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The electronic structure of magnetic transition-metal impurities (Fe,Co,Ni) in Cu is calculated by
means of a cluster approach and the local-spin-density approximation. The wave functions were ex-

panded into Gaussians and no shape approximation to the potential was made. %e report the re-
sults of the energy-level distribution in 13-atom fcc clusters of Cu~3, Cu~2Fe, and in 19-atom clusters
{MCu~qCu6, M=Cu, Fe,Co,Ni) which are in strong disagreement with Xa scattered-wave results.
The local cluster density of states (DOS) agrees very well with the respective bulk and surface DOS
of Cu metal. . For the Fe impurity we obtain a local moment of 3.05pq, which is in good agreement
with experiment and Green s-function calculations, The spin densities show, besides the strong lo-

calized Fe moment, a negative polarization of the conduction electrons as indicated by a Mulliken

population analysis or direct examination of the spin densities in the (100) plane. Previous observa-
tions of scattering in de Haas —van Alphen experiments, which showed that mainly spin-down states
are invo1ved, are in agreement with our local DOS. For the Co and Ni systems the impurity mo-
ment is reduced to 2.05@~ and 0.69@~,' however, the Ni impurity might become nonmagnetic by in-

cluding more Cu shells or proper boundaries in the calculation. This is indicated through the level
distribution as well as the high correlation of magnetism in both Cu shells.

I. INTRODUCTION

Our understanding of the electronic structure of ideal
solids has increased steadily in recent years. This progress
has been achieved mainly due to improvements in local-
density-functional theory and better and more accurate
band-structure calculational methods. However, nature
normally does not build such ideal systems, and very often
isolated impurities in an otherwise more or less ideal crys-
tal modify drastically the microscopic and macroscopic
properties of these solids.

Much experimental and theoretical research has been
done in regard to dilute systems of transition-metal im-
purities alloyed in otherwise nonmagnetic metals. These
systems, sometimes also forming spin glasses with in-
creased concentration, are often called "Kondo systems"
and have been investigated by many authors. Common
models describing the magnetic properties are the (i)
virtual-impurity-state model and the (ii) impurity-ion
crystal-field model. ' Concepts like the "Kondo compen-
sation cloud" or localized spin fluctuations are widely
used.

We are concerned here with first-principles calculations
of the electronic structure of such systems on the basis of
density-functional theory. Previous calculations have
1Men of two types: calculations for finite clusters and
Green s-function calculations for impurities embedded in
the bulk solid. Johnson, Vvedensky, and Messmer per-
forrned Xa scattered-wave cluster calculations for several
of these impurity systems. Their results are in complete
disagreement with later Green's-function impurity calcu-
lations by Zeller, Dederichs, and co-workers. The
latter authors argued that the cluster approach is unsuit-
able for" the description of impurities in sohds. However,
in spite of major conceptual differences between bulk

solids and small clusters (in contrast to a cluster, a bulk
metal has a sharp Fermi surface, and excitations across it
can occur with vanishingly small change in energy), there
are reasons for continuing to study finite clusters as rough
models of solids. Most particularly, a very high degree of
self-consistency can be obtained in the electronic structure
computations.

Recently, calculations for Fe and Ni clusters were per-
formed by Lee and co-workers, s 'o and, in general, good
agreement with the bulk electronic structure, except for
the spatial distribution of the spin density, was achieved.
It is the aim of this paper to extend this approach to im-
purity systems, with the object of investigating the elec-
tronic structure of Fe, Co, and Ni impurities in copper
metal. Our results are compared with experiments and
with other calculations.

II. METHOD

Only a brief description of the method employed in
these calculations is given below. For a complete descrip-
tion, see Refs. 8 and 9. The free-cluster calculations are
performed on the basis of local-spin-density-functional
theory by expanding the wave functions in an uncontract-
ed Gaussian basis set of 14 s-, 9 p-, and 5 d-type func-
tions. Including angular dependences, 66 independent
functions per atom are used; however, extensive use of the
cubic symmetry of the cluster keeps the problem to
manageable size. The exponents of the orbital basis set
are taken from the free-atom calculations performed by
%achters. "

In order to avoid the calculations of enormous numbers
of two-electron integrals for the Coulomb matrix ele-
ments, we made an auxiliary fit to the charge density, us-
ing a separate Gaussian basis set of 14 s and 9 p functions
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per atom. A variational fitting procedure was used, giv-
ing minimum errors in the electrostatic energy' instead
of a least-squares fit to the charge density itself.

