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Influence of conduction electrons on the magnetism of cobalt grains in a copper matrix studied
by density-functional theory
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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 thes 4noment with the 8 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.
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[. INTRODUCTION Nogueira and Petrifff performed electronic structure cal-
culations for clusters of up to 135 cobalt atoms in a copper
Since the discovery of giant magnetoresistaf@®R) in matrix, using the real space-linear muffin tin orbital method
granular magnetic systefisproduced by dc sputtering, in- in the atomic sphere approximatidRSLMTOASA). The
terest in the research of these materials has increased greadlythors found that both the local magnetic moment and the
due to potential applications in magnetic recording, sensorsnagnetic hyperfine field have a tendency to decrease at Co
etc. The system that has been most extensively investigatedom sites in the proximity of the interface of the grains.
is Co grains in Cu. Experiments reported show the GMRChuanyuret al?! performed electronic structure calculations
effect and characterize its structural, magnetic, and transpofor free clusters of Co and clusters of Co in a Cu matrix of up
propertiess® Due to the special role played by the unfilled to 43 Co atoms, employing an embedded-cluster discrete
bands in the transport properties of transition metaldec-  variational method. They obtained an opposite tendency for
tronic structure calculations are useful for the understandingheir calculated LMM, as compared to Ref. 20. They found
of local magnetism in these systems. From the experimentddigher total magnetic moments for the free clusters of Co
point of view, techniques that measure the magnetic hyperthan for the grains of Co in Cu, with increasing LMM in the
fine field in transition metals are Msbauer spectroscopy direction of the interface of the clusters.
and nuclear magnetic resonan@MR). For the granular In this work we report first-principles electronic structure
Co—Cu system, magnetic hyperfine fields have been mea&alculations, employing the discrete variational method
sured by NMR, with samples prepared by mechanica(DVM)?*~%"in the framework of density-functional theory
alloying** and melt spinning?3 Another useful technique (DFT)?® and the local spin-density approximati¢hSDA),
for studying the local magnetism in metals is x-ray magnetidor cobalt clusters of up to 55 atoms in a copper host. We
circular dichroism(XMCD); using “sum rules™* it is pos-  report results for local magnetic moments and magnetic hy-
sible to calculate the spin and orbital contributions to theperfine fields at the cobalt sites. For the magnetic hyperfine
local magnetic moment MM ). For the Co—Cu system, this field, we considered the conta@ermi contribution for all
technique has been used to measure the magnetic momehe cobalt sites. In addition to the contact contribution, at
mainly in magnetic multilayers of Co on copper cobalt sites near and at the grain boundaries we considered
substraté®*® To our knowledge, there is only one work dipolar contributions.
reporting measurements of LMM using this technique on In Sec. Il we briefly describe the theoretical method em-
clusters of Co embedded in coppér. ployed; in Sec. Ill, we present and discuss the results; and in
Only two first-principles electronic structure calculations Sec. IV we summarize our conclusions.
for grains of cobalt atoms in a copper host are reported in the
literature?®?! other works address free clusters of
cobalt?*~?4This is due to the fact that band-structure calcu-
lations may only be carried out for systems with periodicity, The discrete variational methodDVM),2~?" in the
and thus the lack of periodicity introduced by the grains inframework of density-functional theo§DFT)? and the lo-
the host increases the complexity of the theoretical calculacal spin-density approximation, has been employed for the
tions. However, with the use of embedded-cluster methods inalculations. A brief summary of the method and details of
real space, it is possible to perform electronic structure calthe calculations will be given here. One seeks the self-
culations for these systems. consistent solutions of the set of one-electron Kohn—Sham

Il. THEORETICAL METHOD

0163-1829/2001/633)/13440410)/$20.00 63 134404-1 ©2001 The American Physical Society



