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Self-consistent-field Xa scattered-wave (SCF-Xa-S%') cluster molecular-orbital models have been
constructed for transition-metal impurities (Ni, Fe, Mn, and V) alloyed in crystalline copper, in order to
gain insight into the occurrence of local magnetic moments and the Kondo effect, traditionally viewed as
many-body effects arising from the interaction of the transition-metal impurities with the conduction
electrons of the host metal. A 19-atom cluster representing the local molecular environment, up to second-

.nearest neighbors, of an isolated transition-metal impurity in an otherwise perfect crystalline copper lattice
yields manifolds of molecular-orbital energy levels corresponding to the copper "d band, " bracketed by
impurity dsp hybrid-orbital energy levels that are bonding with respect to the bottom of the copper d band
and antibonding with respect to the top of the d band. The latter cluster orbitals, in conjunction with
Hund's rules, (i) are discrete analogs of Friedel-Anderson virtual impurity states, (ii) satisfy a "sum rule*'

analogous to the Friedel sum rule, (iii) have spin occupancies and polarization in accord with measured
magnetic moments, (iv) are consistent with measured trends of residual electrical resistivity, and (v) describe
the "renormalizing" effects of the crystalline environment on the transition-metal impurity atom. The most

striking result of these theoretical studies is the discovery that local coordination chemical bonding dominates
the interaction of the transition-metal impurity with its crystalline environment, yielding a large splitting
(-4-4.5 eV) between bonding and antibonding impurity dsp-hybrid molecular-orbital energy levels and a
spin splitting (-0.2-0.6 eV) of the highest occupied antibonding dsp-hybrid orbitals (the Friedel-Anderson-
like impurity states) that is an order of magnitude smaller than values assumed in previous theoretical models
(e.g., the Anderson model). The near degeneracy of the latter spin orbitals (for Fe and Mn impurities) with
cluster molecular-orbital analogs of the conduction-band eigenstates of crystalline copper near the Fermi
energy suggests that the "spin-compensation cloud" often associated with the Kondo effect is considerably
smaller in magnetization and more spatially localized around the impurity than assumed in previous formal
theories and, in conjunction with the SCF-Xa transition-state concept, also provides a discrete orbital basis
for discussing the onset of "localized spin fluctuations" around the Kondo temperature. The possible
contributions of spin-orbit coupling and Jahn-Teller effects to impurity electronic structure are discussed,
with detailed examples of how the former effect can lead to the quenching of the impurity rhagnetic moment
below the Kondo temperature. The Anderson-model Hamiltonian, including the electron-electron interaction
term U, has been reformulated to account for the large bonding-antibonding interaction and much reduced
exchange splitting of the impurity-spin orbitals, and a parametrization of a "J5 s" antiferromagnetic
exchange Hamiltonian is suggested by the cluster electronic structure. A relationship between the concept of
"cluster renorrpalization" and the renormalization-group method of attacking the Kondo problem is

suggested, and a computational procedure for determining the effects of successive surrounding shells of
atoms on the impurity, analogous to that of the renormalization-group method, is demonstrated for a 43-
atom cluster. Finally, the extension of cluster molecular-orbital studies to impurity-impurity interactions, to
transition-metal impurities in aluminum, where permanent local magnetic moments do not occur, to Fe
impurities in palladium, where "giant magnetic moments" are observ:d, and to rare-earth impurities in
metals is discussed.

I. INTRODUCTION

Much experimental and theoretical research has
been directed to the problem of elucidating the
fundamental nature of local magnetic moments as-
sociated with transition-metal impurities alloyed
in nonmagnetic metals such as copper, especially
in regard to the non-Curie-Weiss dependence of
the magnetic susceptibility below the Kondo tem-
perature. ' ' Two rather different theoretical des-

cr iptions of such magnetic impur ities have been
proposed: (i) the virtual-impurity-state or scat-
tering-resonance model of Friedel, ' Anderson, '
and Wolff, s and (ii) the impurity-ion "crystal-field"
model of Sehrieffer' and Hirst. ' Two equally ex-
treme points of view have been advanced to explain
the collapse of Curie-Weiss behavior below the
Kondo temperature, namely, (a) the Kondo "com-
pensation-cloud" concept of a low-temperature
many-body singlet state arising from the anti-
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ferromagnetic coupling of the transition-metal
impurity d-. electron spin with the s-like conduc-
tion-electron spin of the host metal, ' and (b) the
concept of localized spin fluctuations (the LSF
model), ' which regards the impurity as nonmag-
netic at 7' =O'K and which therefore requires no

extra spiri correlations with the conduction elec-
trons. Both of the latter theories have also been
used as a starting point for explaining the low-
temperature electrical resistance minimum as-
sociated with the Kondo effect. ' '" Recentex-
perimental studies of Konde systems such as Fe
and Mn impurities in copper, including the neutron-
diffraction work of Shull and co-workers" and
nuclear-magnetic-resonance (NMR) measurements
of Slichter and co-workers, " have led to somewhat
divergent viewpoints about the relative efficacies
of these theoretical models. Such experimental
studies and the recent application of renormaliza-
tion-group theory" to the Kondo problem have
catalyzed new interest in the problem of magnetic
impurities in metals.

In this paper, we present a new theoretical mo-
del for local magnetic moments associated with
transition-metal impurities alloyed in copper, '

based on self-consistent-field Xo. scattered-wave
(SCF-Xo.-SW) molecular-orbital studies'~ of 19-
atom clusters representing the local crystalline
environment of the impurities up to second-
nearest neighbors, and we discuss the implica-
tions of this model on the understanding of the
Kondo effect. In Sec. II of the paper, we briefly
review the SCF-Xn-8% cluster molecular-orbital
method and its recent applications to metal clus-
ters, coordination complexes, and the impurity
problem. Section III is devoted to a detailed com-
parison of the electronic structure of a 19-atom
CuCu]2Cu, cluster representing the local molecular
environment of pure crystalline copper with the
band structure of the crystal. In Sec. IV, we sub-
stitute various transition-metal impurities (e.g. ,
Ni, Fe, Mn, and V) for the central atom of the
CuCu„Cu, cluster as models for the isolated im-
purities alloyed in crystalline copper. These
clusters yield manifolds of molecular-orbital
energy levels corresponding to the copper "d
band, " bracketed by impurity dsP-hybrid-orbital
energy levels that are bonding with respect to the
bottom of the copper d band and antibonding with
respect to the top of the d band. The latter cIuster
orbitals, in conjunction with Hund's rules, (i) are
discrete analogs of the Friedel-Anderson virtual
impurity states, (ii) satisfy a "sum rule" analogous
to the Friedel sum rule, (iii) have spin occupancies
and polarization in accord with measured magnetic
moments, (iv) are consistent with measured trends
of residual electrical resistivity, and (v) describe

the "renormalizing" effects of th6 crystalline en-
vironment on the transition-metal impurity atom.
These results have the striking implication that
local coordination chemical bonding dominates the
interaction of the transition-metal impurity with
its crystalline environment, yielding a large split-
ting (-4- 4.5 eV) between bonding and antibonding
impurity dsP-hybrid molecular-orbital energy
levels and a spin splitting (-0.2-0.6 eV) of the
highest occupied antibonding dsP hybrid orbitals
(the Friedel-Anderson-like impurity states) that
is an order of magnitude smaller than the values
assumed in previous theoretical models (e.g. , the
Anderson model' ). It is further shown in Sec. IV
that the near-degeneracy of the latter spin orbitals
(for Fe and Mn impurities) with cluster molecular-
orbital analogs of the conduction-band eigenstates
of crystalline copper near the Fermi energy im-
plies that the "spin-compensation cloud" often as-
sociated with the Kondo effect is considerably
smaller in magnetization and more spatially local-
ized around the impurity than assumed in previous
formal theories. This degeneracy of spin orbita$s
also provides, in conjunction with the SCF-Xa
transition-state concept, "'"a discrete orbital
basis for discussing the onset of "localized spin
fluctuations" around the Kondo temperature.
The possible contributions of Jahn-Teller effects
to the impurity electronic structure are also dis-
cussed in Sec. IV. In Sec. V, the Anderso-n Hamil-
tonian, ' including the electron-electron interaction
term P, is reformulated to account for the large
bonding-antibonding interaction and much reduced
exchange splitting of the impurity spin orbitals,
and a par ametr ization of a "JS~ s" antiferromag-
netic exchange Hamiltonian" is suggested by the
cluster electronic structures. Section VI is de-
voted to a demonstration of how spin-orbit coupling
can lead to non-Curie-Weiss dependence and
quenching of the impurity magnetic moment below
the Kondo temperature. In Sec. VII, a relation-
ship between the concept of "cluster renormaliza-
tion" and the renormalization-group method" of
attacking the Kondo problem is suggested, and a
computational procedure for determining the effects
of successive surrounding shells of atoms on the
impurity, analogous to that of the renormalization-
group method, is demonstrated for a 43-atom
cluster. Finally, Sec. VIII is a discussion of the
extension of cluster molecular-orbita1 studies to
impurity-impurity interactions and to other dilute
transition-metal alloys, including transition-
metal impurities in aluminum, where permanent
1ochl magnetic moments do not occur, to Fe im-
purities in palladium, where "giant magnetic mo-
ments" are observed, and to rare-earth impur-
ities in metals.
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II. THE SCF-Xn-SVf CLUSTER MOLECULAR-ORBITAL

METHOD

The SCF-Xa-S% cluster molecular-orbital
method" is based on'the combined use of Slater's"
Xa density-functional approximation to exchange
and correlation and the multiple-scattered-wave
method" of solving the self-consistent-field Schro-
dinger equation. Details of the formalism and
computational procedure are described in Refs.
14-16, and recent applications to a wide range
of molecules arLd solids are reviewed in Ref. 17.

Most directly pertinent to the theoretical models
presented in this paper are recent SCF-Xo.-SW
molecular-orbital studies of Cu, Ni, Pd, and Pt
clusters containing up io 13 atoms, as reported in
Refs. 18-20. One is struck by:the similarities,
rather than the differences, between the electronic
structures of the clusters and those of the corres-
ponding bulk metals. For example, the manifolds
of orbital energy eigenvalues for 13-aiom clusters
having the cubo-octahedral nearest-neighbor co-
ordination characteristic of the fcc lattice exhibit
all the principal features of the bulk band struc-
tures, e.g. , overlap of the "d band'* by the "s,P
band, " a sharp peak in the density of states around
the Fermi energy for the ¹i»,Pd», and Pt,, clus-
ters, increasing bandwidth through this series, -

and magnetic spin polarization in the case of Ni»
(see Ref. 19). More recent SCF Xn stud-ies of
four- and six-atom nickel, palladium, and platin-
um clusters, including relativistic effects, in-
dicate that even these small clusters exhibit most
of the qualitative features of the-crystalline band
structure and can be utilized as a basis for under-
standing the nature of the interaction of hydrogen
with these metals. " These predictions have been
confirmed by spectroscopic studies of small
noble- and transition-metal clusters isolated in
inert matrices. ""

Spin-polar ized SCF-Xa-SW molecular-orbital
studies have also been carried out for elemental
Fe clusters ranging, in size from. 4 to 15 atoms. "
Results for 9- and 15-atom clusters representing
the local molecular environment of bcc crystalline
e-iron up to second-nearest neighbors also show
remarkable similarities to the electronic band
structure of ferromagnetic a-iron, , including: (i)
exchange splitting and widths of the cluster d-
orbital manifolds, particularly those for Fe»,
which are comparable with the values for bulk
ferromagnetic iron, (ii) cluster densities of states
that exhibit a pronounced two-peak- structure which
is primarily a consequence of the exchange split-
ting, consistent with the density of states of bulk
ferromagnetic iron, (iii) average paramagnetic
magneton numbers per atom af 2.9 and 2.5 for

Fe, and Fe», respectively, approaching the 2.2
value for ferromagnetic crystalline a-iron, (iv)
a partial-wave decomposition of cluster spin or-
bitals, which indicates that the contribution of the
4s-like component to spin polarization, although
relatively small in magnitude, is opposite in di-
rection (antiparallel) to the contribution of the
dominant 3d-like component, in good agreement
with magnetic form factors derived from neutron-
diffraction data, and (v) a somewhat greater spin
density concentrated in the cluster molecular or-
bitals of e~(d, 2, d„2,2) symmetry than in the

t~(d„„d„,d„,) orbitals, thereby providing a local
model for the, concentration of spin density along
the [100] direction (the direction of easy mag-
netization) in crystalline o. -iron, as deduced from
neutron-diffraction measurements. Finally, these
spin-polarized cluster molecular-orbital models
have been used as a basis for describing the "spin
clusters" observed in neutron-diffraction studies
of crystalline e-iron above the Curie temperature. "

While a small noble- or transition-metal cluster
does indeed exhibit most of the characteristics of
the crystal band structure, the molecular bound-
ary conditions and the fact that most of the atoms
of the cluster are effectively coordinatively un-
saturated "surface" atoms lead to some important
additional features of the electronic structure. "
These include the appearance of localized orbitals
split off in energy from the top and bottom of the
cluster d-orbital manifold, which can be interpre-
ted as the cluster analogs of the "surface states"
split off from the bulk d band for an extended
crystalline surface. The surface-like orbitals
can easily be distinguished from the bulk-like
orbitals by virtue of the cluster molecular-orbital
symmetries and charge distributions (see Fig. 15
of Ref. 19). Therefore, the electronic structures
of such clusters can be used as analogs of both the
bulk and surface electronic structures of the cor-
responding crystalline metals, as well as models
for small metallic clusters of catalytic impor-
tance. " To test the effects of the molecular bound-
ary conditions on a small metal cluster, SCF-Xn-
NV molecular-orbital calculations have also been
carried out for a bcc Fe, cluster where the bound-
ary conditions have been modified to simulate the
"embedding" of the cluster in the extended bcc
crystalline environment. " Although the quantita-
tive correspondence between the cluster electronic
structure and crystal band structure is somewhat
improved, e.g. , through an effective increase of
the cluster d-band width, the main conclusions
concerning the relationships between cluster and
crystal electronic structures given above, includ-
ing magnetic properties, are unaltered.