An exchange-correlation potential as pmametrized by
Rajagopal, Singhal, and Kimball' was used, and the cor-
responding matrix elements were calculated by direct nu-
merical integration on a special three-dimensional grid
developed for that purpose.

The cluster densities of states (CDOS's} were obtained
by broadening each eigenvalue with a Gaussian. Each
state was decomposed by a Mulliken-population analysis,
and the resulting I-like charges determine the width of the
Gaussian used (0.6 eV for s and p types, 0.15 eV for d
contributions} as well as the weights of the contribution to
the CDOS.

ui. RESTS

A. CQ]3

A starting point for considering impurities in metals
should be the electronic structure of the pure metal.
Therefore, in Fig. 1 an energy-level diagram for a free
Cuiq cluster in fcc geometry is shown. The nearest-
neighbor distance of 4.83 a.u. corresponds to a Cu lattice
constant of 6.83 a.u. We find that the Fermi energy coin-
cides with a state of t& symmetry in accordance with pre-
vious calculations by Delley et al. ' and Messmer et al. 's

using the discrete variation method and the Xa
scattered-wave method, respectively. This indicates that
the assumed geometry presumably would not be stable
with respect to a Jahn-Teller distortion. However, a de-
tailed comparison with the level structure of Messmer

e„e&ta t~t, t»a+, @+a»e,

et ol. gives differences in both the ordering of levels of
different symmetry (we find, for instance, that the first
ti„level is lower in energy than the first res and es states,
while the Xa calculation predicts the t2s and eg states to
be much lower than the ti„state), as well as the total
width of the occupied states (E,, —EF——0.55 versus 0.48

Ry in Xa) or the distance of the highest d states from the
Fermi energy (0.04 versus 0.12 Ry in Xa). A Hartree-
Fock study of Cui& by Demuynck et al. ' finds almost no
overlap between the Cu 3d and 4s states and therefore
predicts a completely different electronic structure than
calculations based on local-density-functional theory.

A common way of comparing cluster and bulk calcula-
tions is a comparison of the density of states (DOS). Fig-
ure 2 shows the CDOS of the Cui& cluster and, for com-
parison, the bulk fcc Cu DOS calculated by Bagayoko. '

The overall agrimnent between these two calculations is
very good; in particular, the four-peak structure of the
bulk metal DOS originating from the Cu 31 bands em-
bedded in the Cu 4s band is similar to that of the CDOS,
as well as the total d-band width in the cluster and the
bulk solid. However, the lowest of these four peaks in the
CDOS is separated from the others, and the d band is
shifted closer to the Fermi energy.

A Mulliken-population analysis gives for the central
atom a 3d 4s configuration and, for the shell atoms,
3d97s4s" . It must be noted that an allocation of the
very delocalized 4s electrons to the different Cu sites is
somewhat ambiguous, as some small negative 4s popula-
tions (and also some greater than 2) indicate.

The valence charge density is almost spherically sym-
metric around the nuclei as expected due to the full d
shell and agrees quite well with valence densities obtained
from an augmented-plane-wave (APW) band-structure cal-
culation. ' The 3d maximum has a value of 3.86 e/a. u.
(3.79 e/a. u.~ in APW) and is located 0.33 a.u. (0.32 a.u. )

away from the nucleus. The t2s-es ratio of the d electron
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FIG. 1. Energy-level diagram for the Cu~3 cluster. The sym-

metry and occupancy of these levels is also given. The dashed

line indicates the Fermi energy.

