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Influence of conduction electrons on the magnetism of cobalt grains in a copper matrix studied
by density-functional theory

J. A. Gómez and Diana Guenzburger*
Centro Brasileiro de Pesquisas Fı´sicas, Rua Dr. Xavier Sigaud 150, Urca, 22290-180, Rio de Janeiro, RJ, Brazil

~Received 5 September 2000; published 28 February 2001!

Electronic structure calculations in the local spin-density approximation were performed for clusters of 79
atoms embedded in a Cu matrix. The discrete variational method was employed. Cobalt grains of up to 55
atoms surrounded by Cu were considered; the lattice parameter of Cu was used for the calculations. Local
magnetic moments and hyperfine fields were obtained for all the clusters. The results show that the local
magnetic moments at the Co atom sites have oscillatory behavior with a tendency to increase in the direction
of the grain boundaries. The magnitude of the contact contribution to the hyperfine field at the Co atom sites
also has oscillatory behavior but with a tendency to decrease from the center to the surface of the grains. This
is due to a tendency of alignment of the 4s moment with the 3d moment. Dipolar contributions to the
hyperfine field were also calculated for the cobalt atoms at the boundary of the grains. The highest magnitude
of this contribution was 4.2 T, found for the grain with 13 Co atoms. Charge oscillations on Co are observed
from the center to the surface.

DOI: 10.1103/PhysRevB.63.134404 PACS number~s!: 75.20.Hr, 73.22.2f, 71.15.Mb
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I. INTRODUCTION

Since the discovery of giant magnetoresistance~GMR! in
granular magnetic systems1,2 produced by dc sputtering, in
terest in the research of these materials has increased gr
due to potential applications in magnetic recording, sens
etc. The system that has been most extensively investig
is Co grains in Cu. Experiments reported show the GM
effect and characterize its structural, magnetic, and trans
properties.3–9 Due to the special role played by the unfilledd
bands in the transport properties of transition metals,10 elec-
tronic structure calculations are useful for the understand
of local magnetism in these systems. From the experime
point of view, techniques that measure the magnetic hyp
fine field in transition metals are Mo¨ssbauer spectroscop
and nuclear magnetic resonance~NMR!. For the granular
Co–Cu system, magnetic hyperfine fields have been m
sured by NMR, with samples prepared by mechani
alloying11 and melt spinning.12,13 Another useful technique
for studying the local magnetism in metals is x-ray magne
circular dichroism~XMCD!; using ‘‘sum rules’’14 it is pos-
sible to calculate the spin and orbital contributions to
local magnetic moment~LMM !. For the Co–Cu system, thi
technique has been used to measure the magnetic mo
mainly in magnetic multilayers of Co on coppe
substrate.15–18 To our knowledge, there is only one wor
reporting measurements of LMM using this technique
clusters of Co embedded in copper.19

Only two first-principles electronic structure calculatio
for grains of cobalt atoms in a copper host are reported in
literature;20,21 other works address free clusters
cobalt.22–24 This is due to the fact that band-structure calc
lations may only be carried out for systems with periodici
and thus the lack of periodicity introduced by the grains
the host increases the complexity of the theoretical calc
tions. However, with the use of embedded-cluster method
real space, it is possible to perform electronic structure
culations for these systems.
0163-1829/2001/63~13!/134404~10!/$20.00 63 1344
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Nogueira and Petrilli20 performed electronic structure ca
culations for clusters of up to 135 cobalt atoms in a cop
matrix, using the real space-linear muffin tin orbital meth
in the atomic sphere approximation~RSLMTOASA!. The
authors found that both the local magnetic moment and
magnetic hyperfine field have a tendency to decrease a
atom sites in the proximity of the interface of the grain
Chuanyunet al.21 performed electronic structure calculation
for free clusters of Co and clusters of Co in a Cu matrix of
to 43 Co atoms, employing an embedded-cluster disc
variational method. They obtained an opposite tendency
their calculated LMM, as compared to Ref. 20. They fou
higher total magnetic moments for the free clusters of
than for the grains of Co in Cu, with increasing LMM in th
direction of the interface of the clusters.

In this work we report first-principles electronic structu
calculations, employing the discrete variational meth
~DVM !25–27 in the framework of density-functional theor
~DFT!28 and the local spin-density approximation~LSDA!,
for cobalt clusters of up to 55 atoms in a copper host. W
report results for local magnetic moments and magnetic
perfine fields at the cobalt sites. For the magnetic hyper
field, we considered the contact~Fermi! contribution for all
the cobalt sites. In addition to the contact contribution,
cobalt sites near and at the grain boundaries we consid
dipolar contributions.