Concurrent with these studies, Messmer and
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Salahub" have carried out SCF-Xn-SW calcula-
tions for aluminum clusters (and oxygen chemi-
sorption thereon) containing up to 43 atoms. The
results indicate that 25 atoms are sufficient to
yield the detailed structure and 92% of the band-
width of the electronic density of states of crystal-
line aluminum, as measured by x-ray and photo-
electron emission spectra. Increasing the cluster
size to 43 atoms yields 99% of the crystalline band-
width. These studies are perhaps the most defini-
tive test of the "real-space" cluster representa-
tion of solids and surfaces made thus far, since
aluminum is traditionally viewed as a highly de-
localized nearly-free-electron metal for which the
conventional "%.-space" representation of solid-
state physics is most appropriate. More recently,
Messmer, Salahub, and Davenport" have used
Davenport's" procedure for calculating photoion-
ization cross sections, based on the extension of
the SCF-Xn-SW method to continuum final states
developed by Bill and Dehmer, " to calculate the
angular dependence of photoemission for oxygen
chemisorbed on an aluminum cluster representing
the (100) surface.

In using cluster molecular spin orbitals to rep-
resent the local electronic structures and mag--
netic moments of transition-metal impurities
alloyed in crystalline metals such as coppper (see
Sec. IV), we are concerned essentially with the
spin-polarized electronic structure of a transition-
metal coordination complex in which the surround-
ing atoms of the host metal lattice can be viewed
as "ligands" of the complex. It is important,
therefore, to establish that the SCF-Xn-SW
method is also capable of accurately describing
the electronic structures, chemical bonding, and
magnetic proper ties of well-defined tr ans ition-
metal coordination complexes of inorganic and
organometallic chemistry. ""Such results have
indeed been obtained for a wide variety of transi-
tion-metal complexes, " ranging from inorganic
systems as simple as MnO, (the permanganate
ion)" to organometallic systems as large as the
active centers of iron-sulfur proteins (ferredox-
in),"hemoglobin, " and copper porphine. " The
example of ferredoxin is particularly interesting
in relation to the main topic of this paper, because
in its oxidized electronic state [Fe,S,(SA), j (A
=organic group), itexhibitsthe "Kondo-like" prop-
erty that its Curie-Weiss paramagnetism is
quenched below room temperature. The SCF-Xn-
SW studies of this system" indicate that this prop-
erty is a result of the low-temperature spin pair-
ing of very closely spaced molecular orbitals split
in energy by the Jahn-Teller effect, a conclusion
that is further supported by an observed (Jahn-
Teller) distortion of the otherwise perfect cubic

tetrairon-tetrasulfur geometry at low tempera-
ture. In the examples of hemoglobin" and copper
porphine, "electric and magnetic hyperfine param-
eters have been calculated directly from the SCF-
Xn -SW molecular-orbital wave functions, yielding
results in good agreement with experiment. Since
an accurate description of the interaction of the

. transition-metal sites with their molecular en-
vironments is essential to the elucidation of the
properties of these systems, the above-described
results give one confidence that the SCF-Xn-SW
cluster molecular-orbital method is also a rea-
sonable theoretical approach to the local interac-
tion of magnetic transition-metal impurities with
metallic hosts.

It should be pointed out that cluster mol. ecular-
orbital models of impurity states and alloy elec-
tronic structure are not a new idea. For ex-
ample, Messmer and Watkins" were the first to
use both semiempirical and SCF-Xo.-SW molecu-,
lar-orbital methods to describe impurity and
vacancy states in diamond, Hemstreet" has re-
cently applied the SCF-Xa-SW technique to transi-
tion-metal impurities in silicon, and Ellis and co-
wor'kers" have used a Hartree-Fock-Slater dis-
crete-variational cluster approach in studies of
LiA1 alloy electronic structure. What is nove1 in
the present work is the utilization of cluster mo-
lecular orbitals as the basis for a new theoretical
model of local magnetic moments and the Kondo
effect.

Finally, we point out that a number of valuable
theoretical approaches to the electronic structure
of dilute alloys have previously been developed,
ranging from the aforementioned Friedel-Ander-
son ' concept of the virtual impurity state to the
coherent-potential and average-t-matrix approxi-
mations (CPA and ATA), the latter having the
virtue of working within the framework of conven-
tional band-structure theory and being applicable
to alloys of any composition as well as the dilute
limit. " The CPA method has also been applied to
metallic alloys, e.g. , the CuNi system, within the
framework of cluster multiple-scattering theory, "
utilizing Lloyd's formula" for the density of states
associated with a set of nonoverlapping spherically
symmetric scattering centers. The latter approach
has the advantages of computational simplicity and
direct contact with the crystalline density of
states. However, it has the disadvantage of not
being fully self-consistent, therefore failing to
describe properly the effects of charge transfer
and covalency between alloy constituents, and, not
leading to information about individual cluster
eigenstates. As we will attempt to show in this
paper, a knowledge of individual cluster molecu-
lar-orbital eigenstates is useful for elucidating
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certain features of local alloy electronic struc-
ture and, when spin polarization is taken into
account, provides a basis for describing local
magnetic moments.

III. COMPARISON OF THE ELECTRONIC STRUCTURE OF A

CUCu~pCU6 ClUSter
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CRYSTALLINE COPPER

In order to represent more accurately the local
molecular environment of transition-metal im-
purities alloyed in crystalline copper (see Sec. IV),
we have extended SCF-Xe-SW calculations, orig-
inally restricted to the 13-atom cubo-octahedral
cluster having the nearest-neighbor coordination
of fcc crystalline copper, "to a 19-atom cluster
(CuCu»Cu, ) that includes an extra six-atom shell
of second-nearest neighbor s. Although no special
boundary conditions to simulate the further "em-
bedding" of the Cu» cluster in an infinite crystal
lattice have been imposed in these studies, re-
cent SCF-Xn-SW studies of Fe,(FeFe,} and

Fe»(FeFe, Fe, ) clusters, "representing the local
atomic arrangement up to second-nearest neigh-
bors in bcc crystalline n-iron, suggest that such
boundary conditions do not alter the main conclu-
sions about the relationship of cluster electronic
structure and magnetic spin polarization to the
corresponding bulk properties. Furthermore, be-
cause we are primarily interested in the differ-
ences between the electronic structure of an ele-
mental CuCu~Cu, cluster and that of an MCu»Cu,
cluster when transition-metal impurities (M =Ni,
Fe, Mn, V, etc )are s.ystematically substituted
for the central Cu atom, it is safe to assume that
the effects of the cluster boundary conditions and
other computational parameters are reasonably
constant through the series.

The SCF-Xn-SW calculations were implemented
for the 19-atom cluster in the same fashion as
reported for the Cuy3 cluster in Ref. 19, including
the choices of atomic-sphere radii and Xz ex-
change-correlation parameter. The computations
were carried out on an IBM 370/168 computer and
required 15 iterations, at approximately 4 min per
iteration, to converge to self-consistency. In Fig.
1, we display the resulting cluster molecular-
orbital energy eigenvalues. Those orbitals that
have significant contributions from the central Cu
atom, and therefore which are most likely to be
perturbed when a transition-metal impurity is
substituted for that atom, are labeled according
to the irreducible representations (a~, t,„,e„ t,~}
of the cluster (0„}point group and in terms of the
principal partial-wave (s,P, d) components in the
atomic spheres. Also indicated are the occupan-
cies and degeneracies of the highest occupied and
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FIG. 1. SCF-X~ molecular-orbital energy levels of a
CuCu&2Cue cluster representing the local environment up
to second-nearest neighbors in crystalline copper. The
most important l.evels are labeled according to the ir-
reducible representations of the 0& point group and in
terms of the principal. partial-wave components on the
central, nearest-neighbor, and second-nearest-neigh-
bor Cu atoms. The orbital occupancies (degeneracies)
are indicated for the three highest occupied and lowest
unoccupied cluster orbitals, and these orbital occupan-
cies satisfy a cluster "sum rule" leading to a "renorm-
alized" (M)~0 (4s)~-like configuration on the central Cu
atom (see text). The energy-band profiles for crystal. line
copper, plotted along two principal symmetry directions
of the Brillouin zone, are shown for comparison.

lowest unoccupied cluster orbitals. The spatial
distribution of electrons and partial-wave decom-
position of the highest occupied orbitals of the
CuCu»Cu, cluster are tabulated in Tables I(a) and

II(a), respectively. Those cluster energy levels
that are not labeled in Fig. 1 belong to orbitals
which are nonbonding between the central atom
and neighboring atoms and which therefore should
be least perturbed by the substitution of transition-
metal impurity atoms for the central Cu atom.
Most of these orbitals transform according to the

a,„, a,~, a,„, e„, t~, and t,„ irreducible represen-
tations of the O„point group and are largely local-
ized on the 12-atom shell of nearest neighbors or
outermost six-atom shell of second-nearest
neighbors in the CuCu~Cu, cluster.
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TABLE I. Spatial distribution of electrons (normalized to unity) in molecular orbitals of:
(a) CuCu&2Cu6, (b) NiCu&2Cu6, (c) FeCu&&Cue, and (d) VCu&2Cue clusters. Cu is the central
copper sphere. Ni is the central nickel sphere. Fe is the central iron sphere. V is the cen-
tral vanadium sphere. Cu 1 is the nearest-neighbor copper sphere. Cu 2 is the second-near-
est-neighbor copper spher e. Int: inter sphere region. Out: outersphere region.

(a) Cu Cu 1 Cu2 Out

3a~g
5t2g
5eg
4t2g
4eg

(b)

1.025xlp '
1.167x10 2

1.138xlo '
2.166xlp 2

1.456 x 10

Ni

3.026 x 10
2.838 x 10
4.107x 10 ~

2.462x 10 '
6.588 xlp

Cu 1

2.846 xlp
3.537 x 10
3 617 x]0-2
1.040 x 10
2 588 xlp

CG 2

3.145 x 10
4.020 xlp
2.519xlo '
5.666 xlp
3.810 x 10

Int

4.907 xlP
3..351xlp 2

2 6g5xlP-2
2.201 x 10
1.571 x 10

Out

3agg
5t„
5eg
4t2 g
4eg

(c)

3agg
5t2 g
5eg
4t2g
4e

l.p73xlQ ~

1.033 xlp &

2.305 xlp ~

3.172 xlp '
1 638 xlp

8.g25xlQ 2

3.786 x 10
6.230 x10
2.873 xlp
1.077 x 10

2 650x 10
2.659 x10 2

2.490 x 10
2.532 x 10
2.725 x 10

Cu 1

2.380 x 10
l.g24xlp 2

1.297 x 10
2.768 x 10
4.369xlp 2

2 787 x10
2 481 xlp
3.193x 10
5.974 xlp '
8.171xlp 2

Cu 2

2 824 xlp-2
1 031 xlp
1 436xlp 2

4.280 x 10
3.440 x 10

3.488 x10
3 944xlp &

2.511»0 '
1.907 x 10
1.690 xlp

Int

3.810 xlp
3.120x10 '
1.259 xlp '
1.194 xlp &

1.531x10 '

5.870 xlp
3.433 x 10
2.808 x 10
1.403 xlp '
2.073 x 10

Out

7.481 x 10-'
1.660 x 10
9 292 xlp
4.338 xlP 3

8.568 x 10

(d) Int Out

aig
5t2 g
5eg

4t2g
4eg

7.287 xlp 2

5.163xlp &

6.704 xlp ~

1.330 xlp ~

5.182 x 1Q

2.147xlp 2

1.575 xlp
1.088 xlp
3.012xlo '
4.351 xlp 2

2.856 x 10
4.244 x 10
1.105 x10
4.795 xlp 2

3.689 x10

4.107 x10
2.547 x 10
1.234xlp '
2.099 x 10 '
1.941 x10

8.738 xlp
1.451 x 10 2

9.414xlp 3

8.116xlP
1.062 xlp

Although it is generally improper to compare
cluster molecular-orbital eigenstates with indi-
vidual Bloch eigenstates of the crystal band struc-
ture, for which the reciprocal-space wave vector

% is a good quantum number, it is possible, in

principle, to construct linear combinations of
degenerate Bloch states of different R (the so-
called "star" of the wave vector) that transform
according to the irreducible representations of the
cluster (0„) point group. 4' Bloch states corres-
ponding to 2 =0 (the I' point of the Brillouin zone)
automatically transform according to the irreduc-
ible representations of the O„group. In these
respects, one is justified in comparing the SCF-
Xo. orbital energy levels of the Cu» cluster with
energy bands of the type originally calculated for
crystalline copper by Segall" and Burdick, ~ as

illustrated in Fig. 1 for band profiles along the
[100] (I"rh,X) and [111](I'AL) directions of the
Brillouin zone. This type of comparison comple-
ments the ones for cluster and crystal densities
of states carried out in Befs. 19 and 24, andhelpsto
clarify the effects of transition-metal impurities
on the copper band structure.

Thus the 1g„ level of the Cu» cluster, belong-
ing to a predominantly s-like molecular orbital,
corresponds approximately to the I', (% =0) s-band
minimum of crystalline copper. The 1t„and 1e,
orbitals, respectively„are spatially localized de-
generate bonding combinations of (d„„d„„d„,) and

(d,2, d„2 y2) orbitals on the central Cu atom with

as' hybrid orbitals on the neighboring a,toms. Al-
though they have no simple one-to-one correspon-
dence with the Bloch band eigenstates of crystal-
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TABLE II. Partial-wave decomposition (in percentage)
of molecular orbitals of: (a) CuCu&2Cu6, (b) NiCu&2Cu6,

(c) FeCu&2Cu6, and {d) VCu&2Cue clusters. Cu is the
central copper sphere. Ni is the central nickel sphere.
Fe is the central iron sphere. V is the central vanadium
sphere. Cu 1 is the nearest-neighbor atomic sphere.
Cu 2 is the second-nearest-neighbor copper sphere.