FIG. 2. Cluster density of states (CDOS) for the Cu~3 cluster
(solid line) and bulk Cu DOS (dashed line). In the CDOS states
are broadened and weighted according to their / character in a
Mulliken-population analysis (0.6 eV for s and p, 0.15 eV for d
charges). The Fermi energies are indicated by a dashed (bulk)
and a solid (cluster) straight line, and the bulk DOS is shifted in

energy, so that the bulk and cluster 3d maxima coincide.
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FIG. 3. Energy-level diagram for the Cu19 cluster.

FIG. 4. Energy-level diagram for the Cu12Fe cluster (up- and
down-spin states separated). In the summary some states of
equal symmetry are connected by a line to indicate the amount
of spin splitting.

populations of the central site is 1.48, a value which is
near spherical symmetry (3:2).

8. Cuig

It has been shown in the preceding section that even a
Cuiq cluster can represent most of the electronic structure
of bulk Cu. However, in order to get a more diro:t
answer as to how the replacement of the central Cu by an
magnetic impurity atom affects the electronic structure,
we made calculations for Cui9 also. The energy-level dia-
gram is shown in Fig. 3. There are again major differ-
ences between our and previous Xa scattered-wave3 re-

suits. For instance, we find at the Fermi energy two al-
most degenerate levels of a is and t2 symmetry, while Xa
puts t2s clearly below ais. Furthermore, we find the
lowest t» state below the first t2 and ez states in con-
trast to the Xa results. This brings our d-band width into
close agreement with that of bulk Cu.

As can be seen from Table I, adding a second shell of
Cu atoms leads to 3d populations, which are now largest
at the center atom and not at the first shell as in Cui3.
Again, the CDOS of the center plus the first-shell atoms
(Fig. 7} resembles the bulk Cu DOS very well, while the
Cuq atoms form a "surface DOS" showing a single peak
at relatively high energy. This surface DOS was also
shown by Delley et al. on a Cu79 cluster. '

TABLE I. Mulliken-population analysis from integrated CDOS's (M stands for the central atom).

Cu12Fe Cu18Fe Cu18Ni CU19

Mspf
Mspl
Mdt
Md 1

M tot

1.00
1.00
4.45
2.20
8.65

1.15
1.20
4.87
1.82
9.01

1.09
1.13
4.89
2.84
9.95

1.04
1.06
4.89
4.20

11.19

1.14

4.94

12.16

Cu1p sp
Cu&z sp g

CU12 d
Cu12 d
Cu12 tot

0.60
0.61
4.87
4.87

10.95

0.64
0.62
4.87
4.83

10.96

0.65
0.63
4.87
4.84

10.99

0.66
0.65
4.85
4.84

11.00

0.61

4.88

10.98

C~sp g

Cu6 sp g

Cu6d t
Cu6d i
C~ tot

0.58
0.58
4.87
4.87

10.90

0.58
0.57
4.86
4.86

10.87

0.57
0.57
4.84
4.83

10.81

0.54

10.&6
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C. Cuiqpe

When we replace the central Cu atom by Fe and allow
spin polarization, an energy-level diagram (Fig. 4) indi-
cates that the pure Cu states show almost no spin split-
ting, but the Fe d states are split by 20—67 mky
(0.27—0.91 eV) at the bottom and top of the "Cu d band. "
This splitting causes an excess of two spin-up electrons in
a t2 level. The exchange splitting of the Fe d states is2g
substantially reduced com.pared with that of pure Fe clus-
ters (Refs. 9 and 10} (0.7—3.1 eV) or bulk Fe (Ref. 19)
(1.1—2.2 eV}.

The spin density (Fig. 5} indicates the strong localiza-
tion of the iron moment and the maxima point to the next
Cu neighbors as expected from the level occupancy. The
d electrons of Cu are also slightly positively spin polar-

ized due to covalent interactions with Fe, but in the large
"interstitial" region a small negative polarization occurs,
indicating a dominance of spin-down 4s electrons. The
spin densities at the nuclear sites of Fe and Cu are both
negative (Table II), and the large value at Cu indicates the
strong magnetic interaction in contrast with bulk-copper-
like behavior. Note that in the valence-electron density an
eg dominance around the iron site is present, as one could
see from the ratio of the tzs electron number to that of es
of 1.2.

