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Theoretical study of hyperfine and local magnetic properties
of Co and Fe clusters in fcc Ag hosts

R. N. Nogueira and H. M. Petrilli
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970, Sa˜o Paulo, SP, Brazil

~Received 11 February 1999!

We study the behavior of the local magnetic moment and hyperfine fields for Fe and Co grains inside the Ag
matrix. Our theoretical calculations are used to discuss the experimental results obtained in the literature by
NMR and Mössbauer spectroscopy in Co-Ag and Fe-Ag granular systems and we also considered one Fe
impurity in the Co clusters in Ag. We use the first-principles real-space linear muffin-tin orbital–atomic-sphere
approximation method to calculate the local magnetic moments and the Fermi contact contribution to the
hyperfine fields around Fe and Co atoms in different spatial configurations in Ag hosts: isolated impurities,
Fe-Fe and Fe-Co dimmers and precipitates containing 13, 19, and 43 atoms. Special attention is given to the
differences between central and interface positions of Fe atoms in the two smallest Co clusters. Our results
show that the magnetic moments are almost invariant as a function of the local environment for these systems.
The local moments at Co atoms inside clusters in Ag have values around 1.8mB , very close to the observed
value for bulk fcc Co. The hyperfine fields of Co and Fe atoms inside the clusters are much larger than those
at the atoms considered as isolated impurities. The Fe and Co hyperfine fields at atoms occupying interface
positions do not depend on the size of the clusters in Ag and tend to be less intense than those of the atoms at
inner sites. This information may help in the evaluation of grain sizes in these systems.
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I. INTRODUCTION

Since giant magnetoresistance~GMR! has been observe
in granular materials,1,2 many attempts have been made
understand and study these systems. Most of this work
been done by experimental investigations making use of
ferent tools, mainly devoted to the characterization of str
tural, magnetic, and transport properties. Only a few el
tronic structure calculations of transition-metal magne
clusters in a nonmagnetic matrix are reported in
literature.3,4 In these works the complex magnetic behav
of Fe clusters in Cu hosts is investigated. In Ref. 4 lo
magnetic moments for clusters with 13 and 19 atoms an
Ref. 3 magnetic moments and hyperfine fields of a clus
with 14 Fe atoms are calculated. Due to the lack of peri
icity introduced by the grain in the host matrix, the comple
ity involved in the theoretical calculations has limited co
siderably the progress from the theoretical side. In
absence of theoretical results, many unconfirmed assu
tions are commonly made to interpret the experimental
sults, especially concerning grain sizes. It is the purpose
this paper to try to address to some of these issues. Ex
mental results and theoretical models showed that the G
properties of granular materials are closely related to st
tural characteristics, as the distance between the mag
clusters and their sizes, therefore, a detailed descriptio
such materials is required in order to better understand t
behavior. In this direction, different measurements of hyp
fine properties of Co-Ag granular systems have recently b
presented in the literature.5–11 The advantage of the use o
hyperfine interactions techniques is that they can provide
formation about small clusters and local environmen
which other techniques are usually not able to study. T
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structural evolution due to annealing in sputtered Co/
multilayers was analyzed by the distributions of hyperfi
fields, obtained using nuclear magnetic resonance~NMR! in
Ref. 8. Mössbauer spectroscopy~MS! was used in Refs. 5–7
to study the formation of Co clusters in fcc Ag, and samp
produced by different techniques~coevaporation and ion im
plantation! were analyzed. The observed spectra suggest
presence of Fe atoms as isolated impurities, as dimmers
inside or at the surface of Co clusters. For one set of
analyzed samples, obtained by coevaporation, they have
observed an additional line assumed to be due to inte
oxidation. Furthermore, MS was used to study magnetic
structural properties of vapor-quenched Fe-Ag metasta
alloys9,10 and of (Co70Fe30)36Ag64 heterogeneous alloy.11 In
this last paper the authors suggest that Mo¨ssbauer parameter
for Fe-Ag and Co-Ag granular materials should not be dr
tically different.