Cu CU 1 Cu 2

(a) l=o l=l l=2 l=o l=l l=2 l=o l=l l=2

CuCU»

l /
/

/sX I
/1'

/

,/

/ X / XX ~ I/i
/( s / /

i ~

(
/

I

/ % /
z//

3a~g 100 0
5t2g 0 0
5eg 0 0
4t2g 0 0
4eg 0 0

0
100 57
100 16
100 7
100 0

26 70
20 23
16 68

2 91
1 99

37 2
0 19

74 1
0 0
1 0

61
81
25

100
99

4eg

Ni Cu 1 Cu 2

(b) l =0 l =1 l =2 l =0 l =1 l =2 l =0 l =1 l =-2

3ag 1OO O

5t2g 0 0
5eg 0 0
4t2 0 0
4eg 0 0

0 3 38
100 62 23
100 25 26
100 0 2
100 2 0

59
15
49
98
98

47 2 51
0 26 74

92 2 6
0 0 100
0 0 100

Fe Cu 1 Cu 2

(c) l=o l=l l=2 l=o l=l l=2 l=p l=l l=2

3aig 100
5t2 0
5eg 0
4t2 p

4eg 0

0 0 49
100 48 27
100 13 19
100 21 10
100 ll 10

51 43 4
25 0 45
68 90 1
69 0
79 43 1

53
55

9
95
56

V CU 1 CQ 2

(d) l=o l=l l=2 l=o l=l l=2 l=p l=]

3a~g 100 0
5t2 0 0
5eg 0 04t„o 0
4eg 0 0

0 0
100 25
100 4
100 36
100 14

63
36
21
14
14

37 47 6
39 0 76
75 87 0
50 0 8
72 54 2

47
24
13
92
44

line copper, linear combinations of degenerate
band eigenstates for %a 0 (e.g. , A, and A,) that
transform like the lt„and le, cluster orbitals,
respectively, can be found near the bottom of the
d band. The lt,„and 2a~ cluster levels belong to
dsP-hybrid orbitals primarily localized on the 12-
atom shell of nearest neighbors and correspond
approximately to combinations of crystal eigen-

, states (e.g. , h, X, and b,,X,) at the botton of the d
band. The manifold of densely spaced levels be-
tween the energies, -0.65 and -0.5 Hy, is the
cluster analog of the crystal d band. The 2t, and

4e, cluster levels are isomorphic to the I",, (% =0)
and I'» (%=0) band eigenstates, respectively, and
belong to orbitals that have (d„„d„,d„,) and

FIG. 2. Contour maps of the 2tzg and 4eg molecular-
orbital wave functions for a CuCu&&Cue cluster plotted in
the y-z plane passing through the central atom, four
nearest-neighbor atoms, and four second-nearest-neigh-
bor atoms (see top half of Fig. 4). Solid and dashed con-
tours represent opposite signs of wave function. The
2 kg and 4eg orb itals are discrete cluster analogs of the
r, gP and r&2 d-band eigenstates, respectively, for crys-
talline copper

(d, 2 d„2 y2) character, respectively, around the
central Cu atom, as revealed by the orbital wave-
function contours in Fig. 2 mapped in a plane
passing through the central atom, four nearest
neighbors, and four second-nearest neighbors. The
coordinate system and atomic sphere radii in the
y-g plane used to generate such contour maps are
shown in Fig. 4. The solid and dashed contours
represent opposite signs of the orbital wave func-
tion. The 4e, orbital, for example, is largely non-
bonding between the ct:ntral atomic d, 2 orbital and
nearest-neighbor d orbitals, whereas it is formal-
ly bonding between the central d, 2 orbital and
second-nearest neighbor d orbitals. The 2eg 3eg,
3t„, and 4t„ levels in the cluster d-orbital mani-
fold have a rough equivalence to mixed bonding
and antibonding combinations of degenerate crys-
tal d-band eigenstates for kw0. The unlabeled
cluster levels between the energies -0.525 and
-0.5 Ry correspond to. combinations of crystal
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orbital. character on the central Cu atom and dsP-
hybrid orbital character on the nearest and second-
nearest neighboring Cu atoms. The 5e, cluster
eigenstate is roughly equivalent to a combination
of crystal eigenstates (e.g. , b, ,) where the s, P-like
"conduction band" has just emerged from the top
of the d band (see Fig. I). Similarly, the 5$,
cluster orbital, also mapped in Fig. 3, is a
spatially delocalized antibonding composite of
(d„„d„,d„) orbital character on the central Cu
atom, st-hybrid-orbital character on the near-
est-neighboring Cu atoms, and dP-hybrid-orbital
character on the second nearest neighbors. This
orbital corresponds approximately to a combina-
tion of hybrid conduction-band eigenstates (e.g. ,
A, ) of crystalline copper just below the Fermi
energy. The highest occupied Cu» cluster molecu-
lar orbital, .3a„, which is a spatially delocalized,
mixture of spherically-symmetric 4s-like orbital

5e,

FIG. 3. Contour maps of the 5e~ and 5t2~ molecular-
orbital wave functions for a CuCu&2Cu& cluster plotted in
the y-z plane shown in the top haLf of Fig, 4. These or-
bitals, which are antibonding between the central atom
and surrounding atoms, are discrete cluster analogs of
dsp-hybrid energy-band eigenstates for crystalline cop-
per between the top of the d band and Fermi energy (see
text).

eigenstates (e.g. , A,X„A,L„a dAn, X,) at the top
of the d band.

The 58„5f„, and 3a„ levels are the highest oc-
cupied eigenstates of the Cuy9 cluster. The oc-
cupancies and degeneracies of these molecular
orbitals are indicated in Fig. 1. The spatial dis-
tribution of electrons and partial-wave decomposi-
tion of these orbitals are tabulated in Tables I(a)
and II(a). These orbitals deserve special consider-
ation, because, along with the 4e, and 4f„eigen-
states near the top of the d band, they are most
strongly perturbed and evolve into cluster analogs
of the Friedel-Anderson virtual impurity states"
when first-row transition elements are substituted
for the central Cu atom (see Sec. IV). Thus they
are key orbitals in a cluster model for local mag-
netic moments and residual resistivity in dilute
transition-metal-copper alloys. The 5e, cluster
molecular orbital, mapped in Fig. 3, is a spatially
delocalized antibonding composite of (d, 2 d 2 y2)

FIG. 4. Contour map of the Sa«molecular-orbital
wave functions for a CuCu&2Cu& cluster plotted in a y-z
plane passing through the central atom, four nearest-
neighbor atoms, and four second-nearest-neighbor
atoms shown in the top half of the figure. The half-oc-
cupied (1/2) Ba&z orbital, which is antibonding between
the central atom and surrounding atoms, is the discrete
cluster ana, log of the half-filled sd-hybrid conduction
band of crystaBine copper around the Fermi energy, as
indicated by the spherically symmetric s-like orbital
character on the central atom, d-like orbital character
on nearest-neighbor atoms, and sd-hybrid orbital char-
acter on the second-nearest-neighbor atoms (see text).
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character on the central Cu atom with dP- and sd-
hybrid-orbital character on the surrounding shells
of atoms (see the orbital contour map in Fig. 4),
is the counterpart of crystal conduction-band
states (e.g. , a,) at the Fermi energy. Thus the

3a~ orbital, which is only half occupied, defines
the "Fermi energy" of the 19-atom cluster and is
the discrete cluster analog of the half-filled con-
duction "sband" of crystalline copper. This corres-
pondence is extremely valuable in using the clus-
ter electronic structure to describe the coupling
of transition-metal impurity spin orbitals to the
conduction-band spin orbitals in connection with
the Kondo problem' ' (see Sec. IV). Finally, the
lowest unoccupied Cuing cluster energy level, 2ty„,
shown in Fig. 1 belongs to a highly delocalized
molecular orbital that is predominantly 4P-like
on the central and nearest-neighboring Cu atoms
and predominantly 4s-like on the second-nearest
neighbors. It is the cluster analog of empty crys-
tal conduction-band eigenstates above the Fermi
level.

Although the highest occupied Cu» molecular
orbitals, 5e, 5t„, and 3a„, are spatially delocal-
ized on the nearest and second-nearest shells of
atoms and are cluster analogs of crystalline cop-
per conduction-band states around the Fermi
energy, they formally transform respectively like
(d, 2, d„2 y2) (d„„d„,d„,),' and (s)' orbital configu-
rations on the central Cu atom in analogy to the
(3d)' (4s)' configuration of a free Cu atom. It has
been shown in Fig. 5 of Ref. 19 that a 13-atom
cubo-octahedral cluster (CuCu») representing the
nearest-neighbor environment in crystalline cop-
per yields only one occupied molecular orbital
near the Fermi energy, namely, a f„orbital con-
taining five electrons, formally corresponding to
a (d„„d„,d.„,)'(d, 2 d 2 y2)' (s)'- or (3d)' (4s)'-like
orbital configuration on the central atom. Thus
the addition of a six-atom shell of second-nearest
neighbors to the Cu» cluster, resulting in a Cu»
(CuC u»Cu, ) cluster, "coordinatively saturates"

- the central Cu atom and provides six more valence
(4s) electrons that populate the 5e„5t„, and 3a~
molecular orbitals, effectively resulting in a
(d 2 d 2 y2) (d„„d„,d„,)' (s)'- or (3d)'o(4s)'-like
configuration on the central atom. The extra 60
Sd electrons provided by the six second-nearest
neighbors populate extra orbitals (as compared
with Cu») in the cluster d band below the 5e„5f„,
and 3ay, levels. We can view the attainment of the
neutral-atom electron configuration in the Cu»
cluster as the satisfying of a cluster "sum rule. "
This interpretation suggests that a 19-atom cubo-
octahedral cluster is adequate for describing the
"renormalizing" effects on the local fcc crystal-
line copper environment on a copper atom and, as

shown in Sec. IV, on a substitutional transition-
metal impurity. The concept of "cluster renor-
malization" is a way of interpreting the most im-
portant effects of delocalized molecular-orbital
formation between the central metal atom and its
surrounding shells of atoms and should not be
confused with the "renormalized-atom" concept of
Hodges et al." However, there are possible con-
ceptual and computational relationships of cluster
renor malization to the "renormalization-group"
method" of solving the Kondo problem, as dis-
cussed in Sec.' VII.

IV. CLUSTER MOLECULAR-ORBITAL MODELS OF

TRANSITION-METAL IMPURITIES ALLOYED IN

COPPER

A. General trends of electronic structure and the cluster sum rule

In Fig. 5, we display the molecular-orbital
energy eigenvalues, calculated by the SCF-Xo.-SW
method, for NiCu»Cu„FeCu»Cu„and VCu»Cu,
clusters representing the local environment (up to
second-nearest neighbors) of isolated substitution-
al Ni, Fe, and V impurities in an otherwise perfect
crystalline copper lattice. Comparing these energy
levels with the CuCu»Cu6 levels simulating the
band structure of pure crystalline copper in Fig. 1,
we note the following general trends of electronic
structure:

(i) The interaction of each transition-metal im-
purity with the surrounding copper atoms, viewed
as "ligands" of a transition-metal coordination
complex, ""leads to molecular orbitals (le, and

It„) at the bottom of the copper d band that are
bonding between the transition-metal d orbitals and
dsP-hybrid orbitals on the surrounding Cu atoms,
and to molecular orbitals (4e, and 4t„) near the top
of the copper d band that are antibonding between
the transition-metal d orbitals and nearest-neigh-
bor Cu d orbitals. Contour maps of these orbitals
are shown, for example, for the FeCu»Cu, cluster
in Figs. 8 and 9. However, note in Fig. 9 for the
4e eigenstate of the FeCu»Cu, cluster that, while
the central Fe d, 2-like orbital is antibonding -. , ith
respect to similar orbitals on the nearest-neighbor
Cu atoms, it is bonding in relation to second-
nearest neighbors.

(ii) There is significant mixing of transition-
metal antibonding d-orbital character in the 5e,
and 5t„cluster eigenstates (see Fig. 5), which
increases across the first-row transition series
from Ni to Fe to V, as revealed by the spatially
expanding (d, 2, d„2 ~) and (d„„d„,d„,) orbital
character on the central transition-metal impurity
in Figs. 7, 10, and 11. These eigenstates are
discrete cluster molecular-orbital analogs of the
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' 5. SCF-X~ molecular-orbital energy level. s of

clusters representing the local. enviroment up to second-
nearest neighbors of isolated substitutional Ni, Fe, and
V impurities in crystall. ine copper. The most important
levels are labeled according to the irreducible repre-
sentations of the OI, point group and in terms of the prin-
cipal partial-wave components of the central. impurity
atom and surrounding Cu atoms. The orbital occupancies
(degeneracies) are indicated for the three highest oc-
cupied and lowest unoccupied cluster orbitals, and these
orbital. occupancies satisfy a cluster "sum rule" leading
to a "renormalized " atomiclike configuration on the
central impurity atom. The 5e~ and 5t2~ orbitals are
discrete cluster analogs of the Friedel-Anderson im-
purity virtual d orbitals, split in energy and orbital de-
generacy by the antibonding interaction with sd-hybrid
orbitals on the surrounding atoms viewed as ligands,
while the (le~, lt2$ and (4ez, 4t2~) pairs of.levels are bond-
ing and antibonding, respectively, with respect to the
bottom and top of the d band. Note that the order of the
4e~ and 4t2~ levels, as well as the order of the 5e~ and
5t2~ levels, is the reverse of that in ligand-field theory
for sixfold coordinated ligands (the second-nearest
neighbors in these clusters) because the intervening 12

' nearest neighbors interact directly with the central-
atom d components in the 4t2~ and 5Q~ orbitals (see Figs.
6 and 7), pushing the latter to higher energies with re-
spect to the 4' and 5e~ orbitals which are directed to-
ward the second-nearest neighbors.

Friedel-Anders'on virtual impurity states, '" split
in energy and degeneracy by the pntibonding inter-
action of the impurity d orbitals with the s, P, d
hybrid orbitals on the surrounding Cu atoms.

(iii) The 4s-like contribution of the transition-

FIG. 6. Contour maps of the 4e~ and 4t2~ molecular-or-
bital wave functions for NiCu&2Cu6 cluster plotted in the
y-z plane shown in the top half of Fig. 4. The antibonding
interaction between the central Ni-impurity-atom d~2

and d~ components of the 4e~ and 4t2~ orbitals, respect-
ively, and the nearest-neighbor Cu d components is
clearly visible, along with the formal bonding relation
between the central Ni-impurity-atom d~2 component and
second-nearest-neighbor Cu d components in the 4e~ or-
bital.

metal atom to the 3a„orbital of each impurity
cluster in Fig. 5 is spatially indistinguishable
from a Cu 4s-like contribution. In Sec. III (Fig. I},
we have shown that the half-filled 3a~ orbital of
a CuCu»Cu, cluster is the discrete analog of the
half-filled conduction band of crystalline copper
near the Fermi energy. Thus the Sg~ orbital,
when fully occupied and spin paired as indicated
for FeCuy2Cu6 and VCuy2Cu6 in Fig. 5, describes
within the framework of the cluster electronic
structure the coupling of the impurity to the con-
duction-band eigenstates. of copper.