In Sec. II we briefly describe the theoretical method e
ployed; in Sec. III, we present and discuss the results; an
Sec. IV we summarize our conclusions.

II. THEORETICAL METHOD

The discrete variational method~DVM !,25–27 in the
framework of density-functional theory~DFT!28 and the lo-
cal spin-density approximation, has been employed for
calculations. A brief summary of the method and details
the calculations will be given here. One seeks the s
consistent solutions of the set of one-electron Kohn–Sh
©2001 The American Physical Society04-1
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equations in a three-dimensional grid of points to obtain
eigenvectors, eigenvalues, and Mulliken atomic orbital po
lations. The local exchange-correlation potential term in
Kohn–Sham Hamiltonian is a functional of the spi
dependent electron densityrs ; here we employed the func
tional of Vosko, Wilks, and Nusair,29 which is a parametri-
zation of the Ceperley–Alder30 Monte Carlo simulations.
The electron densityrs is defined as the summation of th
squared amplitudes of the cluster spin-orbitalsf is , weighted
by their occupation numbersnis , given by Fermi–Dirac sta-
tistics. Here we performed spin-polarized calculations, wh
the electron density has the freedom to be different for e
spin s. The spin density at pointr is defined as@r↑(r )
2r↓(r )#, where the arrow represents the spin of the elect
density.

The cluster spin-orbitals are expanded as linear comb
tions of numerical symmetrized atomic orbitalsx j ~LCAO!:

f is~r !5(
j

x j~r !Cis
j . ~1!

The atomic functions of this basis are obtained by s
consistent~SCF! DFT atomic calculations. In the DV metho
the variational procedure leads to the conventional sec
equations which have to be solved self-consistently in
three-dimensional grid:

~@H#2@S#@E# !@C#50, ~2!

where@H# is the matrix of the Kohn–Sham Hamiltonian,@C#
is the matrix of the coefficients in the LCAO, and@S# is the
overlap matrix. The criterion for convergence was cons
ered to be a difference,1023 in the charge and spin dens
ties between two successive cycles. The three-dimensi
grid was divided in two regions: around each Co atom w
placed a sphere of 2.0 a.u. where a precise polynomial i
gration was performed over a regular grid; outside th
spheres a pseudorandom~diophantine!31,32 scheme was em
ployed to generate points. The number of points used in
calculations depends on the number of Co atoms in the c
ter: 5000 points were used inside the sphere of each Co a
and ;400 diophatine points outside; around each Cu at
;1600 points were used, all diophantine.

A Mulliken-type population analysis to obtain atomic o
bital occupations33 was performed, based on the coefficien
of the LCAO expansion, in which the overlap population
distributed proportional to the coefficient of the atom in t
cluster spin orbital. To improve the numerical atomic ba
set, we employed the atomic orbital occupations result
from several iterations. This atomic configuration is used
generate new atomic basis functions, more adequate fo
cluster environment, by atomic SCF calculations. This p
cedure is repeated until the atomic configuration obtaine
approximately equal to that in the basis. The valence orbi
considered in the variational approach were 3d, 4s, and 4p
for both Co and Cu atoms; the inner core orbitals were c
sidered frozen. The valence orbitals were explicitly ma
orthogonal to the core orbitals in the first iteration. In calc
lating the matrix elements of the Hamiltonian operator,
greatest difficulty is posed by the Coulomb electron–elect
13440
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repulsion term. To render this term tractable, a model e
tron density is constructed by least-squares fitting the ‘‘re
charge density to a multicenter multipolar expansion.34 In the
present calculation all terms withl 50 in the expansion were
included; higher terms were not considered necessary du
the approximately spherical charge distribution in meta
systems.

We have considered clusters of 79 atoms with octahe
symmetry, namely, CoNCu792N (N51,13,19,43,55), consist
ing of a central Co atom coordinated to varying numbers
shells of Co atoms, and outer shells consisting of Cu ato
in the fcc structure. Unless otherwise stated, the lattice
rameter of fcc Cu was used in the calculations. These c
ters were embedded in the potential field generated by
electron density and the nuclei of approximately 1500
atoms to represent the host. The electron density of the at
of the embedding was obtained by atomic DF
calculations.27

To study the magnetic properties, we calculated the lo
spin magnetic moment at each atomic site, integrating
spin density within a Wigner–Seitz cell. For all clusters, fe
romagnetic coupling was assumed among the Co atoms.
also calculated the contributions to the magnetic hyper
field at the Co nuclei. The Fermi or contact contribution
the hyperfine field can be determined by the spin densit
the nuclear positions through the expression:35