In the present work we use the real-space~RS! linear
muffin-tin orbital ~LMTO! formalism, within the atomic-
sphere approximation~ASA!, to investigate the electronic
structure and local magnetic properties of small Fe and
clusters in fcc Ag hosts. The RS-LMTO-ASA scheme is
first-principles self-consistent approach in the framework
density-functional theory within the local spin-density a
proximation ~LSDA!. The main advantage of this metho
when dealing with local perturbations, is that the embedd
of the defect in the crystal is described correctly, since it c
be applied to clusters of several thousands of atoms, av
ing the surface problems which make the embedding so
cial in cluster methods. Because it is implemented directly
the real space, the RS-LMTO-ASA scheme does not req
symmetry and is very flexible allowing the study of ve
complex defects. Another interesting feature is that the co
putational effort in RS-LMTO-ASA calculations grows lin
4120 ©1999 The American Physical Society
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early with the number of inequivalent atoms. Here we u
the RS-LMTO-ASA scheme to obtain local magnetic m
ments and Fermi contact contributions to the hyperfine fie
~HF! for different spatial configurations of Fe and Co atom
in fcc Ag hosts. We have chosen to consider: Fe and Co
isolated impurities; Fe-Fe and Fe-Co dimmers; Fe or
clusters with 13, 19 or 43 atoms. In all cases Fe or Co w
placed as substitutional sites in fcc Ag. As the MS measu
ments are related to Fe sites, in order to compare our
results with those presented in the literature, we have c
sidered one Fe impurity in the center of all studied Co gra
For the two smallest Co grains, we have also considered
Fe impurity occupying other positions. Here, we have use
first-principles theoretical approach to study these system

The paper is organized as follows: In Sec. II we brie
introduce the RS-LMTO-ASA scheme used here. In Sec.
we show our calculated values and compare them to exis
experimental results in the literature. Finally, in Sec. IV, w
summarize our conclusions.

II. THEORETICAL APPROACH

In this section, we briefly present the RS-LMTO-AS
method and how it can be applied to the calculation of H
This scheme has already been used with success in the
of local magnetic moments and hyperfine quantities for d
ferent transition-metal systems with local defects as sub
tutional or interstitial impurities and sets of substitution
impurities, sometimes in the presence of latti
relaxation.13,14,12,15

The first-principles and self-consistent RS-LMTO-AS
approach is based on the well-known LMTO-AS
formalism16,17 and uses the recursion method.18 The proce-
dure is very similar to the usual reciprocal-space LMT
ASA formalism, but when solving the eigenvalue problem
find the local density of states we substitute thek-space di-
agonalization by the real-space recursion procedure.
avoid surface effects, large clusters of a few thousand at
are normally used. As in the regular LMTO-ASA formalism
we use the ASA approximation where the space is divid
into Wigner-Seitz~WS! cells, which are then approximate
by WS spheres of the same volume. The LMTO is a lin
method and its solutions are valid around a given energyEn ,
usually taken at the center of gravity of the occupied par
the band. In the RS-LMTO-ASA scheme we use a first-or
Hamiltonian, where terms of the order of (E2En)2 and
higher are neglect. These approximations result in a ‘‘tig
binding’’ Hamiltonian and an orthogonal basis, yielding
simple eingenvalue problem which can be directly solved
real space with the aid of the recursion method. Since i
implemented in real space, the RS-LMTO-ASA does not
quire periodicity and it can be used to treat interstitial
substitutional impurities, precipitates or other defects, a
lattice relaxation can be easily introduced even in noncu
systems. We note that all inequivalent sites must be con
ered. The RS-LMTO-ASA can, in fact, be described as
composition of two self-consistent processes, namely
‘‘general’’ and ‘‘atomic’’ parts, one inside the other. In th
‘‘general’’ process, given the so-called ‘‘potential param
eters’’ for all inequivalent sites, the Hamiltonian of the sy
tem under study is built up and the eigenvalue problem
e
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solved. In the atomic part, the potential parameters, for e
inequivalent site, are calculated. In a periodic metallic s
tem, the Fermi energy (EF) is determined at each iteratio
by filling the bands with the correct number of valence ele
trons. In the case of impurities, theEF of the system is fixed
by theEF of the host. We calculate the occupation and oth
moments of the density of states for all nonequivalent s
up to the fixedEF , keeping the ‘‘potential parameters’’ o
the rest of the system~outside the perturbed region! at the
bulk values. The size of the perturbed region, which var
from system to system, needs to be tested in each case a
is chosen accordingly to give the correct embedding. He
as usually done, we have used a minimum basis set of
valence orbitals (1s, 3p, and 5d) per spin at each site an
the core states were not frozen. A more detailed descrip
of the general procedure can be found elsewhere.19

The procedure used here for calculating the HF at e
site, after the self-consistent electronic structure for a giv
system is obtained, has been described in detail in prev
papers.12,20–22As shown in the literature, the hyperfine fie
for transition metals is usually dominated by the Fermi co
tact contribution. In a nonrelativistic approach this contrib
tion can be determined by the magnetization density at
nuclear positionR through the expression:

HF5
8p

3
@r↑~0!2r↓~0!#mB . ~1!