(iv) The 5e, (d, 2 d 2 2} 5t„(d„„d„,d„,), and

Sa~(s) cluster molecular orbitals in Fig. 5, like
those discussed in Sec. III for the CuCu»Cu, clus-
ter (Fig. I), can be interpreted simplistically as
"renormalized" transition-metal impurity orbitals,
the occupancies of which satisfy a cluster sum
rule analogous to the Friedel sum rule. ~ As jndj
cated by the orbital occupancies in Fig. 5; the
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FIG. 7. Contour maps of the 5e~ apd 5$~ molecular-
orbital wave functions for a NiCu&2Cu6 cluster plotted in
the y-z plane shown in the top half of Fig. 4. These orbit-
als, which are antibonding between the central Ni-im-
purity-atom d components and sd-hybrid components on
the surrounding Cu atoms, are discrete cluster analogs
of the Friedel-Anderson virtual impurity states. Note
the expanded d amplitude on the central Ni impurity
atom, as compared with that on the central Cu atom in
the corresponding orbitals of Fig. 3.

FIG. 8. Contour maps of the le~ and 1$~ molecular-or-
bital wave functions for a FeCu&2Cu6 cluster plotted in the
y-z plane shown in the top half of Fig. 4. The bonding re-
lationships between the central Fe-impurity-atom d~2

and diaz components of the 1e~ and & t2~ orb itals, respect-
ively, and the d-like components onthe surrounding Cu
atoms are clearly visible.

electron configurations of the 5e2(d, 2, d„2 22),
5t (d„2„2,d„,d„,), and 3a»(s) orbitals are formally
analogous to a (3d)'0(4s)' configuration for
NiCu»Cu„a (3d)'(4s)' configuration for FeCu»Cu„
and a (M)'(4s)' configuration for VCu»Cu, .

(v) Other configurations attained by electron
prom otion between the highest occupied and lowest
unoccupied cluster molecular orbitals (3a», 5$„)
result in the respective "renormalized-impurity-
atom" configurations (3d)'(4s)' (NiCu»Cu, ),
(3d)'(4s)' (FeCu»Cu, ), and (3d)'(4s)' (VCu»Cu, ),
which are closer in energy to the above configura-
tions than corresponding configurational energy
differences in the free atoms, as determined by
the SCF-Xn transition-state method. "" This re-
sult is relevant to the onset of localized spin fluc-
tuations discussed in Sec. IVC.

Kith the above general trends in mind, we now
describe in somewhat more detail the use of the
individual cluster electronic structures in Pig. 5 as

a basis for understanding the electronic structures
and magnetic properties of transition-metal im-
purities alloyed in copper.

B. NiCu»Cu6 and the concept of "cluster renormalization"

Comparing Figs. 5 through 7 with Figs. ,1 through
3, we find that the most important effects of sub-
stituting a Ni impurity for the central Cu atom
in a CuCu~Cu, cluster are the shifting in energy of
the 4e, and 4f„eigenstates to the top of the d band
and the significant mixing of Ni d-orbital character
in these eigenstates and in the 5e, and 5f„orbitals.
The 4t„and 5e, eigenstates contain the largest
amount of Ni 3d'-like character and are discrete
molecular-orbital precursors of the narrow Ni
impurity subband that is split off in energy from
the top of the Cud band and below the Fermi
energy in photoemission spectra"" and ATA
band-structure calculations~ for dilute CuNi
alloys. A comparison of the 5e, orbital contour

.maps for the NiCu~Cu, and CuCuyzCu6 clusters in
Figs. 7 and 3, respectively, reveals the expanded
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FIG. 9. Contour maps of the 4e~ and 4t2~ molecular-or-
bital wave functions for a FeCu&2Cue cluster plotted in the
y-z plane shown in the top half of Fig. 4. The antibonding
interaction between the central Fe-impurity-atom d82
and d~~ components of the 4e~ and 4t2~ orbitals, respect-
ively, and the nearest-neighbor Cu d components is
clearly visible, along with the formal bonding relation
between the central. Fe-impurity-atom d, g component and
second-nearest-neighbor Cu d components in the 4e~ or-
bital. ,

FIG. 10. Contour maps of the 5e and 5t2 molecular-
orbital wave functions for a FeCu&2Cue cluster plotted
in the y-z plane shown in the top half of Fig. 4. These
orbitals, which are antibonding between the central Fe
impurity-atom d components and sd-hybrid components
on the surrounding Cu atoms, are discrete cluster ana-
logs of the Friedel-Anderson virtual impurity states.
Note the expanded d amplitude on the central Fe impuri-
ty atom as compared with that on the central Ni impuri-
ty atom in the corresponding orbitals of Fig. 7.

d, 2-orbital character on the central Ni atom and
its antibonding relationship to localized 3d-like
orbitals and delocalized 4s-like orbitals on the
surrounding Cu atoms. The 5e -orbital of the
NiCu„Cu, cluster provides an excellent "real-
space" representation of the initial states associa-
ted with the photoemission peak between the d band
and Fermi energy of dilute CuNi alloys, and the
directional character of the 5e orbital underlies
the angular resolution of this photoemission peak. "
This spatial molecular-orbital character under-
scores the chemical nature of the interaction of a,
transition-metal impurity in a copper environment,
in particular, the importance of d-d interactions,
and suggests that the traditional picture of the
Friedel-Anderson ' virtual impurity state as an
atomic d orbital "resonating" in a purely s-like
free-electron gas is too simplistic.

Although the ground-state electron configuration
of a free Ni atom is the magnetic one, (3d)'(4s)',

the "renormalizing" effect of the surrounding Cu
atoms in the NiCuy2Cu6 cluster results in a non-
magnetic (d, a, d„2 2) (d„„d„,d„,)' (s)'- or effective
(3d)' (4s)o-like "closed-shell" configuration of the
5e„5t„, and 3a„orbitals, consistent with the
nonmagnetic state of dilute nickel impurities al-
loyed in crystalline copper. "

C. Local magnetic moments and the Kondo problem

The perturbing effects of a substitutional Fe im-
purity on the CuCu~Cu, cluster electronic struc-
ture are significantly more severe than in the case
of Ni, as revealed by a comparison of Figs. 1 and
5. The 4e, and 4t„orbitals of the FeCu„Cu„
mapped in Fig. 9, are now pushed out of the top
of the copper d band, and there is a large amount
of antibonding Fe Sd-like character mixed into the
5e, and 5t„orbitals, as shown by the greatly ex-
panded central-atom d, 2- and d„,-orbital character
in the respective orbital contour maps of Fig. 10.
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The electron configuration of the 5e„5]„,and
Sa~ orbitals in the FeCu~Cu, cluster is
(d, a, d„2 „2) (d„,,d„,d„,)' (s)' or effectively like the
(M)'(4s)' configuration of a free Fe atom. Thus,
in contrast to the nonmagnetic state of the NiCuy2C u6

cluster, the open-d-shell configuration of the

FeCu»Cu, cluster allows for the possibility of
magnetic spin polarization.

Aside from the issue of spin polarization, the
partial occupancy (2/6) of the t„5roitblaof the
FeCu»Cu, cluster also suggests the possibility of
a Jahn-Teller instability of the ideal cubic (0„)
geometry. This could lead to a lowering of the
cluster symmetry and to the splitting of the six-
fold degenerate t„orbital into an unoccupied
fourfold degenerate orbital (e) and fully occupied
twofold degenerate orbital (a), as illustrated
schematically by the inset in Fig. 12. The spin-
paired ground electronic configuration implied by
such a Jahn-Teller effect would suggest a non-
magnetic state of the Fe impurity at 0 K and a

FIG. 11. Contour maps of the 5e~ and 5gz molecular-
ozhital wave functions for a VCu&&C~ cluster plotted in
the y-i plane shown in the top half of Fig. 4. These or-
bitals, which are antibonding between the central V im-
purity-atom d components and sd-hybrid components on
the surrounding Cu atoms, are discrete cluster analogs
of the Friedel. -Anderson virtual impurity states. Note
the expanded d amplitude on the central V impurity atom
as compared with that on the central Fe impurity atom
in the corresponding orbitals of Fig. 10.

Curie-Weiss paramagnetic state at higher tem-
peratures arising from thermally induced elec-
tronic excitations across the energy gap 6». Al-
though we have not calculated 6» for the FeCu»Cu,
cluster, both experiment and SCF-Xn-8% elec-
tronic-structure calculations for the approximate-
ly cubic [Fe,S,(SR),]' cluster (R =organic group-
that represents the active center of the iron-
sulfur protein, ferredoxin (see discussion in Sec.
II) indicate that the "Kondo-like" transition from
Curie-gneiss paramagnetism to the nonmagnetic
state below room temperature is the result of the
Jahn-Teller splitting of a partially occupied (4/6)
degenerate orbital of t, symmetry into a fully
occupied (4/4) e orbital and empty (0/2) 5, orbital
(see Fig. 1 of Ref. 31), yielding a spin-paired
(singlet) ground state. A A, ~ value equivalent to
the Kondo temperature (-7'K), below which Fe
impurities in copper lose Curie-gneiss magnet-
ism, ' ' would be consistent with the dynamic rath-
er than the static Jahn-Teller effect. 4' However,
there is no definitive experimental evidence for
Jahn-Teller effects associated with Fe impurities
in copper, although they are quite common for
"deep-level" impurities in semiconductors" and
for transition-metal coordination complexes. "

If the orbital angular momentum of the transition-
metal impurity is not fully quenched by the copper
environment, then spin-orbit coupling should be
competitive with or indeed act in conjunction with
Jahn-Teller effects for splitting the degenerate
impurity molecular-orbital energy levels. 4' Such
spin-orbit splitting, under certain circumstances,
can then lead to the quenching of the impurity
magnetic moment at low temperature, in spite of
the unpaired impurity spin, as a result of the can-
cellation. of spin and orbital contributions to the
magnetic moment. Such effects are well known to
occur in transition-metal coordination complexes, "
m,d in Sec. VI of this paper we will present detailed
quantitative examples illustrating how spin-orbit
coupling can account for the quenching of the
transition-metal impurity magnetic moment below
the Kondo temperature.

Neglecting Jahn-Teller and spin-orbit contribu-
tions, we can determine the magnetic spin polar-
ization of the FeCuy2Cu6 cluster, from first
principles, by applying the spin-unrestricted
version of the SCF-Xa-8% method' ' in conjunc-
tion with Hund's rules. This leads to different
cluster molecular orbitals for "spin-up (4)" and
"spin-down (0)" electrons, as shown in Fig. 12 for
the three highest occupied orbitals (5e„5t„, Sa~)
of the FeCuy2Cu6 cluster on a more highly resolved
energy scale than in Fig. 5. The corresponding
non-spin-polarized orbital energies are included
for comparison. The most immediately striking
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FIG. 12. Comparison of spin-polarized and non-spin-polarized energy levels for the highest three occupied molecular
orbitals of the FeCu&2Cu6 cluster (the 5e~, 5Qz, and Ba&~ l.evels in Fig. 5), displayed on a relative energy scale. The lev-
els are labeled according to the principal. partial-wave components on the I'e-impurity atom, and the level occupancies
are indicated. The exchange splittings, 4,„(e~) and 6,„(t2~), are an order of magnitude smaller than previous estimates
based on the Anderson model and are also smaller than the ligand-field splitting 6~f. Possible excitations from the
spin-down a«(s) orbital that is the discrete cluster analog of the half-filled conduction band of crystalline copper to the
partially occupied degenerate spin-up t2~(d», d~, d„~) orbital, corresponding to spin fluctuations on the impurity, are
indicated by the arrow (see text). Apossible Zahn-Teller splitting b, ,T of the degenerate Q~(d„, d ~, d~) orbital is shown
in the inset.

result is the small exchange splitting of those
molecular orbitals, e, (d „d, +) and t„(d„,d„„d„,),
containing the largest amount of Fe d-orbital
character, namely, h,„(e ) =0.17 eV and b, „„(t„)
=0.12 eV. These values are only a small fraction
of the exchange splitting (-5 eV) for an isolated
Fe atom and the exchange splitting assumed in the
original Anderson model' and more recent mo-
dels" for magnetic transition-metal impurities.
The exchange splittings in Fig. 12 are also an
order of magnitude smaller than the value (-2.5

eV) calculated by the SCF-Xn-SW method for the
"d band" of a. FeFe,Fe, cluster representing ferro-
magnetic crystalline e-iron (see discussion in
Sec. II). This unusual finding is a result of the
overwhelming importance of the above-described
covalent bonding-antibonding interaction of the Fe
impurity d orbitals with the dsP hybrid orbitals on
the surrounding Cu atoms, a factor that has been
largely ignored in all previous theoretical models
for magnetic impurities, ' ' including Hirst's

ion crystal-field model. ' This result further sug-
gests that various parameters in the often-used
Anderson Hamiltonian for magnetic impurities,
e.g. , the Coulomb interaction parameter U usually
identified with a large exchange splitting, should
be redefined (see Sec. V).

Because the "spin-up" a„(s) level in Fig. 12 cor-
responds to a cluster-renormalized Fe 4s-like
orbital, whereas the "spin-down" a„(s) level is
the discrete cluster analog of the half-filled con-
duction band of crystalline copper (see Sec. III
and Fig. 1), these levels describe an effective
antiferromagnetic coupling between a "spin-up"
electron on the Fe impurity site and a "spin-down"
electron in the copper conduction band. The

t„(d„„d„,d„,) spin-up orbital is also effectively
coupled antiferromagnetically to the copper con-
duction band as a result of self-consistency, al-
though a nonmagnetic ground state at T =O'K is
not attained unless through Jahn- Teller effects of
the type described in Ref. 47, or through a spin-
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orbit coupling of the type described in Sec. VI.
Thus the cluster spin orbitals exhibit some as-
pects of the antiferromagnetic coupling between
the Fe impurity spin and "spin-compensation
cloud" of the surrounding Cu atoms, often specu-
lated to be responsible for the collapse of Curie
Weiss magnetism below the Kondo temperature, "
but the actual compensation is small relative to
the net spin of the f, (d„„d„,d„,) orbital in agree-
ment with NMR studies of Boyce and Slichter. ~

The almost exact degeneracy of the partially oc-
cupied (2/3} spin-up t,~(d„„d„„d„,) orbital and
fully occupied (1/1) spin-down a„(s) orbital sug-
gests that for P-T~ there is a high probability
of thermally induced excitations between the latter
and former spin-orbitals, which in conventional
solid-state many-body ter minology correspond
to "spin-flip" excitations between the copper con-
duction band at the Fermi energy and virtual Fe
impurity d orbitals. These excitations imply
fluctuations between cluster spin states of 8=1
(two unpaired spins in f, ) and S =2 (three unpaired
spine in t„and one unpaired spin in a~) (see.Fig.
12), yielding an average spin component of S,
=3/2 on the FeCu»Cu, cluster. Alternatively,
promotion of an electron from the spin-up a~(s)
orbital to the nearly degenerate spin-up t„(d„„,d„,d„)
orbital, accompanied by spin fluctuations between
the a~(s) spin orbitals, also yields a spin compo-
nent of S, =3/2 and a total of seven electrons in the
eg(d 2 d 2 y2) and t, (d„„,d„„d„,) molecular orbitals
(see Fig. 12). Magnetic susceptibility studies for
Fe impurities in crystalline copper do indeed sug-
gest a local magnetic moment corresponding ap-
proximately to a spin component of S,=3/2, ' and
our predicted integer value of seven electrons in
the Fe impurity molecular orbitals is in agree-
ment with the value deduced by Slichter and co-
workers" from NMR studies.