BC5
8

3
pmB@r↑~0!2r↓~0!#, ~3!

wheremB is the Bohr magneton. Only the valence contrib
tion is obtained from the cluster calculations; the core c
tribution (1s-3s) is obtained from DFT atomic calculations
for the electronic configuration of the atom as in the clust
The dipolar contribution to the hyperfine field was calculat
only at the Co atom sites at the boundary of the grains, wh
a non-negligible anisotropy of the spin density is expect
and is determined by the following expression:35

Bi j
D5

1

2
gemBE @r↑~r !2r↓~r !#

~3xixj2d i j r
2!

r 5 d3r , ~4!

where Bi j
D are the components of the tensor of the dipo

hyperfine field andxi ,xj5x,y,z.
Mulliken populations were employed to construct part

densities of states~PDOS!.27 The PDOS is obtained by
broadening the cluster discrete energy levels by Lorentzia
with an appropriate half-width, and weighted by th
Mulliken-type population of the atomic orbital considered

III. RESULTS AND DISCUSSION

A. Local charges and magnetic moments

In Fig. 1 the Co13Cu66 cluster is depicted. The cluster
with a larger number of Co atoms were constructed in
similar manner, substituting further shells of Cu atoms
Co, in the fcc structure. A shell is defined as a set of atom
the same distance from the center. We employed the foll
ing notation: the central Co atom will be labeled Co0 and
consecutive shells with respect to the central atom will
4-2
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INFLUENCE OF CONDUCTION ELECTRONS ON THE . . . PHYSICAL REVIEW B 63 134404
labeled Co1, Co2, Co3, and Co4 for the first, second, th
and fourth neighbors, respectively. Table I displays the ‘‘e
vironment’’ of the Co atom sites, which helps us analyze
results. For ‘‘environment’’ we mean the number of Co a
Cu atoms nearest neighbors to each Co atom site. For
Co3 and Co4 sites, the environment~12 atoms in fcc struc-
ture! is completed with copper atoms from the embedd
~indicated by an asterisk!, which are not included in the
variational approach; therefore results obtained for th
sites may not be as accurate as for the inner sites. For
sake of comparison, we have also made electronic struc
calculations for a 79-atoms embedded cobalt cluster re
senting bulk fcc-Co (Co79), with the lattice parameter o
cobalt. In Fig. 2 are shown the calculated local magne
moments~LMM ! at the different cobalt sites for the cluste
considered, obtained by integrating the spin density withi
volume equal to the Wigner–Seitz cell pertaining to the s
The results for the Co grains of up to 43 atoms show
oscillatory behavior for the LMM, but with a tendency t
increase from the center to the interface. In the grain with
cobalt atoms the LMM increases monotonically from t
center to the interface. In the figure is also shown the LM
for Co79, calculated at the central Co atom of the clust
since the environment of this atom best represents tha

FIG. 1. Representation of the cluster Co13Cu66. Gray spheres are
Co atoms at the interface~last shell! and the black sphere is th
inner Co atom.

TABLE I. Environment of the Co atom sites. The asterisk in
cates copper atoms of the embedding.

Site CoCu78 Co13Cu66 Co19Cu60 Co43Cu36 Co55Cu24

Co0 12 Cu 12 Co 12 Co 12 Co 12 Co
Co1 5 Co, 7 Cu 7 Co, 5 Cu 11 Co, 1 Cu 12 Co
Co2 4 Co, 8 Cu 8 Co, 4 Cu 8 Co, 4 C
Co3 5 Co, 4 Cu,

3 Cu*
7 Co, 2 Cu,

3 Cu*
Co4 5 Co, 2 Cu,

5 Cu*
13440
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bulk Co. The experimental value of the magnetic momen
fcc Co is 1.75mB .36 The correction made in Ref. 37 to obta
only the spin contribution of the experimental magnetic m
ment~excluding the orbital contribution!, using ag-factor of
2.17, resulted in a value of 1.61mB for the spin component
Our calculated LMM for Co79 is 1.52mB which is slightly
smaller than the value obtained in Ref. 37. In Table II a
tabulated the partial orbital contributions to the LMM of th
same sites as in Fig. 2, but in this case these are obta
from the difference between the spin-up and spin-do
Mulliken-type populations. This procedure results in to
moments that may be slightly different from the LMM
shown in Fig. 2. For the impurity of Co in Cu the resu
indicates the formation of a magnetic moment, which agr
with first-principles calculations using the Korringa–Kohn
Rostoker Green’s function ~KKRGF!38,39 and
RSLMTOASA20 methods, albeit with a somewhat high
value. A previous calculation with the KKRGF method40 re-
sulted in that the impurity is nonmagnetic. Although th
method used in Refs. 38, 39 and 40 is essentially the sa
this disagreement in results is due to the fact that in
earlier work reported in Ref. 40 a ‘‘single-site’’ approxima
tion for the self-consistent potential was employed. A calc
lation reported for a smaller cluster, employing a discr
variational method, resulted in a nonmagnetic impurity21

