order to estimate the influ-

ence of factors (ii) and (iii) we recalculated several

388 clusters using the smaller basis sets, varying the
assumed crystal atomic configurations, and compar-
ing results of spin-polarized, Gunnarsson-t. undqvist,
and von Barth-Hedin exchange-correlation poten-
tials. Only small quantitative changes in self-

consistent atomic configurations and spin moments
were observed in the results. This lack of sensitivity
to theoretical and computational details allows us to
interpret cluster size effects with some confidence.

In Fig. 4 we present a typical result for the total
valence density of states of CoGa, using the
CoGasCo6 cluster result. In addition to the Co 3d
band and the nearly isolated Ga 3d' levels, one can
see the metal sp contributions which extend across
the entire energy range. A comparison of Fig. 5
with Fig. 1 shows that the central Co PDOS is only
slightly modified by the addition of the Co6 shell;
the embedding potential is fairly effective in preserv-
ing this feature.

Self-consistent spin-polarized calculations were
then performed on MCosGa6 clusters for M = Ga,
Co, Ti, V, and Cr. The results from these calcula-
tions were very similar to the corresponding nine-
atom cluster results. The eight Co atoms again po-
larized in all cases, including the bulklike
GaCosGa6 cluster. The size of the Co magnetic
moments is again -2' for all cases. %hen a
spin-polarized calculation was performed on the
cobalt-centered CoGasCo6 cluster, the polarization
of the central-atom 3d atomic level was reduced by
more than a factor of 10, in analogy with the nine-
atom cluster case. The same conclusions seem to
apply to both the nine- and 15-atom clusters: The
description of the local environment of the off-

TABLE III. Self-consistent atomic-orbital populations for MCosGa6Ga» clusters embedded in CoGa.

Orbital M = Ti Co

M 3d
4s

4p
Net spin
Co 3d

4s

4p
Net spin
Ga 3d

4s

4p
Net spin
Ga 3d

4s

4p
Net spin

7.29
0.63
0.77

0.021
998 0
153 0
1.62 0

0
999 0
1.72 0
1.63 0

0

2 43b 0 002b

0.52 —0.001
0.82 —0.001

0
0.020
0.001

7.28
0.62

0.77
0.021

998 0
1.53 0
1.62 0

0
999 0
1.72 0
1.64 0

0

3.36' 0.004
0.59 —0.001
0.93 —0.001

0.002
0.020
0.001

4.77' 0.008
0.64 —0.001
0.91 —0.001

0.006
7.27 0.021

0.58
0.76

0.021
998 0
1.53 0
1.62 0

0
998 0
1.73 0
1.65 0

0

7.27
0.62

0.75
0.022

998 0
1.54 0
1.62 0

0
999 0
1.73 0
1.64 0

0

7 35' 0 010
0.72 —0.001
1.03 —0.001

0.008
0.021
0.001

7.29
0.65

0.71

9.98
1.54
1.62

9 98' 0 Q03b

1.26
1.86 —0.001

0.002
0.021
0.001
0
0.022
0
0
0
0

999 0
1.72 0
1.64 0

0

'Net population, f + $ occupation.
"Net spin density, t —

& occupation.
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FIG 6. Cobalt 3d partial density of states using

CoCo8Ga6Ga~2 cluster; central atom (solid curve) and
first-neighbor shell (dashed).

center Co atoms is not yet well approximated as
concerns the magnetic configuration.

The 27-atom clusters explicitly included seven of
the eight nearest neighbors to the off-center cobalt
atoms. The addition of this next shell of neighbor-

ing atoms had a dramatic effect on the MuHiken

spin populations of the inner atoms, as can be seen

in Table III. The magnetic moments of the eight

cobalt atoms in the bulklike GaCo8Ga6Ga» cluster

are reduced by a factor of about 100 when com-

pared with either the 15- or 9-atom cluster results.

The size of the cobalt moment in the

GaCo8Ga6Ga» cluster can also be compared with

that of the central Co in a bulklike CoGasCo6 clus-

ter in which the outer cobalts are constrained to be

nonpolarized. These small Co moments of 0.02 and

0.01pz agree well enough to indicate that the ap-

proximation of the local environment of the off-

center Co atoms has been substantially improved.

The resulting Co configuration 3d(7.29)4s(0.65)

4p(0.71) shows essentially the same number of d
electrons as in the 15-atom cluster, the major
change being an increased transfer of 4s,p electrons
to the corresponding Ga levels. The net result is a
charge transfer of 0.35 electrons from Co, primarily
into diff'use levels of third- and fourth-shell Ga
atoms.

The cluster results of Table III can also be com-
pared with the experimental results outlined in the
Introduction. On the basis of these calculations, we
predict that isolated cobalt AS atoms are nonmag-
netic and that isolated Ti, V, and Cr impurities on
gallium sites are nonmagnetic as well. These con-
clusions agree well with the experimental interpreta-
tions in Refs. 6, 7, 9, 11, 12, and 15. In addition,

we find that the moments on the central sites are-

very sensitive to the presence of magnetic moments

on neighboring sites. This was especially evident in

the 15-atom-cluster calculations.
The central-atom Co 3d and Co8 neighbor shell

3d partial density of states for the Co AS cluster

CoCo8Ga6Ga» are shown in Fig. 6. The two sub-

bands display about the same width and position re-

lative to EF, but with different shapes. The peri-

pheral Co8 band is noticeably broadened in compar-
ison with the corresponding 9- or 15-member clus-

ters. This broadening is another manifestation of
the Co—Ga bonding interaction which is apparently
essential for determining the presence or absence of
a moment.