Dickens et al."have recently suggested, on the
basis of neutron-diffraction studies of the CuFe
Kondo system, that the spin-compensation-cloud
model for the collapse of Curie-Weiss magnetism
below the Kondo temperature could be made com-
patible with the alternative theory based on lo-
calized spin fluctuations (the LSF model} if the
polarizable part of the compensation cloud, gen-
erally viewed as being of long-range character,
were shrunk to the dimension of the 4s electron
shell. The present FeCu„Cu, cluster model is
automatically compatible with both the spin-com-
pensation-cloud and LSF models, since the spin-
down a~(s) orbital corresponding to the compen-
sation cloud in the cluster is spatially indistin-
guishable from a renormalized Fe 4s orbital,
whereas the above-described spin-flip excitations
among the g„(s) and spin-up t, (d„„d,d„,) orbi-

tais around the Kondo temperature are equivalent
to localized spin fluctuations. However, it should
be emphasized that the present theoretical model
does not yield a nonmagnetic ground state below
the Kondo temperature unless the above-described
Zahn-Teller effects and/or spin-orbit coupling
described in Sec. VI are operative.

Thus the spin-polarized electronic structure of
a FeCu~Cu, cluster exhibits the principal mea-
sured characteristics of the local magnetic mo-
ments of Fe impurities in crystalline copper,
while leading to radically new conclusions about
the relative magnitudes of covalent and exchange
interactions. Although the Kondo problem has been
approached traditionally in terms of formal many-
body theory, ' "' it is not surprising that
FeCu„Cu, cluster spin-orbital eigenstates, de-
termined from first principles by the SCF-Xe
method, should constitute a realistic basis for
attacking this problem. First, the SCF-Xn clus-
ter molecular-orbital method goes beyond conven-
tional Hartree-Fock theory in describing the local
effects of both exchange and correlation, " " and
the electronic energy eigenvalues are rigorously
defined as derivatives of the total energy with re-
spect to occupation number, '~ "

, ~~xn=
8E

(1)kxn

in analogy to the definition of quasiparticle ener-
gies in Fermi-liquid theory. ~' Excitation energies,
including the effects of spin-orbital relaxation and
averaging over multiplets, follow from expression
(1) in the SCF-Xn method through the "transition-
state" concept. "" The claim that the SCF-Xa
technique goes beyond the Hartree-Fock method in
accounting for correlation effects within the
framework of a single-particle representation, in-
cluding excited states, is supported by detailed
quantitative comparison of results for polyatomic
molecules with measured electronic and optical
spectra and with the results of more elaborate
theoretical approaches that systematically correct
for correlation errors in Hartree-Fock theory via
configuration-interaction or many-body perturba-
tion theory. ""Second, the cluster molecular-
orbital method automatically includes the interac-
tion of the transition-metal impurity d orbitals
with localized d orbitals (as well as delocalized
s- and P-like contributions) on the surrounding
copper atoms, whereas such effects are com-
pletely neglected in the conventional "s-d" model' '
which views the transition-metal impurity d orbi-
tals as interacting with purely s-like conduction
electrons of the host metal.

Further support for the cluster molecular-
orbital approach follows from the study of Mn

impurities in copper. This system is of consider-



a534 K. H. JOHNSON, D. D. VVEDENSKY, AND R. P. MESSMER

M. CU~, C.,
(&) ())

4s

04—

(9
K
CD

I-I —0.5—

5t2g
4s 4 z5eg

5QIg

)a
4$L S , I

5tp' ', ~,') d' r

5eg

III
412g d

gyes

2g

'I4e» d vs 4eg
g

—0.7—
)eg g~j J

I II
lu

If2g
( rlTIT

legIII
r Tt itlu

—0.8— Io
Ig

I laI

able interest because, in addition to the existence
of experimental data concerned with local magnet-
ic moments and the Kondo effect, ' ' there are
optical absorption" and photoemission" spectra
that have been used to determine the approximate
positions of the Mn impurity states with respect
to the Fermi level. Recently, Cohen and Slichter"
have proposed a theoretical model, based on a
three-parameter one-electron screened atomic
potential with exchange, for explaining NMR satel-
lite data for Mn, Fe, and other transition-metal
impurities in copper.

An SCF-Xn-SW cluster molecular-orbital study
of a representative MnCuy2Cu, cluster similar to

FIG. 13. Spin-polarized molecular-orbital energy lev-
els of a MnCu&2Cue cluster representing an isolated Mn
impurity in crystalline copper. The most important
bonding and antibonding spin orbitals are labeled in a
fashion analogous to those shown for the CuCu&2Cu6 clus-
ter in Fig. 1, -with the largely unperturbed copper d band
indicated by the shaded regions. The spin-polarized Mn
atomic orbitals are shown for comparison. Notable is
the small exchange splitting of the MnCuf2Cue cluster
5e~(d) and 5$~(d) spin orbitals (the discrete analogs of
the Friedel-Anderson virtual impurity states) in compar-

. ison with the exchange splitting of the Mn atomic 3d spin
orbitals. The largest part of the electron-electron inter-
action in the cluster is associated with the large splitting
between the bonding (1e~, lt2+) and antibonding (58g 5t2g)
orbitals. Note that the slightly longer arrow in the de-
generate spin-up 5t&~(d) and 3a&~(s) orbitals represents
tzvo electrons.

the study of the FeCuy2Cu, cluster described
above, leads to the spin-polarized electronic
structure shown in Fig. 13. Qnly those energy
levels for molecular orbitals with appreciable
Mn components are fully labeled and their spin
occupancy indicated. The largely unperturbed non-
spin-polarized portions of the copper d-orbital
manifold (the "d band") are indicated by the shaded
regions. The le, and lt„spin orbitals near the
bottom of the d band have significant bonding Mn
d-orbital components; the contributions of Mn to
the 4e, and 4t„spin orbitals near the top of the d
band are antibonding with respect to the nearest-
neighbor Cu atoms and bonding with respect to
second-nearest neighbors; the half-filled 5e and
5t„spin-orbitals are largely localized on the Mn
impurity but have significant antibonding Cu com-
ponents. Although contour maps of these orbitals
are not included in this paper, they exhibit features
analogous to those shown in Figs. 8-1O for the
corresponding orbitals of FeCu»Cu, .

Also displayed in Fig. 13, for comparison, are
the spin-orbital energy levels of a free Mn atom
in a (3d)'(4s)' configuration, as determined by the
SCF-Xe method, leading to a net atomic spin of
S=5/2. Like the results described above for the
FeCu»Cu, cluster (Fig. 12), the most immediately
striking feature in Fig. 13 is the extremely small
net exchange splitting of the MnCuygCu6 cluster
energy levels relative to the atomic exchange split-
ting. Nevertheless, if one applies Hund's rules to
the cluster molecular orbitals, an effective "re-
normalized" (3d)'(4s)' configuration and net mag-
netic moment of 5p, ~ for the MnCu„Cu6 cluster are
attained as a consequence of five unpaired elec-
trons inthe spin-up 5e, (d,„d, ,) and 5t„(d„,d„,d„)
molecular orbitals and spin-paired 3a"(s) orbitals.
Note also in Fig. 13 that promotion of an electron
from the spin-down 3a„(s) orbital to the nearly de-
generate spin-down 5e (d, 2, d„2 ') orbital does not
change the net spin of the cluster. Since the spin-
down 3a„(s) orbital can be interpreted as the dis-
crete cluster analog of the half-filled conduction-
band of crystalline copper around the Fermi level,
as described in Sec. III (see Fig. 1), the cluster
electronic structure in Fig. 13 mimics the weak
antiferromagnetic coupling of the Mn impurity with
the copper conduction band in much the same
fashion as described above for the CuFe system
(Fig. 12). Thus the MnCu»Cu, cluster electronic
structure is consistent with magnetic susceptibility
data for Mn impurities in copper' which show an
effective local magnetic moment of 5p, ~, close to
the free-atom value. In other words, the large
exchange splitting associated with the (3d)'(4s)'
configuration of the free Mn atom, often assumed
by other workers" " on the basis of the Ander-
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son model' to be of the same order of magnitude
for Mn impurities in crystalline copper, is ac-
tually compensated for and replaced by the signifi-
cant bonding-antibonding interaction of the impur-
ity with its local crystalline environment, which
then leads, in conjunction with Hund's rules, to
an effective (3d)'(4s)'-like MnCu»Cu, cluster mo-
lecular-orbital configuration and magnetic mo-
ment of 5p, ~. It should be emphasized again that
such effects are quite common in transition-metal
coordination chemistry, ""and it is therefore not
surprising that they should be important in tran-
sition-metal alloys. Except for the ion erystal-
field model of Hirst, ' which, however, neglects
molecular-orbital formation, and simple models
for charge transfer between alloy constituents, "
the possible role of transition-metal coordination
chemistry in determining local magnetic moments
and other electronic properties of dilute alloys has
not been considered in previous theoretical mo-
dels. ' "

The electronic structure of the MnCuy2Cu, clus-
ter shown in Fig. 13 thus suggests alternative ex-
planations of spectroscopic, magnetic, and trans-
port data for dilute CuMn alloys. For example,
the photoelectron spectrum of such alloys (for
photon energy 10.2 eV)" is similar to that for pure
copper, except for some enhancement of photo-
emission intensity near the bottom of the d band
and small changes in spectral character between
the top of the d band and Fermi level. The con-
ventional explanation of these data is that the
filled spin-up Mn-3d impurity states lie well be-
low the Fermi level and that there is a large ex-
change splitting between the filled spin-up and

empty spin-down impurity states. " In contrast,
the MnCuy2Cu, cluster electronic structure shown
in Fig. 13 suggests that the differences between
the photoemission spectra of dilute CuMn alloys
and pure copper are due to the presence of Mn d-
orbitals bonding character (the 1e, and 1t„ levels)
near the bottom of the d band and Mn d-orbital
antibonding character (the 4e, and 4t„ levels) near
the top of the d band. The predicted Mn d-orbital
character in the spin-up 5e, and 5t„orbitals near
the cluster Fermi level is not evident in the pub-
lished (10.2 eV) photoemission spectrum, "al-
though an enhancement of photoemission intensity
associated with such orbitals should be observed
for higher photon energies.

The optical absorption spectrum of dilute CuMn
alloys is also very similar to that of pure copper,
showing an onset of absorption around 2 eV and a
second absorption peak-around 5 eV." This spec-
trum has been argued to be consistent with either
a very small exchange splitting of Mn 3d impurity
states around the Fermi level" or a large (-5 eV)

TABLE III. Allowed optical transitions (in the visible
and near-ultraviolet regions of the spectrum) between
spin orbitals of the MnCu&2Cu6 cluster, as determined by
the transition-state procedure.

Orbital trans ition Transition energy (eV)

4t2g(d) & 2tfg(p) &

4t2~(d) & 2t(„(p) &

4'(d) ~ 2t&„(p) &

48 (d) f 2t „(p) t

it2g(d) & 2t(„(p) &

leg(d) & 2t(„(p) &

1t„(d)t -2t,„(P)~

18~(d) & 2t(„(p) &

2.1
2.3
2.7
2.8
5.1
5,2

5.2
5.3

exchange splitting, of these states. " The MnCuy2Cue
cluster electronic structure shown in Fig. 13, in
conjunction with the SCF-Xe transition-state con-
cept. "'"suggests that the onset of optical absorp-
tion at 2 eV is associated with allowed electronic
transitions from the occupied antibonding d orbi-
tals (4e„4t„)near the top of the d band to empty
antibonding P orbitals (2f,„) just above the Fermi
level, which correspond to optical transitions be-
tween the top of the d band and Fermi level in pure
crystalline copper. The 5-eV absorption peak is
assigned to transitions from the occupied bonding
d orbitals (le„1t, ) near the bottom of the d band
to the unoccupied antibonding P orbitals (2t,„)
immediately above the Fermi level. These tran-
sitions are summarized in Table III. Allowed
transitions from the main part of the copper d
band (the shaded regions in Fig. 13) to empty
states above the Fermi level should account for
optical absorption between 3 eV and 5 eV.

The degeneracy of the spin-up 5f„(d) and spin-
down 5e (d) impurity orbitals with the 3a«(s) or-
bitals that are cluster analogs of conduction-
band states at the Fermi level suggest the pos-
sibility of spin fluctuations at very low tempera-
tures of the order of the Kondo temperature for
Mn impurities in copper. Such fluctuations have
been connected with the increase of electrical
resistivity with decreasing temperature around the
low-temperature resistance minimum associated
with the Kondo effect. ' "" The cluster electron-
ic structure shown in Fig. 13 is consistent with the
observed low-temperature resistance minimum
to the extent that it is also consistent with an anti-
.ferromagnetic exchange Hamiltonian of the type
J' S ~ s (negative Z), as used by others to explain the
resistance minimum. ' ' ' " The possible use of
the cluster. spin orbitals as a basis for parametriz-
ing a JS s Hamiltonian is discussed in Sec. VB of
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this paper. The residual resistivity of dilute
CuMn alloys, along with the resistivities of dilute
CuFe and CuV alloys, is more directly explained
in terms of the electron scattering properties
(e.g. , partial-wave phase shifts) of the MnCu»Cu„
FeCu»Cu„and VCu»Cu, clusters, as described
in Sec. IVD.