Herers(r ) is the electronic charge density per spin and
assume that near the nucleus it can be written as a pol
mial expansion:

rs~r !5A1Br1Cr2. ~2!

We note that in a nonrelativistic approach only thes ~core
and valence! orbitals contribute to the HF.

III. RESULTS AND DISCUSSION

In the present work we have chosen to study the follow
systems embedded in fcc Ag:~a! one isolated impurity of Fe
or Co, ~b! Fe-Fe and Fe-Co dimmers, and~c! spherical clus-
ters composed by a central atom and one, two or three
shells of neighbors~13, 19 or 43 atoms, respectively! . In all
these cases, the Fe and Co atoms occupy substitutional
tions in fcc Ag hosts. The systems with embedding clust
will be labeled by the number of Fe and Co atoms th
contain. Just for a rough comparison, if we estimate the s
of these clusters considering them as spheres with the co
sponding volumes occupied by the Co and Fe atom
spheres, the clusters studied here would have diameters
8.5, and 11 Å , respectively. To calculate the local density
states we used the Beer-Pettifor terminator,23 and we have
taken a cutoff parameterLL520 in the recursion chain. We
performed nonrelativistic calculations with an exchang
correlation term of the form proposed by von Barth a
Hedin.24 In all cases, the defects are placed in substitutio
positions around the central region of a cluster with 30
atoms, in a fcc arrangement, with lattice parametera0
54.07 Å .

We have estimated the influence of lattice relaxation
fects on our results. In order to do that, we have calcula
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the system with 12 Co and one Fe in the central posit
decreasing in 10% the distance between the central atom
its nearest neighbors~NN!. The changes that we have foun
in the absolute values of the magnetic moments are less
0.2mB and are about 4 T for the HF. However, as for al
atoms the variations were in the same direction, the gen
trends and the comparative behavior remained unchan
Experimental results from the literature suggests a differe
smaller than 2 T in HF of Coatoms due to strain effects i
Co-Ag systems,8 which is smaller than the inaccuracy of o
calculations due to the LSDA.25 Therefore, in order to sim-
plify our calculations, we neglect relaxation effects in t
following discussion.

A. Fe clusters

Our results for local magnetic moments and hyperfi
fields for one isolated Fe impurity, Fe-Fe dimmer, and
clusters in fcc Ag are presented in Table I. As all atoms
the same shell are equivalent, the nonequivalent sites o
clusters will be identified by the index of its neighborho
with respect to a chosen central position, which will be d
noted by 0 as the 0th shell.

From Table I, we see that the local magnetic moment
Fe sites in these systems are all very similar, all of them w
a value around 3mB . The isolated impurity has the highe
moment, of 3.07mB , and when the dimmer is formed it de
creases by 0.15mB . Our value for the local moment at a
isolated impurity can be compared to previous results in
literature. Using the Korringa-Kohn-Rostoker Gree
function method, Papanikolaouet al. have obtained a loca
moment of 3.06mB for Fe in Ag,26 in an excellent agreemen
with our results. For the Fe clusters in Ag, we can see fr
Table I that atoms placed at inside positions have local m
ments smaller than those at the interface~largest shell index
at each system!. The Fe atoms at the interface tend to ha
local moments close to the value found for the dimmer. Al
the difference between the local moments for Fe atom
inside and interface positions tends to be slightly smalle
the size of the cluster increases. This can be seen by c
paring the values 0.08mB, 0.06mB, and 0.03mB observed,

TABLE I. Local magnetic moments (mB) and hyperfine fields
~T! at the Fe sites for isolated impurity, Fe-Fe dimmer, Fe13, Fe19,
and Fe43 clusters. The nonequivalent sites in a given system,
identified by an index indicating the neighborhood~from the posi-
tion labeled by 0! where that atom is placed, in a fcc Ag host.