C. Cobalt clusters in CoGa

The neutron data of Cywinski et al. ' indicate a
critical concentration of 55 at. %%uoCo for th eonset
of ferromagnetism in quenched alloys (correcting

the earlier result of 51 at. %). At this concentra-

tion and higher, both superparamagnetism and fer-

romagnetism coexist. As an example of a possible

TABLE IV. Self-consistent atomic-orbital populations for CoCo8Co6 clusters embedded in

CoGa.

Orbital

Central atom

Charge Spin

Cog shell Co6 shell

3d
4s

4p
net

7.29
0.50
0.59

+ 0.62

1.85
—0.03
—0.004

1.82

7.17
1.24
1.02

—0.43

2.20
0.01

—0.13
2.08

7.08
1.04
0.41

+ 0.47

2.30
0.04

—0.01
2.33
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Cog

.Cg

FIG. 7. Valence charge density (a) and spin density (b)'
for CoCogCo6 cluster in CoGa in the (001) plane. Log
contour levels are + 0.84, + 0.42, + 0.21,. . .e/ao.
Atom positions above and below the basal plane are
marked; dashed line in (b) denotes zero-spin contour.

ferromagnetic structure, we have considered a cubic
cluster of 15 Co atoms embedded in CoGa. The
self-consistent results indeed indicate ferromagnetic
ordering, with the configuration indicated in Table
IV. The valence charge density [Fig. 7(a)] is quite

spherical, with an extended "free-electron-like" in-

terstitial region. The spin density [Fig. 7(b)] exhibits

a pronounced cubic component; in the interstitial re-

gion a weak negative 4sp polarization is found.
These features are in general accord with our under-

standing of ferromagnetic transition metals.
In order to consider the probable clustered AS

atom interactions postulated' for the large super-

paramagnetic assemblies, it will be necessary to treat
larger clusters, of lower symmetry, than those con-
sidered in the present work. However, it is possible
that an implicit scheme, by which the influence of
neighboring AS moments is felt through a magnetic
term in the embedding potential, could represent the
essential interactions.

IV. CONCLUSIONS

Self-consistent calculations of 9- and 15-atom
clusters representing Co AS and TM-impurity sites
proved that these clusters inadequately described the
magnetic behavior of these sites in CoGa. The
inadequacy of the cluster model with regard to mag-
netic configuration was attributed to an incomplete
description of the local environment of off-center
cobalt atoms. The problem was reduced by adding
a new shell of atoms so that seven of the eight
nearest neighbors of these Co atoms were explicitly
included in the cluster wave functions. We have
previously found ' that a simple embedding pro-
cedure, using cluster charge densities to synthesize
the crystalline environment, greatly aids in deter-
mining spectral densities and charge configurations
which are rather insensitive to cluster size or compo-
sition (e.g. , NiAls versus AINis in NiA1). The mul-
tiple scattering Xo calculations of Johnson et al.
for TM impurities in copper utilized 19-atom clus-
ters, with isolated molecule boundary conditions.
Our results suggest that derived magnetic properties
may be more sensitive to cluster size and boundary
conditions that was assumed.

The KKR Green's-function method used by
Podloucky et al. to calculate the electronic structure
of TM impurities in Cu and Ag (Ref. 30) includes
interactions with the complete crystal lattice. One
has to carry out the self-consistent Green's-function
calculation for the unperturbed lattice as an initial
step. This may prove to be too difficult for corn-
plex (or disordered) lattices but is clearly
worthwhile for "classic" systems like Cu and Pd.
Unfortunately, numerical applications have not yet
progressed beyond the single-site perturbation
model. The extension to a perturbed cluster scheme
would allow' description of neighbor polarization
and orbital delocalization eA'ects, such as have been
discussed in the present work.

The predicted magnetic properties of the CoGa
system turn out to be a sensitive function of cluster
size. This is interesting, since the difference
between, for example, 15- and 27-atom clusters is
not in the number of atoms included in the potential
field, but instead in the orbital delocalization which
the wave functions of larger clusters permit. Some
experimentation with the potential embedding pro-
cedure suggests that it will not be easy to mimic
these effects in small clusters. We may also apply
wave-function boundary conditions which enforce
delocalization and induce a pseudoband-structure
model for the metal. ' Further numerical experi-
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ments will be helpful in determining parametriza-
tions of boundary conditions and embedding poten-
tial which can better reproduce magnetic structure
of extended systems. Results for the 27-atom clus-
ters indicate that isolated AS atoms and isolated im-

purity atoms on gallium sites are nonmagnetic, in

agreement with experiment. Co~5 clusters were
found to be ferromagnetic.
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