Although we have not yet fully investigated the
use of the MnCu»Cu, and FeCu»Cu, electronic
structures as a basis for explaining the NMR data
of Slichter and co-workers» for Mn and Fe im-
purities in copper, preliminary calculations sug-
gest that good agreement with their measured
Knight shifts can be obtained if the parameters in
their theory (the widths and positions of the spin-
up and spin-down impurity levels) are reformula-
ted in terms of the cluster molecular spin orbi-
tals. Since the Knight-shift formula and param-
eters provided by Slichter and co-workers, "are
based on the Friedel-Anderson model, "' a redefin-
ition of these parameters on the basis of thy clus-
ter electronic structures is equivalent to the re-
formulation of the Anderson Hamiltonian' itself
to take account of the effects of the covalency and
much reduced exchange splitting implied in Figs.
12 and 13. Such a reformulation of the Anderson
Hamiltonian is proposed in Sec. VA. Except for
the 43-atom copper cluster considered in Sec. VQ
in connection with the renormalizatiori-group ap-
proach, the clusters (MnCu»Cu, and FeCu»Cu, )
used in these studies simulate the environments of
the impurity only out to second-nearest neighbors.
Nevertheless, the Knight shift formula, " once
parametrized on the basis of the cluster electronic
structures, can then be used to interpret the NMR
satellite data out to many more shells of atoms
surrounding the impurity, in much the same fash-
ion as recently demonstrated by Cohen and Slich-

- ter» using a three-parameter modified impurity
atomic potential.

D. Residual electrical resistivity

Apart from the low-temperature contribution of
the Kondo effect to the electrical resistance, ' "
the ordinary "residual" resistivity of a metal such
as copper containing transition-~etal impurities
has been traditionally interpreted within the frame-
work of Friedel's' concept of virtual impurity
states, through the partial-wave scattering of the
host-metal conduction electrons by the isolated
impurity ato'ms, leading to an expression for the
impurity resistivity of the form'

R;, =R c 2E+ 1 sin qr &p. -gr x ~F

where

R, = 4mb/e'AF (3)

is the "unitarity limit" resistivity, c is the im-
purity concentration, and q, (e~) is the scattering
phase shift for the lth partial- wave of energy-in
the vicinity of the Fermi energy eF.

For magnetic impurities, the above expression
can be generalized to account for the scattering
from the two independent channels corresponding
to the spin-split virtual impurity states and can
be simplified by neglecting the nonresonant phase
shifts corresponding to l =0 (s) and l =1 (p) partial
waves, resulting in the formula'

R~2 =Roc 2[sill 'g20 (ep) +slI1 'f24 (qp)] (4)

The "spin-up" and "spin-down" / =2 "resonant"
phase shifts, q20(eF) and q24(e~), respectively,
are related by the Friedel sum rule4 to the occupa-
tion numbers, n„4 and n~4, respectively, of the
d-like virtual impurity spin orbitals, giving

q, &(~,) =n, C w/5,

q2i(~F) =n„i v/5.

(5)

(6)

Expressions (4)-(6) qualitatively account for the
familiar double-peaked curve describing the room-
temperature residual resistivity of transition-
metal impurities in a copper host, as one progres-
ses through the transition series from Ti to Ni,
with a resistivity minimum for Mn impurities
(where n~t = 5 and n„0 =0), maxima near V and Fe,
and nearly zero resistivity for ¹iimpurities (see
Fig. 5 of Ref. 3).

As shown in preceding sections of this paper, .

the 5e, (d, 2 d 2 22) and 5t22(d„„,d„,d„,) molecular
orbitals of a coordinatively saturated cluster of
the type MCu»Cu, representing the local environ-
ment, up to second-nearest neighbors, of a tran-
sition-metal impurity (M=Ni, Fe, V, Mn) in
crystalline copper (see Figs. 5 and 13) are discrete
analogies of the Friedel-Anderson4' virtual im-
purity states, satisfy a sum rule analogous to the
Friedel sum rule, ' and for magnetic impurities
such as Fe and Mn are spin split more or less
symmetrically around the cluster Fermi energy,
(see Figs. 12 and 13), albeit by an amount an
order of magnitude smaller than previous esti-
mates""" due to covalent bonding effects. We
can straightfor war dly extend Friedel's' concept
of par'tial-wave scattering from the isolated im-
purity atom (M) to the impurity-host cluster
(MCu»Cu, ), generalizing the resonant scattering
phase shifts of expression (4) to the cluster
5e,(d, 2, d„2 22) and 5t„(d„„d„,d„,) spin or'bitals.
Indeed, the- multiple-scattered-wave formalism"
underlying the SCF-Xo.-SW cluster molecular-
orbital method" describes the eigenstates of a
cluster or molecule as the "resonant bound states"
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V. MODEL HAMILTONIANS

A. Reformulation of .the Anderson Hamiltonian

Qne of the most widely used theoretical models
for magnetic impurities in metallic hosts is the
Anderson Hamiltonian, ' which has the well-known
form

+ Q&gng~
km m

+ Vq~(c~~c„~+ cg~c~ ) + Unqtn~&,
m

~here

Ti V Cr Mn Fe Co Ni

FIG. 14. Residual electrical resistivities associated
with transition-metal impurities in copper, calculated
on the basis of impurity cluster molecular-orbital par-
tial-wave scattering phase shifts. The solid lines cor-
respond to room-temperature (300 K) magnetic-impur-
ity configurations, whereas the dashed curve corresponds
to the low-temperature (0 K) nonmagnetic configurations.

of a scattering matrix.
Applying Eq. (4) to the appropriate spin-polar-

ized cluster 5e, and 5t„orbital configurations (of
the type shown in Fig. 13) for the Fe, Mn, and V
impurities in their "magnetic states, " and to in-
terpolated configurations for magnetic Cr and Co
impurities (for which detailed cluster models have
not been calculated), we obtain the resistivity
profile shown by the solid lines in Fig. 14. Qn an
absolute scale, this profile is in good agreement
with room-temperature (300'K) data for dilute
Cu-based alloys shown in Figs. 5 and 22 of Ref. 3.
For those impurities, e.g. , Ni and Ti, which do
not exhibit magnetic moments in copper and for the
other impurities at T =O'K, where the magnetic
moments are quenched because of the Kondo effect,
it is more appropriate to use the non-spin-polar-
ized Eq. (2) and non-spin-polarized cluster orbital
configurations of the type shown in Fig. 5. This
yields the dashed resistivity curve displayed in
Fig. 14, which is in reasonable agreement with
low-temperature resistivity data shown in Fig. 22
of Ref. 3.

An alternative procedure would be to calculate
the electron-cluster scattering cross sections
using the SCF-Xn-SW computational technique re-
cently developed by Davenport et a/. "for deter-
mining electron-molecule scattering cross sec-
tions.

nk fft
—CkmCk fft

The first two terms of this Hamiltonian are the
contributions of the conduction electrons and im-
purity d electrons, respectively, whereas V,„rep-
resents the mixing interaction between the con-
duction electrons and d electrons (the so-called
s-d interaction). The last term in (7) represents
the Coulomb repulsion between impurity d elec-
trons of opposite spin, where U has been identified
traditionally with a large (several eV) exchange
splitting of the impurity spin orbitals. ' 3' The
condition for the existence of a local magnetic mo-
ment in the Anderson model is that U be signifi-
cantly larger than the "width" 6 associated with
the virtual impurity d orbital, i.e. ,

U/6» 1.
The width parameter b, cannot be de|;ermined di-
rectly from experiment, although estimates based
on combined experimental-theoretical inference
give an upper limit of 6 -0.5-0.6 eV for Fe-group
impurities in copper. '

As described in Sec. IV C (Figs. 12 and 13), one
of the most striking features of the present cluster
models for local magnetic moments is that the ex-
change splitting of the spin orbitals associated with
the transition-metal impurity is an order of mag-
nitude smaller than previous estim ates,"' ' "
as a consequence of the dominant role of the coor-
dination-chemical bonding-antibonding interaction
of the impurity with its local crystalline environ-
ment. The latter interaction, represented approxi-
mately in Fig. 13 for Mn in copper by the average
difference in energy of -0.3 Ry (-4 eV) between
the (le, lt„) bonding orbitals and (5e„5t, ) anti-
bonding impurity orbitals, contributes the largest
part of the Coulomb nergy lJ, j.caving only a
relatively small contribution (-0.6 eV) due to the
exchange splitting of the spin-up and spin-down
(5e, 5t„) impurity levels more or less symmetric-
ally around the Fermi level. Thus the total Cou-
lomb repulsion, arising from the contributions
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of antibonding interaction and exchange splitting,
is of the same order of magnitude (-5 eV) as that
based exclusively on exchange splitting in the
original Anderson model' and subsequent applica-
tions thereof. ' "" The bonding-antibonding con-
tribution to U can be incorporated into the second
term of the Anderson Hamiltonian (7) as an effec-
tive potential V' that splits the degenerate impur-
ity atomic d-orbital energy level e„ into bonding

(i =b) and antibonding (i = a) levels, suggesting the
new model Hamiltonian

H„,„=Q egng„+ ( „e+V')n„
km m

+ V& (c& c~ +cg c, )+Un„tn~l, (10)
m

where U now represents the much reduced ex-
change splitting of the impurity spin orbitals
around the Fermi energy. The quantity Vk' des-
cribes the mixing of the impurity d orbitals with

the s, d-hybrid orbitals on the surrounding metal
atoms, as determined by the partial-wave decom-
position of the cluster molecular orbitals (see
Table II), and replaces the s-d mixing interaction
in the original Anderson Hamiltonian (7). The
conceptual advantage of this new model Hamilton-
ian is that the largest component of the Coulomb
interaction is absorbed into a one-electron term,
leaving only a relatively small spin-splitting term
Ujz„kn~k thai describes the formation of the local
magnetic moment.

The present theoretical model is consistent with

condition (9) for the 'onset of local magnetization
if the original Friedel-Anderson4' virtual impurity
state width parameter 6, corresponding to U- 5

eV, can be identified with the ligand-field splitting
A„-0.3 eV of the t„(d„„d„,d„,) and e,(d, 2, d„2 „)2
impurity orbitals around the Fermi level (see Fig.
12). The reduced spin-splitting interaction term
U-0.2-0.6 eV (Figs. 12 and 13) implies a pro-
portionally smaller value of 6 -0.01-0.04 eV for
the width of the individual t„(d„„d„,d„,) level that
is the cluster analog of the virtual impur-ity state.
The small value of h is in accord with the spatial
localization of the impurity molecular orbitals in
the cluster and is of the same order of magnitude
as the difference in energy between the discrete
t,~(d„„d„,d„,) impuritiy orbital and the a~(s) or-
bital that is the discrete cluster analog of the con-
duction band around the Fermi level. Thus the
ratio U/E, is of the same order of magnitude as
U/6 for Fe and Mn impurities in copper, and
satisfies a relation

U/g» 1, (11)
analogous to (9) for the occurrence of local mag-
netization.

Preliminary calculations suggest that the re-
formulated Anderson Hamiltonian (10), together
with the parameters V', V;, U, and 8 determined
from the cluster electronic structures, can be
used in much the same way as the original Ander-
son Hamiltonian (7) to interpret various physical
properties associated with local magnetic im-
purities. For example, Slichter and coworkers"
have recently interpreted NMR measurements for
Mn and Fe impurities in copper using a formula
for the Knight shift based on the Anderson-Friedel
model, the parameters U and 5, and a crystal-
field parameter. Implicit in their theoretical
analysis, including the most recent three-param-
eter atomic potential model of Cohen and Slichter, "
is the identification of the large value of U(-5.6

eV) with the exchange splitting of the impurity d
spin-orbitals. Since the FeCu„Cu, and MnCu„Cu,
cluster electronic structures described above
are clearly inconsistent with such identification,
it is important for one to reinterpret the NMR
data in terms of the preSent theoretical modeL
Preliminary results indicate that the Knight-
shift expression of Slichter and co-workers" can
indeed by reformulated in terms of the parameters
of the model Hamiltonian (10), and such calcula-
tions are in progress as part of our continuing
resear ch.

8» =-JS s, (12)

where J is the negative Heisenberg exchange inte-
gral, 5 is the impurity spin, and s is the conduc-
tion-electron spin of the host metal, is often used
to model the antiferromagnetic coupling of the
transition-metal impurity to the conduction elec-
trons. Slater" has shown that an SC F-Xn-S%
cluster molecular-orbital representation of the
electronic structure of an antiferromagnetic crys-
tal can be used in conjunction with the "transition-
state" concept as a basis for calculating, from
first principles, the exchange integral in a Hamil-
tonian of the form (12) and for estimating the Nedl
temperature. In view of the formal similarity of

B. The JS s exchange Hamiltonian

As discussed in Sec. IV C, the spin-polarized
electronic structures of the FeCuy2Cu, and

MnCuy2Cu, clusters show an effective antiferro-
magnetic coupling of impurity d spin-orbitals
with sd-hybrid spin orbitals on the surrounding
Cu atoms that is analogous to, but considerably
weaker and more spatially localized than, the
antiferromagnetic coupling of the local magnetic
moment with the "spin-compensation cloud" of
the copper conduction band frequently speculated
by others to be responsible for the Kondo effect."
An exchange Hamiltonian of the form"'
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these two problems, it is possible that the
FeCuy2Cu6 and MnCuy2cu6 cluster electronic struc-
tures can be used to parametrize a Kondo Hamil-
tonian of the form (12), which can then be applied,
in conjunction with perturbation theory, to calcu-
late the contribution of the Kondo effect to elec-
trical resistivity and other transport properties
at low temperatures. Indeed, the well-known ex-
pression for the Kondo. temperature, ' '

(2)
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T =T expt-I/p(lit(s )], (13)

corresponding to the temperature at which per-
turbation theory for electrical resistivity based on
the Hamiltonian (12) diverges, is the type of rela-
tion that might emerge from a connection between
the cluster transition-state representation of J
and thermally induced spin fluctuations between
nearly degenerate spin orbitals around the Fermi
level of the type described in Sec. IVC. This is
largely speculation at this point and will be further
investigated in our continuing studies. As shown.
in Sec. VI, spin-orbit coupling may also play a
key role in determining low-temperature proper-
ties of magnetic impurities in metallic hosts.