We believe that this discrepancy with our result is due to
smaller cluster size, as well as the less accurate model
tential ~SCC! employed in the calculation of Ref. 21.

From Tables I and II it is observed that for Co atom sit
with coordination of 12 cobalt atoms, the alignment of thes
and 4p moments is antiparallel to the 3d moments. This type
of alignment of the valence orbital moments is similar
found in bulk fcc cobalt, as is seen in Table II. For Co ato
sites with an increasing number of Cu atoms as their fi
neighbors, the 4s and 4p moments altogether have a te
dency to align parallel to the 3d moment. It can be seen from
Tables I and II that Co atom sites with an environment w
5 or more Cu atoms as first neighbors have their total (s

FIG. 2. Local magnetic moments for all cobalt sites for t
clusters CoNCu792N ~N51, 13, 19, 43, and 55! and for Co79. Lines
drawn are to guide the eye.~a! For lattice parameter of fcc Co
(a53.54 Å).
4-3
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TABLE II. Partial contributions to the local magnetic moments~in mB!.

Site CoCu78 Co13Cu66 Co19Cu60 Co43Cu36 Co55Cu24 Co79
a

Co0 3d 1.449 1.324 1.074 1.182 1.509 1.55
4s 0.005 20.033 20.034 20.028 20.021 20.017
4p 0.018 20.057 20.054 20.041 20.036 20.081

Co1 3d 1.822 1.795 1.869 1.716
4s 0.021 0.019 0.011 20.004
4p 20.006 20.006 20.036 20.081

Co2 3d 1.614 1.750 1.688
4s 0.006 20.005 0.000
4p 0.005 20.022 20.015

Co3 3d 1.801 1.811
4s 0.019 0.020
4p 0.024 20.012

Co4 3d 1.867
4s 0.030
4p 20.009

aFor lattice parameter of fcc Co (a53.54 Å).
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14p) moments aligned parallel to the 3d moments of Co.
For all cluster sizes considered, the copper atoms at the
terface have 3d moments coupled parallel to the Co-3d, and
4s and 4p moments coupled antiparallel. Although the va
ues of the 4s and 4p moments change and thus may lead
an increase of the LMM at the Co atom sites in the direct
of the grain boundaries, the contribution primarily respo
sible for the oscillatory behavior is from the 3d moments, as
seen in Table II. For the grains, the value of the 3d moment
at the Co0 site ranges from 1.07 to 1.51mB , at the Co1 site
increases and ranges from 1.72 to 1.87mB , at the Co2 site
slightly decreases and ranges from 1.61 to 1.75mB and at the
Co3 and Co4 sites the 3d moments increase again to 1.8
and 1.87mB , respectively. Similar results of oscillatory be
havior with a tendency to increase the LMM at sites near
on the interface of the grains is obtained in Ref. 21. Differ
results are obtained in Ref. 20 with the RSLMTOAS
method, the LMM increases at the inner sites of the gra
From Table II is also seen that the partial orbital contrib
tions at the Co0 site for the Co55Cu24 and Co79 clusters are
very similar. This demonstrates that, as the grains incre
the orbital contributions to the LMM of the inner atoms co
verge rapidly to the bulk values.