The total magnetization of this cluster is 2p,~, but a
Mulliken analysis gives an Fe d moment of 2.2@a which
is partially screened by a negative polarization of 0.01 Cu
4s electrons (see Table I). This could be interpreted as a
spin compensation cloud, as suggested by many experi-
ments or theoretical approaches. '"
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TABLE II. Spin density at the nuclei (in e/a. u. ). O
9 2Q 2Q 9 l 2Q II 'I I) l9 t QQ RQ &u 9 gM QIQ

M
Cu12
Cu6

Cu12Fe

—0.196
—0.205

Cu18Fe

—0.224
0.035
0.012

Cu18CG

—0.179
0.092

—0.027

Cu1qwi

—0.100
0.133

—0.016

In order to get a more realistic model of a single Fe im-

purity in Cu we add a second shell of Cu atoms to the
cluster. This yields a level distribution «s shown in Fig.
6(a). The Fermi level coincides with a partially occupied
es spin-down level. This leads to a strong peak in the
spin-down DOS (Fig. 7) and thus is consistent with de
Haas —van Alphen measurements on dilute Cu-Fe, where
resonance scattering occurs mainly at the minority
states. i~'23 The total magnetization is 4p,q, and the ex-
change splitting for Fe d states ranges from 20 mRy at
the bottom to 90 mRy at the top (0.27—1.2 eV) of the oc-
cupied states. Our results disagree with Xa scattered-
wave results of Johnson et al. ,

3 who find the Fermi ener-

gy at a rqs spin-up level and claim that the exchange split-
ting is only 0.12—0.17 eV and therefore a Jahn-Teller
and/or a spin-orbit splitting of degeneracies could con-
struct a nonmagnetic ground state at 0 K. Our exchange
splitting is, however, in good agreement with that found
by impurity calculations of Zeller, Dederichs, and cowork-
ers.

The total CDOS, which still resembles the bulk Cu
DOS, could be partitioned into spin-up and spin-down Fe,
Cuiq, and Cu6 contributions (Fig. 7}. The partial spin-up
Fe CDQS is spread out over the entire Cu d band and is
not restricted to a few eigenvalues. The spin-down Fe
CDOS is strongly reduced and shifted to higher energies
and shows a relative strong resonance at the Fermi energy.
These facts are in good agreement with the impurity cal-
culations mentioned above, although these authors find an
additional well-defined sharp spin-up virtual bound state.
Since our Fe spin-up d states are much more hybridized
with Cu d than the spin-down Fe d states, it is obvious
that we cannot find such a resonance. Furthermore, such
sharp resonances are not detected in Cu-Fe by means of
x-ray photoemission spectroscopy, 2 where only a smooth
enhancement in the s,p region above the Cu d band was
found. However, such virtual bound states were found ex-
perimentally in Ag-Mn (Ref. 24} and also in cluster calcu-
lations of Ag-Fe (Ref. 25},i.e., in casim where the host and
the impurity d states do not fall into the sune energy
range. In addition, Cohen and Slichter performed model
calculations for 3d impurities in Cu, fitting experimental
NMR satellite data. These authors find a peak only in the
spin-down Fe DOS, which is located at the Fermi energy,
but no spin-up resonance. (Note, that spin-up and spin-
down are exchanged in their paper. ) The Cuii CDOS
resembles bulk Cu, both in spin-up and spin-down, and
the Cu6 CDOS shows a single peak at relatively high ener-

gy corresponding to a surface DOS.
One can see from Table I that the total moment of 4@a

is not located only at the Fe atom, but that also the Cu~2
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behavior of the spin densities at the first and second shell
of Cu atoms, as one would expect from Knight-shift mea-
surements or model calculations. In the valencedensi-
ty (Fig. 9) the dominance of es symmetry around Fe as
well as the relative strong deviation from spherical sym-
metry in the 3d density of the "surface atoms" Cu6 is ob-
vious. The latter indicates, together with the partial
CDOS of the Cu6 atoms (Fig. 7), a relative strong "cluster
effect" on the electronic properties of atoms in such a
cluster with free boundaries, and suggests an increase of
the cluster size (additional shells) or the use of proper
boundary conditions in order to obtain results in better
agreement with the solid.