VI. SPIN-ORBIT COUPLING AND THE QUENCHING OF THE

LOCAL MAGNETIC MOMENT

In Sec. 'IV, it was shown that orbitals with con-
siderable d amplitude on the impurity atom, which
are antibonding with respect to the host cluster,
occur at the Fermi level for magnetic impurities.
An interesting question is the degree to which spin-
orbit coupling will split such levels about the Fermi
level and what the consequence of such an effect
will be on temperatur e-dependent properties. This
is in general a very complicated problem and one
which we are not prepared to address in a com-
pletely adequate manner at the present time. None-
theless, some insight can be gained by considering
a very simple model. The model, which perhaps
may be inappropriate to a detailed discussion of
any specific experimental system, does suggest,
however, that these effects which are normally
ignored in the magnetic impurity problem should
be investigated more thoroughly.

The simple model considered is the following:
(i) assume that the ligand-field splitting h, q of the
e,(d, 2, d„a,a) and t„(d„„,d„„d„,) impurity levels
near the Fermi energy (e.g. , those shown in
Fig. 12) is very much greater than the spin-orbit
splitting; (ii) assume that the e, manifold is oc-
cupied and only the t„manifold need be considered;
(iii) assume initially the simple case of a (t„) con-
figuration. With these assumptions, and for the
moment ignoring the reduction of the orbital mo-
mentum, the magnetic susceptibility due to isola-
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FIG. 15. (a) Spin-orbit splitting of a (t&P impurity
cluster molecular-orbital configuration with and without
an applied magnetic field H. The orbital degeneracies
and spin-orbit energy A. are indicated. (b) Effective
number of Bohr magnetons per magnetic impurity site
as a function of temperature for the spin-orbit coupling
implied in (a), showing the quenching of the impurity
magnetic moment at low temperature. (c) Inver se mag-
netic susceptibility as a function of temperature for the
spin-orbit coupling implied in (a), showing the collapse
of Curie-Weiss behavior at low temperature.

ted impurity sites can be computed from the ex-
pr ess ion

NIJs 8+(3X/j'pT —8)e 3~2~r

3$T y/yT(2 +e "~ ~") (14)

This expression was first derived by Kotani"
from the classic work of Van Vleck. " ~ is the
number of magnetic sites, p, ~ denotes the Bohr
magneton, and A. is the spin-orbit energy. The
energy level scheme arising from the (t„)' con-
figuration and which is used to derive the above
magnetic susceptibility expression is shown in
Fig. 15(a). The expression in the brackets of Eq.
(14) is equal to the square of the effective number
of Bohr magnetons, n', ff (T), per magnetic site.
Experimental susceptibility data for magnetic im-
purity systems are often plotted as I/y(T) vs T to
show the C ur ie-Weis s behavior above the so-
called Kondo temperature. ' ' In Figs. 15(b) and
(c), the functions n, ff (T) and I/y(T), respectively,
are shown, which have been deduced directly from
Eq. (14). The value of X used is 8.62 x 10 ' eV,
which is about one half of the value appropriate
for the isolated vandium atom. " The example of
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FIG. 16. Experimental results (see Hefs. 56 and 57)
for (a) the effective number of Bohr magnetons per mag-
netic impurity site and @) the inverse magnetic suscept-
ibility as functions of temperature for V impurities in a
gold host, showing the quenching of the impurity magnet-
ic moment and disappearance of Curie-gneiss behavior
at low temperature.

V (rather than Fe or Mn) is chosen to generate
the theoretical curves in Fig. 15 because the Kondo
system of V impur ities in a gold host has been
thor oughly investigated exper imentally, " leading
to the curves for n,«(T) and I/y(7') in Fig. 16;
this system has a relatively high Kondo tempera-
ture (-300'K) which allows for a wide temperature
range over which the transition from Curie-Weiss
magnetism to the nonmagnetic limit can be studied;
and a (f„)' electron configuration is a possible one
for V impurities in gold. The V atomic X value"
is reduced by one half in Eq. (14) to account for the
effects of electron delocalization in the t„molecu-
lar orbital, as is evident in the t, orbital contour
map of Fig. 11. See also Table I.

The striking feature of Fig. 15(b) is that at low
temperatures the magnetic moment is quenched

in spite of the fact that the system has an unpaired
spin. This, of course, arises from the effect of
spin-orbit coupling on the ground state, which re-
sults in the cancellation of the spin and orbital mo-
menta contributions to the magnetic moment. The
quenching of the impurity magnetic moment at
low temperatures (below the Kondo temperature)
is one of the aspects of the Kondo effect. ' ' In the
past, it has always been attributed to local spin
fluctuations at the impurity site or to an antiferro-
magnetically coupled spin-compensation cloud in-
duced in the surrounding conduction electrons of
the host metal. As we have shown in Sec. IVC,
there is indeed some evidence for both these ef-
fects in the impurity cluster electronic structures,
although they are not sufficient in magnitude to
account for the complete cancellation of the im-
purity magnetic moment. However, the present
spin-orbit coupling contribution to the electronic
structure provides a possible alternative explana-
tion for the quenching of the magnetic moment at
low temperatures, at least in the simplest ex-
ample. In general, however, the situation may be
more complicated, and spin-orbit coupling might
be only a contributing factor to the complete des-
cription of the temperature dependence of the
magnetic moment.

In Fig. 15(c), the simple spin-orbit effect is
shown to yield the characteristic Curie-Weiss be-
havior of the magnetic susceptibility at higher
temperatures together with the anomalous low-
temperature behavior usually associated with the
"Kondo effect. " The assumed concentration of
impurity sites is 0.2 at. %. For comparison, we

display in Fig. 16 the results of experiment for V
impurities in a gold host, as measured by Van Dam
et aL" for 0.2-at. % impurity concentration. The
solid curve in Fig. 16(b) is a theoretical fit by
Schotte and Schotte" to the experimental data of
Van Dam et gl."; the dashed line is a linear ex-
trapolation from the higher-temperature data
showing the Curie-Weiss behavior in this regime.
The theoretical treatment of Schotte and Schotte, "
based on the "s-d exchange model, " was character-
ized by Van Dam ef al."as "the first example
where a theory can successfully describe the be-
hav'ior of X from T =o up to T =T~."

A comparison of Figs. 15 and 16 shows that the
present spin-orbit coupling model, in conjunction
with the impurity cluster electron structure, also
seems to describe the observed magnetic proper-
ties of V impurities in a gold host. This it would
appear that a more thorough investigation of the
effects of spin-orbit coupling in such systems
should be pursued. It may turn out that many
aspects of the Kondo problem can be deduced from
considerations of classical ligand-field theory.
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It is instructive to explore some further conse-
quences of the model introduced here, e.g. , the
relationship between the spin-orbit energy param-
eter X and the temperature at which 1/X(T) de-
viates from Curie-Weiss behavior. It is straight-
forward to deduce from Eq. (14) that as X de-
creases in magnitude, the temperature at which

1/y(T) deviates from Curie-Weiss dependence
decreases, i.e. , the "Kondo" temperature de-
creases. Upon going from Ti to Ni across the
first transition series of the Periodic Table, the
magnitude of X increases. " However, there is
another effect evident from the cluster molecular-
orbital models of Sec. IV; namely, the amplitude
of the t~(d„„d„,d„,) orbital near the Fermi energy
found on the impurity atom decreases across this
series (see entries for 5t„orbital in Table I).
Such a decrease in amplitude on the impurity site
sould reduce X from its free-atom value; hence
the value of X that is appropriate in the metallic
host environment will be determined by a balance
between these two factors. Another effect to con-
sider is the partial quenching of orbital angular
momentum on the impurity atom. This effect
should be larger for cases where the d amplitude
of the I;„ level on the impurity atom is small.
This can be taken into account by employing "or-
bital reduction factors" in the derivation of the
magnetic susceptibility expression. One then ar-
rives at a modified form of Eq. (14}which leads
to changes in the calculated quantities in Figs.
15(b) and (c}, as briefly discussed below.

The main effect of the orbital reduction factor
is to keep the spin and orbital contributions to
the magnetic moment from completely cancelling
in the ground state. This means that Fig. 15(b)
will be modified (although the general shape re-
mains the same) such that n,«no longer goes to
zero at T =0 K but retains a finite value that de-
pends on the reduction factor. The high-tempera-
ture lim it of n,« is likewise reduced with the re-
duction factor. This effect on 1/y(T) shown in
Fig. 15(c) is to increase the slope of the Curie-
Weiss portion of the curve (due to the reduction
of yg,«at high temperatures) and to modify the low-
temperature properties. In particular, the value
of 1/y(T) at T =0'K is no longer a finite value, but
zero. The resulting curve looks very similar to
Fig. 15(c), except at very low temperatures,
where the curve turns over and goes to zero at
7 =O'K

One may wonder if the (f„)' configuration is not
a very special case and therefore irrelevant to
the general problem. The fact is, however, that
its behavior is characteristic of other (t„)"con-
figurations as shown in Fig. 17. In Fig. 17, the
quantity n,«(T) is plotted for the various (t~)" con-
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I'IQ. 17. Temperature dependence of the effective
number of Bohr magnetons per magnetic impurity site
for various configurations of the impurity cluster
t2g(clay cia cfog) molecular orbital .

figurations which possess a magnetic moment. It
is seen that with the exception of (t„)', these con-
figurations also exhibit a decrease in the magnetic
moment, i.e. , a partial quenching, at low tem-
peratures. Furthermore, since the magnetic
susceptibility is given by

y(T) =Nm e« /3kT. (15)

it is clear that, while the (t~) configuration gives
a Curie behavior over the complete temperature
range, the other configurations will yield a Curie-
like dependence at high temperatures with anom-
alous behavior at low temperatures similar to
that discussed above for the (f„)' configuration.

The type of behavior shown in Fig. 17 is not
limited to the strong or intermediate ligand-field
limit but is also found" in the weak-field. limit
where (f„) (e )" configurations have to be con-
sidered, as well as in cases where static and
dynamic Jahn- Teller effects are present. " Thus
the partial quenching of the magnetic moment at
low temperatures is a phenomenon found in a wide
variety of configurations, and hence the discussion
given above for the (], )' case is more or less
representative of- a general situation. With this in
mind, one might choose such a configuration,
consider it as a phenomenological model, and
pursue its consequences. This is presently being
done for a number of other anomalous properties,
including transport properties and specific heat,
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associated with the Kondo effect, ' "and will be
reported in detail in a future paper. Suffice it to
say here that an impurity orbital energy level
structure near the Fermi energy such as that
illustrated in Fig. 15(a) can be shown to give rise
in a very simple way to a number of the anoma-
lous temperature-dependent properties associated
with the Kondo effect.

VII. CLUSTER RENORMALIZATION AND THE

RENORMALIZATION-GROUP METHOD

One of the most recent developments in solid-
state theory has been the application of the re-
norm alization-group method" to the Kondo prob-
lem. The essence of this approach is the use of
a renormalization-group transformation to set
up a sequence of model Hamiltonians containing
terms of the form (12) to describe the coupling
of the magnetic impurity to the crystal conduc-
tion band on multiple energy scales around the
Fermi level. This procedure is implemented
computationally through the use of a Wannier-
type basis localized on successive spherical
shells centered on the impurity site. "

With regard to the general notion that surround-
ing shells of atoms have a "renormalizing" effect
on the impurity-atom electronic structure and
spin polarization, the cluster approach described
in this paper is conceptually similar to the re-
normalization-group method (see discussion of
cluster renormalization in Secs. III and IV). It is
also interesting to note that Wilson" refers to the
molecular bond in large molecules as a possible
area of application of the renormalization-group
method. Indeed, the electronic structure of large
molecules has been the principal domain of ap-
plication of the SCF-Xn-SW molecular-orbital
technique. """However, the SCF-Xa-SW clus-
ter molecular-orbital method is significantly more
rapidly convergent in "real space" than the re-
norm alization-group method, as normally im-
plemented in the Kondo problem, because chemi-
cal bonding effects between the impurity and suc-
cessive surrounding shells of atoms are accurate-
ly represented in the former approach, whereas
in the latter method such effects are not included.
As we have shown in Sec. IV, only the nearest-
and second-nearest-neighbor shells are necessary
to satisfy the cluster sum rule and to yield dis-
crete spin orbitals around the Fermi level that
describe the local magnetic moment and the chemi-
cal physics underlying the coupling of this mo-
ment to the crystal conduction band. Indeed, the
existence of a single CuCuy2Cue cluster molecular
orbital, 3a„(l/2) (see Fig. 1), that is, the dis-
crete "real-space" analog of the half-filled con-
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FIG. 18. Comparison of the electronic structure of a
Cu&&Cu24 cluster, as determined by a computational pro-
cedure analogous to that of the renormalization-group
method, with the electronic structure of Cu&& cluster and
the band structure of crystalline copper. The results for
the 19-atom cluster are the same as those shown in Fig.
1. Note that the character, ordering, and occupancies
of the highest three occupied orbitals (ez*, tfz, a&+) for
the 43-atom cluster are identical, except for a scale
factor, with those of the highest three occupied orbitals
for the 19-atom cluster, and the orbital occupancies
satisfy the same sum rule, suggesting a "fixed point" in
analogy to the renormalization-group method (see text).

duction band of crystalline copper around the
Fermi energy (see discussion of Sec. III) can be
viewed simplistically as being equivalent to sum-
ming over "many energy scales" of the conduction
band in "R space, " as carried out in the renormal-
ization-group method. However, this statement
has not yet been proven rigorously.