In Table III are presented the Mulliken populations~or-
bital electron occupancy! and net charges at the cobalt sit
for all grains considered. It is seen that considerable cha
transfer takes place. Larger positive charges are seen a
Co0 in all cases, mainly due to smaller 4s and 4p electron
populations. The sign of the net charge oscillates from
central atoms to the interface sites; Co0 sites have pos
charges, Co1 sites have negative charges, etc. This os
tory behavior of the net charges is due to the variation of
population mainly of the 4s and 4p orbitals and in minor
proportion to the population of the 3d orbitals. It is interest-
ing to observe these Friedel-like oscillations in systems
small dimensionality.
13440
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At this point, it is worthwhile to further compare our re
sults with those of Ref. 21 since a similar method was e
ployed. As mentioned previously, differing from our resul
in Ref. 21 it was found that the magnetism of the Co imp
rity in Cu is completely quenched. This discrepancy may
ascribed to a less accurate model potential utilized in Ref
@self-consistent charge~SCC!#, as well as the smaller cluste
considered to represent the system (CoCu42). For the Co
clusters in Cu, the same tendency of increasing magn
moments in the direction of the boundary as found here w
obtained. However, generally higher values of the Cod
moments were calculated particularly at the interface si
For Co43Cu12, the calculated 3d moments of the Co2 and
Co3 sites were 2.05 and 2.12mB , respectively, which may
be compared to the present values 1.75 and 1.8mB ~see Table
II !. This difference may be due to the smaller cluster size
Ref. 21, with one shell less than ours to represent the Co
systems, since truncation of the bonds will result in Co s
moments tending to the free atom value. In Ref. 21 cal
lated values of hyperfine fields are not reported, nor are s
density maps presented.

B. Local density of states

In Fig. 3 is shown the local density of states~LDOS! of
the valence bands for the Co0 and Co4 sites, and for
copper atoms at the interface, for the cluster Co55Cu24. We
denominate ‘‘interface’’ the Co atoms of the last shell in t
grain, although Co atoms in other shells may also be in c
tact with Cu atoms. It is observed that the majority-sp
bands at the Co sites are almost filled and the minority-s
bands are partially filled, giving rise to magnetic momen
For the copper atom sites it is observed that both the majo
and minority-spin bands are almost totally occupied. Sin
the spin-up bands of Co overlap considerably the Cu ban
one may expect considerable hybridization~which is not the
4-4
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TABLE III. Mulliken populations and net charges at Cobalt sites. Net charge is defined as the a
numberZ minus total population on the atom.

Site CoCu78 Co13Cu66 Co19Cu60 Co43Cu36 Co55Cu24

Co0 3d 8.078 7.966 7.990 8.012 8.051
4s 0.035 0.363 0.357 0.359 0.370
4p 0.680 0.252 0.240 0.275 0.289

Net charge 0.206 0.420 0.413 0.355 0.290

Co1 3d 7.842 7.870 7.852 7.956
4s 0.710 0.715 0.710 0.523
4p 0.602 0.499 0.545 0.539

Net charge 20.155 20.084 20.107 20.018

Co2 3d 8.010 7.958 7.950
4s 0.506 0.492 0.458
4p 0.485 0.487 0.439

Net charge 0.001 0.063 0.152

Co3 3d 7.914 7.919
4s 0.602 0.701
4p 0.463 0.531

Net charge 0.021 20.151

Co4 3d 7.911
4s 0.642
4p 0.273

Net charge 0.173
th
ws
d

-
or
case for Co spin-down!. It is interesting to notice that for the
interface site~Co4 for the cluster Co55Cu24!, the Fermi level
crosses the minority-spin DOS peak at its maximum; for
inner Co site the minority-spin DOS is wider and sho
more structure. These same features are also obtaine

FIG. 3. LDOS for the cluster Co55Cu24 at the central~Co0! and
interface~Co4! Co atoms sites, and at the interface Cu~CuI! atom
site.
13440
e

for

Co13Cu66, Co19Cu60, and Co43Cu36. Figure 4 shows the
LDOS for the central sites~Co0! for the Co impurity in Cu
represented by Co1Cu78 and for Co79 representing bulk Co. It
is observed that the LDOS of the Co0 site for Co79 is quite
similar to the LDOS of the Co0 site of the grain Co55Cu24
shown in Fig. 3; this is consistent with the similarity ob
tained in the calculated orbitals contributions to the LMM f

FIG. 4. LDOS for the cluster Co79 ~representing bulk fcc Co!
and CoICu78 at their central~Co0! sites.
4-5
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J. A. GÓMEZ AND DIANA GUENZBURGER PHYSICAL REVIEW B63 134404
these central sites as remarked in Sec. III A. For the site
the impurity, it is observed that the minority-spin bands DO
present a narrow peak, which is crossed by the Fermi le
almost at its maximum. This feature was also noticed for
interface sites of the grains; this indicates that the impu
behaves similarly to boundary sites, which may be und
stood considering that in both cases the Co–Co bonds
truncated.