System Site m HF

Fe 0 3.07 210.9
Fe-Fe 0 2.92 213.6
Fe13 0 2.86 234.0

1 2.94 222.4
Fe19 0 2.90 233.9

1 2.92 227.7
2 2.96 223.5

Fe43 0 2.88 237.2
1 2.87 235.5
2 2.88 230.0
3 2.91 222.6
n
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respectively, for Fe13, Fe19, and Fe43. The values we found
for Fe atoms in the Fe19 cluster show a decrease in the loc
moments for inner sites~closed to the 0 site!, and inside the
Fe43 cluster they are almost equal, oscillating betwe
2.88mB and 2.87mB , while the atoms at the interface hav
moments of 2.91mB . This behavior indicates that the loca
moments for atoms inside the clusters tend to be equal
the moments at the interface sites slightly larger than tho
but these differences are very small.

The calculated HF at an isolated Fe impurity in Ag is al
presented in Table I. This value of210.9 T disagrees with
the experimental values in the literature,23.6 T ~Ref. 27!
and 21.2 T,28 but is very similar to the value210 T from
another theoretical calculation.29 Part of this discrepancy ca
be attributed to a well-known failure of the LSDA to de
scribe correctly the electronic behavior in the core reg
where thes electrons contribute to the HF. Without emplo
ing a fully relativistic treatment we are also neglecting oth
contributions to the hyperfine field. We note however th
the discrepancy between measured and calculated HF in
case of a single Fe impurity in Ag is far beyond the usu
errors. This suggests that this is due to a specially comp
magnetic situation that can be destroyed otherwise. Ne
theless, although absolute HF values are expected to ha
relatively large uncertainty, due to a cancellation of errors
the present case, we still can compare relative values for
HF at different sites with measurements. We note, howe
that one should be careful when adopting this kind of pro
dure, since a cancellation of errors as a rule is not expe
to be held. Despite that fact, the results for the clusters sh
a much better agreement with the experiments. In Ref. 9
Mössbauer spectra for Ag12xFex indicated average HF’s
from 21 to 33 T when the Fe concentration ranged from
to 0.8. This shows that the presence of other Fe atoms
the enlargement of the precipitates increases the intensitie
the HF. Our theoretical results shown at Table I prese
exactly the same trend. Comparing our results for each
system we can see a strong growth in the intensity of the
from the case of the isolated impurity and dimmer to t
grains, and a minor enhancement when we compare inter
and inner sites. We should note that these differences
magnitude of the HF’s are certainly beyond the intrins
LSDA theoretical errors~mentioned above! thus allowing the
present analysis. We also note that the behavior of the H
goes in the opposite direction of the small changes obse
in the local moments. We can also see that the sites at
interfaces have similar HF’s around 23 T for all three clu
ters.

B. Co clusters with Fe impurities

The systems with Co clusters we have studied are form
by 12, 18 or 42 Co atoms plus one Fe impurity as subst
tional clusters inside fcc Ag. The spatial configurations
have considered were~a! the Fe atom at the central positio
in all cases,~b! the Fe atom at the interface of the grain f
the 13-atom cluster, and~c! the Fe atom in the first and in th
second NN shell of the central position for the 19-atom cl
ter. As before, we name 0 the central position of the
cluster that can be occupied by Co or Fe atoms. We h
also calculated one Co as an isolated impurity and the Fe

re
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dimmer. The notation we will establish here is as follows:
name FenCo12, FenCo18, and FenCo42 the clusters with 12,
18, and 42 Co atoms respectively, where the indexn denotes
the shell where the single Fe impurity was placed. If the
atom is in the center, all Co atoms in a given neighbor
shell will be equivalent, and we will call Con one atom in the
Fe nth neighborhood. If the Fe impurity is placed at a
other position, this special symmetry is broken and we h
more than one nonequivalent Co atom in each shell of ne
bors of the central atom. In these cases, we will use
indexes to denote this site: a first index that, as before,
notes the neighborhood where the atom is placed relate
the central site; one additional alphabetic index which
creases with the distance to the Fe impurity that indicates
different sites in the same nearest-neighbor shell of the c
tral site.