As partial support for these claims, we consider
the effects of adding the next shell of 24 Cu atoms
on the electronic structure of the 19-atom
CuCu]2Cue. cluster representing pure crystalline
copper, discussed in Sec. III and displayed in Fig.
1. These calculations have been carried out with-
in the framework of the SCF-Xn-SW molecular-
orbital method by a procedure aria&ogous to the
renormalization-group technique of considering
the Hamiltonian H„„as a perturbation on the Ham-
iltonian H„, including only the most important con-
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tributions of the 24-atom shell to the cluster elec-
tronic structure around the Fermi level. The re-
sulting electronic structure of the 43-atom CuygCu, 4

cluster is compared with the Cu» electronic struc-
ture and band structure of crystalline copper in
Fig. 18 (cf. Fig. 1). The main effect of the 24-
atom shell is to split the highest three occupied
orbitals (a„,$„,e,) of Cu» into bonding (a„,f„,e,)
and antibonding (a,*~, f,~, e~*) groups and to introduce
two t,„ levels, yielding a manifold of discrete
levels corresponding to the conduction bands (e.g. ,
6, and A, ) between the top of the d band and Fermi
level. The additional orbitals of the Cu»Cu„clus-
ter are just sufficient to accomodate the additional
24 valence 4s electrons of the outer 24-atom Cu
shell. The energy-level splittings in going from a
Cu» cluster to a Cu»Cu„cluster are analogous to
the splittings of the energy scales in going between
the successive effective Hamiltonians H„and H„„
in the renormalization-group method, " including
the change in scale of the highest three occupied
levels. Moreover, the electron configuration of
the highest three occupied Cu]9Cu, 4 cluster mo-
lecular orbitals (e~*, t,*„a~),~which transform re-
spectively like (d, 2, d„2 p)'(d„„d„,d„,)'(s)' on the
central atom, is identical to that for the Cu» clus-
ter, yielding the "renormalized-atom" (3tf)"(4s)'-
like configuration and satisfying the cluster sum
rule described in Secs. III and 97. This result, in-
cluding the change in scale factor, can be viewed
as being analogous to the occurrence of a "fixed
point" or "limit cycle" in a renormalization-group
treatment of the Kondo problem, "which, however,
norm ally requires many iterations over succes-
sive effective Hamiltonians Hpt-y Hg H„+y or
over many shells surrounding the impurity in the
latter m ethod. Since the three highest occupied
cluster orbitals, e,(d, ~, d„2 p), t„(d„„d„„d„,),
and ~ (s), determine the net magnetic moment
and its coupling to the conduction band. via the
half-filled a~(s) orbital when a transition-metal
impurity (e.g. , Ni, Fe, Mn) is substituted for the
central Cu atom, these preliminary studies sug-
gest that, except for a scale factor, additional
shells of Gu atoms do not alter the essential fea-
tures of the physical model for local magnetic
moments and Kondo effects presented in Sec. IVC.
This finding is consistent with our original con-
jecture, based on simple ideas of coordination
chemistry, that for fcc crystalline copper and
isolated transition-metal impurities substituted
therein, a "coordinatively-saturated" 19-atom
cluster is adequate for describing the "renormal-
izing" effects of the crystalline environment.
Nevertheless, we are continuing our studies of the
effects of going to successively larger clusters by
a computational procedure analogous to the re-

norm alization-group method and the effects of al-
ternative boundary conditions on the clusters.

VIII. EXTENSIONS OF CLUSTER MOLECULAR-ORBITAL

STUDIES TO OTHER DILUTE-ALLOY SYSTEMS

A. Impurity-impurity interactions

Many experimental studies of so-called dilute
alloys are notcarried out in the ideal limit of iso-
lated impurities, but rather at concentrations
where there is a high probability that a transition-
metal impurity atom will have another impurity
atom as its nearest or second-nearest neighbor. .' '
In view of the above-described key role of chemi-
cal bonding-antibonding interactions of an isolated
transition-metal impurity with its local environ-
ment in an otherwise perfect copper host, it is
likely that bonding and antibonding interactions
between neighboring impurities would also be key
to understanding the measured physical properties
of transition-metal impurities in metallic hosts
at somewhat higher concentrations, e.g. , evidence
for the formation of "impurity bands" in photo-
electron emission spectra of CuNi alloys (10-15-
at. % Ni)4'4' and the trend of the Kondo resistence
minimum toward higher temperatures in CuMn
alloys with increasing Mn concentration. '

Preliminary SCF-Xe-SW molecular-orbital cal-
culations for alloy cluster configurations in which
the host metal atoms are arranged more or less
symmetrically around two interacting transition-
metal impurities indicate that such studies of im-
purity-impurity electronic structure and spin
polarization (e.g. , exchange enhancement) are
practical. It would be especially interesting to
observe how the local magnetic moment of an
isolated Fe impurity in a copper host, as ex-
emplified by the small exchange splitting in Fig.
12, gradually evolves to the collective "ferro-
magnetic" moment of an iron cluster, as exem-
plified by the large exchange splitting of energy
levels for Fe, and Fe» clusters in Figs. 6 and 7,
respectively, of the last paper in Ref. 23, as Fe
atoms are substituted for Cu atoms.

B. Transition-metal impurities in aluminum

In Sec. II, we briefly described recent SCF-Xo.—
SW studies of aluminum clusters and chemisorp-
tion thereon, carried out by Messmer and co-
workers. '~" Using their findings as a starting
point and 13-, 19-, and 43-atom clusters that
represent the local molecular environment up to
third-nearest neighbors in fcc crystalline alumin-
um, we have begun SCF-Xo.-SW studies of the
electronic structures of transition-metal impur-
ities in aluminum, a dilute alloy system that has
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run a close second to-the above-described copper-
based system with regard to broad experimental
and theoretical interest, '.' The problem of trans-
ition-metal impurities in aluminum is especially
well suited for the study of successively larger
cluster models in connection with the renormal-
ization-group method discussed in Sec. VII, be-
cause the absence of d orbitals on the Al atoms
leads to smaller secular determinants and cor-
respondingly less computer time in the SCF-Xe-
SW method than for copper,

Preliminary cluster models for Ni, Fe, and Mn

impurities in aluminum are consistent with the
absence of permanent local magnetic moments, ' '
with the single-peaked behavior of the impurity
resistivity versus the impurity atomic species' '
(as compared with the double peak for these im-
purities in a copper host shown in Fig. 14), and
with recently measured photoelectron spectra. "
Whereas in a copper host, the transition-metal
impurity electronic structure is governed by
bonding-antibonding interactions between the im-
purity d orbitals and sd-hybrid orbitals on the
surrounding Cu atoms, in an aluminum host such
interactions occur between the transition-metal
impurity d orbitals and sP-hybrid orbitals on the
surrounding Al atoms, the localized p orbitals of
Al playing much the same role as the localized d
orbitals of Cu.

To the extent that the cluster molecular orbitals
around the Fermi energy, in conjunction with the
transition-state concept, can reveal the onset of
localized spin fluctuations, as discussed in Sec.
IVC for Fe and Mn impurities in a copper host,
preliminary SCF-Xe cluster models for Mn im-
purities in an aluminum host, where localized
spin fluctuations have been speculated to occur, ' '
indicate the presence of available empty antibond-
ing Mn-impurity d orbitals near the Fermi energy.
These results will be the subject of a future publi-
cation. "
C. Fe impurities and ". giant magnetic moments" in palladium

One of the most interesting yet poorly understood
phenomena associated with magnetic impurities is
the occurrent of giant magnetic moments for Fe
impurities in transition-metal hosts such as palla-
dium. ' Moments as large as -12 p, ~ per Fe atom
in palladium have been observed. The generally
accepted notion is that the giant moment arises
from exchange enhancement and long-range polar--
ization of the host metal. In view of our finding
that the nearest- and second-nearest-neighbor
environment is adequate for describing the local
magnetic moments and Kondo effect of Fe impur-
ities in copper, it would be interesting to see

whether the spin-polarized electronic structure of
a FePd, ,Pd, cluster simulating the local environ-
ment of an Fe impurityinfcc crystalline palladium
is sufficient to describe the onset of the giant mag-
netic moment. Our conjecture is that strong co-
ordination chemical bonding-antibonding interac-
tions of the Fe impurity d spin orbitals with the d
spin-orbitals on the surrounding Pd atoms, simi-
lar to effects described in Sec. IV, are largely
responsible for the giant net spin polarization.
SCF-Xo.-SW molecular-orbital studies have al-
ready been carried out successfully for Pd clus-
ters containing up to 13 atoms, including relativis-
tic effects (see Sec. II and Refs. 19 and 20), and
similar calculations for the 19-atom clusters,
PdPd]2Pd6 and FePd»Pd„are in progress.

D. Rare~arth impurities in metalhc hosts

Kondo-like anomalies in the physical properties
(e.g. , magnetic susceptibility, electrical resis-
tivity, specific heat, etc.) of metallic systems
containing rare-earth ions are often observed in
both the dilute-impurity limit and for higher con-
centrations of the rare-earth element. " Curie-
Weiss-like magnetic behavior is typically ob-
served above a characteristic temperature (the
"Kondo temperature") and is quenched in a fashion
not unlike that shown in Figs. 15(b) and (c). The
Kondo-like anomalies in the dilute-impurity limit
are usually attributed to an antiferromagnetic ex-
change interaction of the form given in expression
(12), where 8 is the impurity spin (due to 4f elec-
trons rather than 3d electrons) and s is the con-
duction-electron spin of the host metal at the im-
purity site. In the limit of higher rare-earth con-
centration, these anomalies are often ascribed to
valence or interconfiguration fluctuations.

Although the 4f electrons of the rare-earth ions
are considerably more spatially localized that the
3d electrons of transition-metal impurities,
chem ical banding effects with the local crystalline
environment are not likely to be negligible in the
former case, suggesting that cluster models of
the type described in preceding sections would be
appropriate for study. Indeed, recent SCF-Xo.-
SW molecular-orbital studies of La, Ce, Nd, and
Yb rare-earth coordination complexes" and of
the uranyl ion (UQ,") (Ref. 63) show that while the

f electrons are largely localized, chemical bond-
ing-antibonding interactions with the surrounding
ligands are not negligible and are key to the under-
standing of measured physical properties. The
calculations for the uranyl ion" are fully relativis-
tic and show the importance of spin-orbit split-
tings of orbital energy levels of the type discussed
in Sec. VI and illustrated in Fig. 15(a). Moreover,
the SCF-Xa-SW results for both the rare-earth
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complexes" and uranyl ion" are in good quanti-
tative agreement with measured valence photo-
electron spectra, satellite structure in core
photoelectron spectra, and valence optical-absorp-
tion spectra, suggesting that this theoretical ap-
proach is not only feasible for coordination com-
plexes or clusters representing rare-earth im-
purities and their local crystalline environments
but can -also yield results comparable with ex-
periment. Specific applications of this approach
to rare-earth impurities in metallic hosts are .

planned.

IX. CONCLUSIONS

In this paper, we have attempted to show that
the electronic structures of dilute transition-
metal impurities alloyed in a noble-metal (copper)
host are dominated by local chemical bonding ef-
fects ari.sing from the interaction of the impurity
d orbitals with dsp-hybrid orbitals-on the nearest
and second-nearest neighboring host metal atoms,
in analogy to metal-ligand interactions in coor-
dinatively-saturated transition-metal complexes.
These results provide a new conceptual basis for
interpreting the local magnetic moments, residual
electrical resistivities, and other physical proper-
ties of such transition-metal impurities, and
further suggest that previous theoretical models
which view the impurity atomic d orbitals as
interacting primarily with the delocalized s-like
conduction electrons of the host metal yield an
unrealistic physical picture.

Nevertheless, the reader (especially one who is
accustomed to thinking of the magnetic impurity
problem in terms of the traditional %-space rep-
resentation of solid-state physics and many-body
theory}-fnay have serious doubts about the efficacy
of the real-space cluster representation of this
problem. Indeed, a skeptic may well be justified
in asking how we know that the claimed conse-
quences of the SCF-Xn cluster model are authen-
tically physical and not mere serendipitous results
of the combination of a density-functional approxi-
mation to exchange and correlation (the Xo. meth-
od) which lacks truly rigorous formal theoretical
foundation with an ansatz (the cluster) which is a
radical abstraction from the physical system.
Other than to point out (i) the current state of our
understanding of the fundamental basis of the Xn
method, "'"(ii} the many successful applications
(in these institutions and elsewhere) of the SCI'-Xn
cluster method to polyatomic molecules, transi-
tion-metal coordination complexes, solids, and
surfaces (see Sec. II), and (iii) the 'correspondence
between metal cluster electroriic structure and
crystal band structure (see Sec. III}, we may not

be able to respond satisfactorily to such a crit-.
icism.

However, we can suggest possible routes to a
more formal understanding of this theoretical
approach which may eventually satisfy even the
most severe critic. In Sec. VII, we have des-
cribed possible conceptual and computational re-
lationships between the real-space cluster meth-
od and the renormal ization-group method of at-
tacking the Kondo problem. It is often claimed"
that the renormalization-group technique is tied
up with the formal concepts of "universality" and
"scaling, " namely, that the physical properties of
a system described by a "fixed point" are indepen-
dent of the parameters in the initial Hamiltonian.
It is conceivable that results obtained with the
SCF-Xn cluster method can also be understood
in terms of these concepts. We have demonstrated
that a coordinatively saturated 1S-atom cluster
yields discrete molecular spin orbitals around the
Fermi energy which satisfy a sum rule and ac-
count for the renormalizing effects of impurity-
host coupling that are most directly pertinent to
the observed local magnetic moments and residual
resistivities. The fact that these levels maintain
their relationships in a 43-atom cluster which in-
cludes the third-nearest neighboring shell of
atoms, except for a rescaling of their energies,
indeed suggests that the connections of the cluster
electronic structure and associated properties to
those of the infinite solid can be-understood in
terms of scaling and universality. Unfortunately,
this is largely speculation at the present time,
and further work will have to be carried out to
verify these connections.

Finally, the SCF-Xe cluster method is a one-
electron technique somewhat analogous to Fermi-
liquid theory (see Sec. Itt'C), whereas the Kondo
problem and the application of renormalization-
group theory (as well as other theoretical ap-
proaches) to this problem are usually viewed as
many-electron situations. Nevertheless, if the
present cluster molecular-orbital description of
the Kondo problem ultimately proves to be in-
complete, there are reasonably well-defined
routes to constructing many-electron states from
the one-electron eigenstates obtained by the SCF-
Xa method, specifically via configuration inter-
action or many-body perturbation theor'y. In
other Words, cluster impurity molecular-orbital
configurations like those shown in Fig. 12 and 13,
in conjunction with the transition-state proce-
dure, "'"can be used as the basis for calculating
many-electron multiplet states. Conversely,
SCF-Xe cluster molecular-orbital configurations
can be shown rigorously to be equivalent to aver-
aging over multip'tet states. " Alternatively, one
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can use the cluster eigenstatds as a more realis-
tic starting point for many-body perturbation
theory than the traditional impurity atomic orbital
and free-electron (plane-wave) bases. These sug-
gestions are a matter for future investigation,
and we shall not elaborate on them here.
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