C. Spin density contour maps

In Figs. 5–9 are shown the spin density contour maps
the clusters Co1Cu78, Co13Cu66, Co19Cu60, Co43Cu36, and
Co55Cu24, respectively, in a plane containing the cent
atom ~Co0! and four of the nearest neighbors~Co1!. In Fig.
5 one can see the formation of the local spin moment of
Co impurity in the copper matrix. The copper atoms at
interface (CuI) are spin-polarized parallel to the Co (3d)
orbitals with LMM 0.03mB ~as obtained by volume integra
tion!. In Fig. 6 it is clearly observed that there is significa
anisotropy of the spin density in the environment of the
oms pertaining to the site Co1. In one of the atoms belong
to this site the direction of two of the components of t
dipolar hyperfine field~see Sec. III D!, in the system of prin-
cipal axis, are indicated by the arrows. From Fig. 6 it is a
observed that CuI atoms and copper atoms nearest neighb
to the interface (CuNNI) of the grain are spin-polarized pa
allel to the Co-3d orbitals; their LMM is 0.04mB . The
dashed lines between the Co0 and Co1 sites represen
negative contribution to the spin density mainly from thes
and 4p orbitals of the central atom and of the copper ato
at the interface. In Fig. 7 it is observed that the Co1 and C

FIG. 5. Spin-density contours map of the cluster CoICu78 in a
plane containing the central atom and four of its nearest neighb
The Cu atoms nearest neighbors to the impurity are labeledI.
Contours range from20.0001 to20.01e/a0

3 with intervals 4.95
31024e/a0

3, and from 0.0001 to 0.01e/a0
3, with intervals 4.95

31024e/a0
3. Solid lines are positive values.
13440
of

el
e
y
r-
re

r

l

e
e

t
-
g

o
rs

the

s
2

sites have smaller spin-density anisotropy as compared
the Co1 site in Fig. 6; the copper atoms at the interface~not
seen in the figure! are spin-polarized parallel to the Co-3d
orbitals, with LMM 0.03mB . In Fig. 8 it is observed that the
spin density at the Co2 site has even smaller anisotrop
compared to the Co1 site in Fig. 6. The Co3 site also
smaller anisotropy~not seen in the figure!. Here it is ob-

rs.
FIG. 6. Spin-density contours map of the cluster Co13Cu66 in a

plane containing the central atom and four of its nearest neighb
In one of the Co atoms at site Co1, the directions of the dipo
contributionsB1

D andB2
D are indicated by arrows. The Cu atoms

the interface and nearest neighbors to the interface are labeledI

and CuNNI, respectively. Contour specifications as in Fig. 5.

FIG. 7. Spin-density contours map of the cluster Co19Cu60 in a
plane containing the central atom and four of its nearest neighb
Contour specifications as in Fig. 5.
4-6
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INFLUENCE OF CONDUCTION ELECTRONS ON THE . . . PHYSICAL REVIEW B 63 134404
served that CuI and CuNNI atoms have spin-polarization pa
allel to the Co-3d orbitals with LMM 0.07 and 0.05mB ,
respectively. Finally, in Fig. 9 it is observed that the Co1 a
Co2 sites have small spin-density anisotropy. The sam
true for Co3~this site not seen in the figure!. For the inter-

FIG. 8. Spin-density contours map of the cluster Co43Cu36 in a
plane containing the central atom and four of its nearest neighb
No Co3 sites are contained in this plane. In one of the Co atom
site Co2, the directions of the dipolar contributionB1

D andB2
D are

indicated by arrows. The Cu atoms at the interface and nea
neighbors to the interface are labeled CuI and CuNNI, respectively.
Contour specifications as in Fig. 5.

FIG. 9. Spin-density contours map of the cluster Co55Cu24 in a
plane containing the central atom and four of its nearest neighb
No Co3 sites are contained in this plane. The Cu atoms at
interface are labeled CuI. Contour specifications as in Fig. 5.
13440
d
is

face site~Co4! a higher spin-density anisotropy is observe
CuI atoms have even higher spin polarization, parallel to
Co-3d orbitals, with a LMM of 0.08mB . However, this in-
crease in the local moments of CuI and CuNNI atoms for the
largest grains~Co43Cu36 and Co55Cu24! could be partially
due to spurious cluster surface effects, since for these
interface Cu atoms are at the surface of the total clust
These figures will be very useful for interpreting the resu
of the calculated dipolar contribution to the hyperfine field
Sec. III D.