Our results for the local magnetic moments and HF at
Fe sites for the Fe-Co dimmer and for clusters with the
surrounded by Co in fcc Ag hosts are present in Table
From these results we see that in all studied situations
local magnetic moments at the Fe sites have values aro
3mB . We note that this reflects the fact that the major
band is almost full and the minority band is almost empty,
the local moment is saturated. Concerning the HF values
this type of granular systems, the experimental results fo
in the literature6,7 suggest values of around231 T for Fe
atoms inside the cluster and values in the range betwe
225.3 and229.0 T for atoms at their surfaces. They al
suggest that the HF should be more intense for larger c
ters. Our results presented at Table II show that the HF’
the central Fe atoms (Fe0) have almost the same magnitud
~around225 T) in the three Co clusters. So, contrary to t
experimental assumption, we see no indication that they
come more intense for larger clusters. In the clusters with
and 18 Co~plus one Fe! shown at Table II the ratios of th
Fe HF at surface atoms~atoms with the largest numerica
index in each system! to the Fe HF at the central atom a
0.7 and 0.9, respectively. These results are in excel
agreement with the suggested ratio in the range 0.8–0.9
ferred from the experiments mentioned above. So, altho
we cannot predict with precision the exact magnitudes of
HF’s, our theoretical results clearly indicate the tendency
a decrease in the HF magnitudes for Fe atoms near the i
faces of the clusters, but with values almost independen
the size of the grains.

TABLE II. Local magnetic moments (mB) and hyperfine fields
~T! at the Fe sites for one Fe plus a Co cluster in fcc Ag hosts.
systems system are identified by the number of Co atoms in
cluster and by the neighborhood~from the position labeled by 0!
where the Fe atom is placed~see text!.

System m HF

Fe-Co 2.97 212.6
Fe0Co12 3.07 225.4
Fe1Co12 3.06 218.1
Fe0Co18 3.05 224.4
Fe1Co18 3.05 221.6
Fe2Co18 3.05 217.4
Fe0Co42 2.98 226.0
e
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In Table III we show our results for the average Co loc
magnetic moments in the situations we have studied and
corresponding total magnetization. We have found aver
moments of around 1.8mB for the Co atoms in the clusters
with a very small decrease when the cluster is made lar
In Table IV we present our results for local magnetic m
ments at each Co site in the Fe-Co, FenCo12, FenCo19, and
FenCo42 systems. The results for an isolated Co impurity
also shown. This value is in excellent agreement with pre

e
e

TABLE III. Total magnetization and average Co local magne
moments in the clusters, inmB units.

System Total Average

Fe0Co12 28.90 1.82
Fe1Co12 24.98 1.83
Fe0Co18 35.81 1.82
Fe1Co18 35.46 1.80
Fe2Co18 35.25 1.79
Fe0Co42 77.56 1.78

TABLE IV. Local magnetic moments (mB) and hyperfine fields
~T! at the Co sites for isolated Co impurity and Co clusters with o
Fe impurity in fcc Ag hosts. The nonequivalent sites in a giv
system are identified by an index indicating the neighborhood~from
the position labeled by 0! where that atom is placed and, whe
necessary, an extra alphabetical index indicating the distance to
Fe impurity, in a fcc Ag host~see text!.

System Site m HF

Co 0 1.66 26.6
Fe-Co 1 1.52 210.5
Fe0Co12 1 1.82 215.4
Fe1Co12 0 1.91 222.9

1a 1.80 215.5
1b 1.83 214.5
1c 1.83 214.5
1d 1.83 214.5

Fe0Co18 1 1.83 218.7
2 1.80 215.5

Fe1Co18 0 1.90 221.9
1a 1.83 218.6
1b 1.84 217.5
1c 1.85 217.5
1d 1.85 217.3
2a 1.78 216.1
2b 1.72 215.8
2c 1.63 214.7

Fe2Co18 0 1.93 221.2
1a 1.83 218.6
1b 1.85 217.4
1c 1.84 216.9
2a 1.64 214.9
2b 1.63 215.0

Fe0Co42 1 1.88 222.9
2 1.83 219.7
3 1.71 215.2
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4124 PRB 60R. N. NOGUEIRA AND H. M. PETRILLI
ous theoretical results in the literature.26 Comparing the
single impurity with the Fe-Co dimmer we see that the lo
moment at a single Co atom is slightly reduced by the pr
ence of a neighboring Fe atom. We also see that the l
magnetic moments at the Co atoms in the central posit
are about 1.9mB . For atoms at the surface~again denoted by
the highest numerical index in each system! it becomes
slightly smaller, approaching the local moment value for
isolated impurity. We note that they differ in less than 0.3mB
and the differences are more considerable between site
different shells than between different sites in the same sh
This is due to the fact that Co atoms belonging to differ
NN shells can have more Ag atoms in their neighborho
and thus have a more perturbed environment. In the cas
different sites in a given shell we are just replacing a Co
a Fe atom. Since Fe atoms are more similar to Co than to
atoms the band structure and, as a consequence, the
moment is less perturbed in this case.