E. Cu~ICo

Our calculation for this cluster yields a total magnetic
moment of 3pz and a level structure shown in Fig. 6(b).

Again, the Fermi energy falls on a spin-down state (a, ),
but r2 and a,s states are very close together at EF. The
exchange splitting of the predominantly Co states is re-
duced in comparison with those of Fe in the CuisFe clus-
ter to about 20—50 mRy, in accordance with de
Haas —van Alphen measurements. Single-impurity cal-
culations by Podloucki et al. originally found Co to be
nonmagnetic. However, in a recent improvement of their
method, noir including now only the single impurity but
also the first Cu neighbors in the self-consistent process,
their Co cluster also becomes ferromagnetic.

The partial CDOS is shown in Fig. 7. It is obvious that
there is no significant difference in the Cui2 and Cu6 par-
tial CDOS between CuisFe and CuisCo. The Fermi ener-

gy falls now between the two characteristic impurity
spin-down peaks (aig level), whereas in the Fe cluster it
was at the lower one.
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The total magnetic moment of the cluster is 3ps, while
the Co has a local moment of only 2ps. Again, a negative
polarization of the conduction electrons can be seen, and
the neighboring Cu atoms show a slight ferromagnetic po-
larization of 0.03ps (Table I). These facts are in qualita-
tive agreement with Ref. 6, but these authors find only
0.96ps at the Co site. However, since the inclusion of the
first Cu shell increased their magnetic moment from 0 to
nearly lpga, further improvements may again change the
absolute value, especially since our second-shell atoms

also became slightly magnetic in contrast to CuisFe.
The spin density around Co shows an even stronger t 2g

symmetry than that around Fe, since now almost all
spin-up excess comes from a res level. There is again a
negative spin density between the local moment and the
Cu neighbors, and the Cu6 atoms participate more strong-
ly in the magnetic interaction than in the Fe case (Fig.
10). The spin densities on the Cui2 and Cu6 sites show
opposite signs and the magnitude on the Cu6 atoms is
much smaller. This is in contrast to our CuisFe results

CU6(I

FIG. 9. Valence-electron density of Cu&SFe in the (100) plane. The lowest contour is at 0.05 e/a ' d' t 1 d ff b f
e Fe 3d maxima are at 1.9 e/a. u. and the Cu 3d maxima are at 3.9 e/a. u. .

a.u. ; a jacen ines i er by a fac-
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(Table II); however, these findings may depend strongly
on the cluster size.

F. CuggNi

The experimental situation for Ni impurities in Cu is
the most unclear one. It is generally believed that no
strong localized magnetic moment exists. However, from
NMR data2s'3 a small permanent moment can be de-
duced, and many authors suggest consideration of spin
fiuctuations.

Our spin-polarized calculation finds the electronic
structure displayed in Fig. 6(c) and a total magnetic mo-
ment of 2@a. The Fermi energy coincides with a singly
occupied t2 down state, and it is obvious that a slight
shift of the spin-up and spin-down a,g states to higher en-
ergies (20 mRy) would produce a nonmagnetic cluster.
However, the electronic structure in a non-spin-polarized
scattered-wave calculation" does not agree either with our

results for the ordering of levels of different symmetry or
in regard to the total width of the occupied valence states
(E~ E—, =0.62 Ry versus 0.44 Ry in Xa). Our ex-

change splitting is further reduced to about 10—24 mRy.
The partial CDOS in Ni (Fig. 7) shows, as do the occu-

pancies in Table I, that almost all Ni states are now below
Ez and it is therefore reasonable that x-ray photoemission
spectroscopy measurements found the strongest impuri-
ty resonances for Ni in the Fe,Co,Ni series.