D. Contribution to the magnetic hyperfine field

In Fig. 10 is shown the calculated total contribution to t
contact magnetic hyperfine field~HF! for Co atom sites for
all the clusters considered. In the nonrelativistic approxim
tion, only s electrons are found at the nuclear site. From
figure an oscillatory behavior of the magnitude of the cont
HF for the grains is observed, but with a tendency to d
crease in the direction of the interface. The exception is
cluster with 55 cobalt atoms, in which the magnitude of t
contact HF decreases continuously from the center to
interface sites. The contact HF found for bulk fcc-Co
223.1 T. The experimental value of the HF for bulk Co f
is 221.5 T,41 which is slightly smaller than our result, bu
sufficiently similar to give us confidence in the calculat
values obtained for the grains. In Figs. 11 and 12 are sho
the core and valence orbital contributions to the contact H
respectively. The core contribution is due to the polarizat
of the 1s-3s shells by the 3d moment and is always nega
tive. The main contribution to the contact HF comes from t
core orbitals, and both the core and valence orbital contri
tions show oscillatory behavior. Here the Co55Cu24 cluster is
also the exception, its valence orbital contributions to
contact HF increase continuously from negative to posit
values. It is interesting to observe that from Figs. 2 and 1
proportionality is inferred between the core orbitals con
bution to the contact HF and the local magnetic momen

rs.
at

st

rs.
e

FIG. 10. Total contact hyperfine field for all cobalt sites for t
clusters CoNCu792N ~N51, 13, 19, 43, and 55! and for Co79. Lines
drawn are to guide to eye.~a! For lattice parameter of fcc Co
(a53.54 Å).
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The proportionality constant derived from the linear fit
Fig. 13 is 29.3 T/mB , which is very similar to the value
210T/mB reported previously.20,42,43

As mentioned previously, the LMM has a tendency
increase at sites near the interface; however, the magni
of the total contact contribution to the HF has the oppos
tendency. This is due to the following: it was inferred th
the negative core orbital contribution to the HF is prop
tional to the LMM, therefore this contribution has larg
negative values at sites near the interface. On the other h
as seen in Fig. 12, the valence orbital contribution to the
has larger negative values at inner sites, and smaller neg
or positive values at sites near the interface, thus by s
ming these two contributions one obtains larger magnitu
to the total contact HF at inner sites. For the impurity, t
value of the valence contribution is large and positive~4.1
T!, this reduces the total contact HF to210.9 T. From Figs.

FIG. 11. Core contribution to the contact hyperfine field for
cobalt sites for the clusters CoNCu792N ~N51, 13, 19, 43, and 55!
and for Co79. Lines drawn are to guide to eye.~a! For lattice pa-
rameter of fcc Co (a53.54 Å).

FIG. 12. Valence contribution to the contact hyperfine field
all cobalt sites for the clusters CoNCu792N ~N51, 13, 19, 43, and
55! and for Co79. Lines drawn are to guide to eye.~a! For lattice
parameter of fcc Co (a53.54 Å).
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11 and 12 it is also observed that the values of the core
valence contributions to the HF of Co55Cu24 and Co79 at the
central site~Co0! are similar. In Ref. 20 the authors likewis
report a continuous decrease of the magnitude of the
from central to interface sites in clusters of up to 135 cob
atoms in a copper host.

From Table II and Fig. 12 we may infer a corresponden
between the sign of the 4s and 4p moments and the valenc
contributions to the contact HF. It is observed in Table II th
at site Co0 for the clusters CoNCu792N(N513,19,43,55) and
for Co79 the values of the 4s moments are relatively large
and negative; therefore this results in high negative value
the valence contributions to the HF, as shown in Fig. 12. T
4s moment of the impurity is positive and this results in
high positive value of the valence contribution to the H
Going towards the interface sites, the 4s moments have a
tendency to become aligned to the 3d moments, and this
results in smaller negative or positive values of the vale
contribution to the HF. For example, at the interface sites
the grains Co13Cu66 and Co55Cu24 ~Co1 and Co4, respec
tively!, we see large positive values for the 4s moments~and
small negative values for the 4p moments! and this results in
positive values of the valence contribution to the HF of 1
and 1.6 T, respectively.