In order to evaluate the Co grains sizes in measu
granular systems, it is a common practice to assume tha
local magnetic moment of each Co atom in the sample
the same value as the bulk fcc Co.11,30 In Ref. 30 the value
used was 1.77mB . The magnitude and the small sensibili
of the average local moments shown at Table III, as wel
the individual values presented at Table IV, supports t
assumption used in the literature to evaluate the Co g
sizes.

The NMR spectra for Co-Ag granular materials report
in Ref. 8 shows distributions of HF’s with two peaks. Th
first is around217.5 T and the second near221.6 T, which
are related to Co atoms inside and at the grain boundary.
results for the HF at central Co atoms are arou
222 T as can be seen from Table IV. For the 13-ato
cluster this value is222.9 T and for the two clusters with 1
atoms~where the Fe impurity is placed at the first and at
second NN shell of the central site, the HF’s at the central
are 221.9 and221.2 T, respectively. For Co atoms at th
surfaces of the clusters the HF’s are in all calculated ca
around215 T. In the clusters with 13 atoms, this value is
the range between215.5 and214.5 T. The Co sites at th
surfaces of the 19-atom clusters~placed at the second neigh
boring shell of the central site! have HF’s in the range be
tween 216.1 and214.7 T. Finally, the Co atoms at th
surface of the cluster with 43 atoms~with the Fe impurity in
the center! have a HF of215.2 T. These HF results repro
duces very well the experimental observations for both gr
boundary and internal atoms in Co-Ag granular syste
Moreover, we note that the influence of the Fe atoms on
Co HF’s seems to be a weak enlargement of the intensi
.
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as Co atoms in a same shell but with different distances fr
the impurity have similar HF values, differing by less tha
2T, and being more negative when the Fe impurity is clos

The behavior of the HF at the Co sites is similar to th
observed for Fe sites. Both are dependent on the pos
relative to the interface. We have observed that the HF a
isolated impurity is sensibly weaker than at the dimmer a
at the sites in the clusters. This means that the HF at a g
site tend to be stronger when there are more magnetic at
in its neighborhood and, therefore, when the atom is in
inner position of the magnetic cluster. Comparing the H
values at Fe sites in the Fe dimmer and in the Fe-Co dim
and also comparing the HF’s at Fe sites in Fe clusters
clusters with the Fe surrounded by Co, we found that wh
Fe atoms of the environment are replaced by Co atoms,
Fe HF becomes smaller. However, the general trends of
HF behavior for Fe in Fe and Co grains are similar.

IV. CONCLUSIONS

We have studied the magnetic and hyperfine behavior
small Co and Fe substitutional clusters in fcc Ag from a lo
point of view. Our theoretical results for Co-Ag granul
systems are in agreement with the suggestion based on
surements, found in the literature, that the local magn
moments at Co sites are almost independent of the pos
occupied by the atom. We note, however, that small chan
were observed. We have found a similar behavior for
clusters and for Fe impurities in Co clusters. The presenc
a Co neighbor increases the local magnetic moment at
other Co atom but does not sensibly affect the local mom
at a Fe site.

We have theoretically supported the HF trends infer
from measurements present in the literature. For all stud
clusters we observed an increase in the magnitudes of
HF’s at inner sites and at interface positions the HF’s w
found to be almost independent of the size of the clusters
addition we found that the Fe HF becomes smaller when
atoms from neighboring shells are replaced by Co ato
However, the general trends of the HF behavior for Fe in
and Co grains are similar.
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25S. Blügel, H. Akai, R. Zeller, and P. H. Dederichs, Phys. Rev.

35, 3271~1987!.
26N. Papanikolaou, N. Stefanou, R. Zeller, and P. H. Dederic

Phys. Rev. B46, 10 858~1992!.
27T. A. Kitchens and R. D. Taylor, Phys. Rev. B9, 344 ~1974!.
28J. G. Pe´rez-Ramirez and P. Steiner, J. Phys. F7, 1573~1977!.
29T. Beuerle, K. Hummler, C. Elsa¨sser, and M. Fa¨hnle, Phys. Rev.

B 49, 8802~1994!.
30R. Ohigashi, E. Kita, M. B. Salamon, and A. Tasaki, Jpn. J. Ap

Phys., Part 136, 684 ~1997!.