In this highly correlated system, even the second-
nearest-neighbor Cu6 atoms show, remarkably, ferromag-
netic aligned 31 moments. The local Ni moment is re-
duced to less than 0.7pz and is quite comparable to that
of bulk Ni (Ref. 32) (0.57pq). For that purpose it is also
reasonable that the contact spin density of —0.100 e/a. u.
is close to the bulk value of —0.110 e/a. u.3. The spin
density around the Ni site shows predominantly tzg char-
acter (Fig. 11). The spin density at the Cu, z site is re-
markably high (Table II) and indicates again the high
correlation of magnetic interactions in the Cu-Ni system.
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FIG. 11. Spin-density distribution of Cu~8Ni in the {100)plane. The Ni 3d maxima are at 0.46 e/a. u. .

IV. SUMMARY

We have performed spin-polarized self-consistent-field
cluster calculations based on local-spin-density-functional
theory for Cuiz, Cui2Fe, Cui9, CuisFe, CuisCo, and
CuisNi with free boundaries using an expansion of the
wave functions into Gaussian orbitals.

Our results are generally in disagreement with that ob-
tained by the Xa scattered-wave method, 3' but agree
reasonably with discrete-variation-method calculations'
for Cu, 3. The Cu d band is completely embedded in the
4s band as in bulk copper, whereas a Hartree-Pock calcu-
lation did not find this complete overlap between s and d
states. Our CDOS for Cui3, as well as for the Cuii shell
in the impurity systems, resembles that of bulk Cu.
Furthermore, the CDOS of the Cu6 shell is very siinilar to
that obtained for the surface atoms on a Cu79 cluster. '

Since the valence-electron density of the central site also
agrees quite well with that of an augmented-plane-wave
calculation, ' it is obvious that the electronic structure of

a Cu» cluster already resembles that of the bulk.
For that reason it was reasonable, after including an ad-

ditional Cu shell, to study magnetic impurities like Fe,
Co, and Ni in Cu. Our results for CuisFe are again in
contradiction to Xa scattered-wave calculations 3 but
agree well, at least for Fe and Co, with impurity calcula-
tions by a Green's-function method. The total moments
of the CuisFe, CuisCo, and CuisNi clusters are those of
the free atoms, but the spin distribution is different.
Some of the moment becomes delocalized and spread out
over the Cu atoms. The spin splitting of the Fe impurity
is reduced by a factor of 2 in comparison with bulk Fe,
the local magnetic moment of 3.05ps is in excellent agree-
ment with neutron-diffractionz7 or Mossbauer experi-
ments, and de Haas —van Alphen measurements found
mainly spin-down scattering at the Fermi energy in accor-
dance with our results. We find a region of negative spin
density, mainly from the conduction electrons, and a
slight ferromagnetic polarization of the first shell of Cu
neighbors, whereas the second-shell atoms are nearly po-
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larization free. These facts, as well as cluster studies of
other impurity systems, ' ' clearly contradict the state-
ment in Refs. 4 and 5 that cluster calculations cannot
yield reasonable results for impurities.

In the Co and Ni cases the agreement with these recent
Green s-function calculations is not as good and indicates
that both exact treatment of short-range-order interac-
tions (cluster approach) and proper treatment of long-
range effects (Green's-function method) could be impor-
tant in these systems. For instance, for the Co impurity
system the treatment of a single impurity in an otherwise
unperturbed Cu host was clearly insufficient and yielded a
nonmagnetic state. Inclusion of some short-range interac-
tions causes Co to flip into a magnetic state. On the other
hand we cannot exclude that a third Cu shell or proper
boundaries will affect our results for the Ni impurity in a

way that a further reduction or even a complete disap-
pearance of magnetism will occur, especially because we
observe a high correlation of the magnetic effects on Ni
and the first and second shell of Cu atoms. While the
spin densities at the impurity nuclei decrease as expected
in the Fe,Co,Ni series, a drastic increase was found at the
first-shell Cuiq atoms. The spin densities at the Cu6
atoms are always smaller in magnitude, but their signs do
not show any systematic trend. For the Co and Ni clus-
ters the oscillatory behavior is in agreement with Knight-
shift measurements.
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