NMR measurements on Co–Cu granular alloys prepa
by the melt-spinning technique12 show spectra with a distri-
bution of HF values with two principal peaks. The highe
peak has an average magnitude of the HF of 21.4 T, v
near bulk fcc Co~21.6 T!; the second peak is a distributio
of HFs that range from 14.9 to 20 T. The first peak is attr
uted to the inner fcc Co atoms. The second peak is attribu
to fcc CoxCu12x alloys with x50.07– 0.3 formed near an
at the interface of the grains. Other work, reported in Ref.
describes NMR measurements of Co grains in a Cu ma
also prepared by melt-spinning. The authors found line f
quencies corresponding to HFs of smaller magnitude t
bulk fcc cobalt. Every narrow peak was attributed to a su
stitution of a nearest-neighbor Co atom by Cu, yielding
discrete decrease in the magnitude of the HF by a rate

l

r

FIG. 13. Core contribution to the contact hyperfine field as
function of the local magnetic moment for the clusters CoNCu792N

~N51, 13, 19, 43, and 55! and for Co79.
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approximately21.8 T per nearest-neighbor substitution.
spite of our clusters being smaller than in these experime
the results we obtained agree in general with the tende
found in the NMR measurements, in that Co atoms with
larger number of Cu neighbors~such as occurs at the gra
interface! have HFs of smaller magnitude.

Besides the contact contribution to the HF considered
all sites, we have also taken into account the dipolar con
bution. This term gives an estimate of the anisotropy of
spin density around the atom for which it is calculated. F
the calculation of this contribution, we considered the f
lowing sites: Co1 site in Co13Cu66, Co1 and Co2 sites in
Co19Cu60, Co2 and Co3 sites in Co43Cu36, and Co2, Co3,
and Co4 sites in Co55Cu24. These sites have been consider
because they have environments with four or a greater n
ber of copper atoms and thus non-negligible anisotropy
the spin density is expected, as explained in Sec. II. T
results are tabulated in Table IV and have much sma
magnitudes than the contact HF, although still significa
The components of the dipolar contributions are given in
system of principal axis. The orientation of the principal a
is different for atoms of the same shell, but the compone
of the dipolar contributions to the HF are the same, since
atoms are equivalent by symmetry. For example, let us a
lyze the Co1 site of the cluster Co13Cu66 with the help of Fig.
6 and Table IV. We calculated the dipolar contribution at t
atom indicated by the componentsB1

D andB2
D . From Table

IV it is observed that the component with the largest mag
tude isB2

D524.2 T, i.e., the spin density anisotropy is larg
in this direction~as visualized in Fig. 6! and thus the HF is
enhanced in this direction. In Fig. 14 is shown the sp
density contours map of the Co13Cu66 cluster in a plane per
pendicular to that of Fig. 6 containing the componentB2

D .
This plane contains componentB3

D with a value13.2 T, as
well asB2

D . It is seen that the spin-density anisotropy in t
direction ofB2

D is larger than that in the direction ofB3
D ; this

is consistent with the result tabulated in Table IV. The sm
est dipolar contributions have been obtained for clus
Co43Cu36 at the Co2 and Co3 sites, with magnitudes 0.5 a
0.3 T for their principal components, respectively.

TABLE IV. Components in the system of principal axis of th
dipolar contribution to the hyperfine field~in T!

Cluster Site B1
D B2

D B3
D

Co13Cu66 Co1 11.0 24.2 13.2

Co19Cu60 Co1 21.4 10.9 10.5
Co2 12.3 21.2 21.1

Co43Cu36 Co2 20.5 10.3 10.2
Co3 20.3 0.0 10.3

Co55Cu24 Co2 21.4 10.8 10.6
Co3 20.8 20.9 11.7
Co4 21.2 13.6 22.4
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IV. CONCLUSIONS

Electronic structure calculations have been performed
embedded clusters representing grains of up to 55 Co at
in a Cu matrix. Our results indicate that the LMM at the C
atom sites for grains with up to 43 atoms show oscillato
behavior, with a tendency to increase from the center to
interface sites. The LMM for the cluster with 55 Co atom
increases continuously.

The magnitude of the total contact HF also shows os
latory behavior but with a tendency to decrease towards
interface sites, for grains of up to 43 Co atoms. For the gr
with 55 Co atoms, the magnitude of the contact HF decrea
continuously from the center to the interface site. This b
havior is explained by analyzing the contributions of thes
electrons and is consistent with experimental observati
obtained with59Co NMR spectroscopy.12,13

There exists a non-negligible dipolar contribution to t
HF for Co atom sites near and at the interface of the gra
The largest magnitude of the dipolar contribution to the H
was found for the Co13Cu66 cluster, with24.2 T for the main
component.
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FIG. 14. Spin-density contours map of the cluster Co13Cu66 in a
perpendicular plane to that of Fig. 6, containing the dipolar com
nent B2

D . The arrow markedB3
D indicates the third component o

the dipolar contribution in one of the Co atoms at site Co1. The
atoms at the interface and nearest neighbors to the interface
labeled CuI and CuNNI, respectively. Contour specifications as
Fig. 5.
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