J. A. GOMEZ AND DIANA GUENZBURGER PHYSICAL REVIEW B63 134404

equations in a three-dimensional grid of points to obtain theepulsion term. To render this term tractable, a model elec-
eigenvectors, eigenvalues, and Mulliken atomic orbital poputron density is constructed by least-squares fitting the “real”
lations. The local exchange-correlation potential term in theharge density to a multicenter multipolar expansibim the
Kohn-Sham Hamiltonian is a functional of the spin- present calculation all terms witk=0 in the expansion were
dependent electron density, ; here we employed the func- included; higher terms were not considered necessary due to
tional of Vosko, Wilks, and Nusaf® which is a parametri- the approximately spherical charge distribution in metallic
zation of the Ceperley—Ald& Monte Carlo simulations. systems.
The electron density,, is defined as the summation of the = We have considered clusters of 79 atoms with octahedral
squared amplitudes of the cluster spin-orbitals, weighted  symmetry, namely, GgCu,q_n (N=1,13,19,43,55), consist-
by their occupation numbers,,, given by Fermi—Dirac sta- ing of a central Co atom coordinated to varying numbers of
tistics. Here we performed spin-polarized calculations, whershells of Co atoms, and outer shells consisting of Cu atoms,
the electron density has the freedom to be different for eacin the fcc structure. Unless otherwise stated, the lattice pa-
spin o. The spin density at point is defined ag pT(r) rameter of fcc Cu was used in the calculations. These clus-
—pl(r)], where the arrow represents the spin of the electrofters were embedded in the potential field generated by the
density. electron density and the nuclei of approximately 1500 Cu
The cluster spin-orbitals are expanded as linear combinaatoms to represent the host. The electron density of the atoms
tions of numerical symmetrized atomic orbitals (LCAO): of the embedding was obtained by atomic DFT
calculations’’
i To study the magnetic properties, we calculated the local
¢i0(r):; Xi(r)cfv' @) spin magnetic moment at each atomic site, integrating the
spin density within a Wigner—Seitz cell. For all clusters, fer-
The atomic functions of this basis are obtained by Se|f-romagnetic coupling was assumed among the Co atoms. We
consistentSCH DFT atomic calculations. In the DV method also calculated the contributions to the magnetic hyperfine
the variational procedure leads to the conventional seculafeld at the Co nuclei. The Fermi or contact contribution to
equations which have to be solved self-consistently in ahe hyperfine field can be determined by the spin density at
three-dimensional grid: the nuclear positions through the expression:

([H]-[SI[ED[C]=0, )

8

. . I Be=3 muelp1(0)=p (0)], 3
where[H] is the matrix of the Kohn—Sham HamiltonidiC]
is the matrix of the coefficients in the LCAO, apf] is the  \yhere u; is the Bohr magneton. Only the valence contribu-
overlap matrix. The criterion for convergence was consid+jon s obtained from the cluster calculations; the core con-
ered to be a differenee10 * in the charge and spin densi- ribytion (1s-3s) is obtained from DFT atomic calculations,
ties between two successive cycles. The three-dimensiongd the electronic configuration of the atom as in the cluster.
grid was divided in two regions: around each Co atom wasrne dipolar contribution to the hyperfine field was calculated
placed a sphere of 2.0 a.u. where a precise polynomial intesn|y at the Co atom sites at the boundary of the grains, where
gration was performed over a regular grid; outside thesg non-negligible anisotropy of the spin density is expected,

spheres a pseudoranqlc(nﬁophantine31*32 scheme was em- 4nq is determined by the following expression:
ployed to generate points. The number of points used in the

calculations depends on the number of Co atoms in the clus- b 1 (3xiXj— 5ijr2) 3

ter: 5000 points were used inside the sphere of each Co atom  Bij :EgeMBf [pi(r)—p(r)] r—sd r, (4
and ~400 diophatine points outside; around each Cu atom

~1600 points were used, all diophantine. where BiDJ- are the components of the tensor of the dipolar

A Mulliken-type population analysis to obtain atomic or- hyperfine field and; ,x;=x,y,z.
bital occupation® was performed, based on the coefficients Mulliken populations were employed to construct partial
of the LCAO expansion, in which the overlap population isdensities of statePDOS.?” The PDOS is obtained by
distributed proportional to the coefficient of the atom in thebroadening the cluster discrete energy levels by Lorentzians,
cluster spin orbital. To improve the numerical atomic basiswith an appropriate half-width, and weighted by the
set, we employed the atomic orbital occupations resultingVulliken-type population of the atomic orbital considered.
from several iterations. This atomic configuration is used to
generate new atomic basis functions, more adequate for the lll. RESULTS AND DISCUSSION
cluster environment, by atomic SCF calculations. This pro-
cedure is repeated until the atomic configuration obtained is
approximately equal to that in the basis. The valence orbitals In Fig. 1 the Cq;Cugg Cluster is depicted. The clusters
considered in the variational approach werk ds, and 4  with a larger number of Co atoms were constructed in a
for both Co and Cu atoms; the inner core orbitals were consimilar manner, substituting further shells of Cu atoms by
sidered frozen. The valence orbitals were explicitly madeCo, in the fcc structure. A shell is defined as a set of atoms at
orthogonal to the core orbitals in the first iteration. In calcu-the same distance from the center. We employed the follow-
lating the matrix elements of the Hamiltonian operator, theing notation: the central Co atom will be labeled Co0 and the
greatest difficulty is posed by the Coulomb electron—electrorconsecutive shells with respect to the central atom will be

A. Local charges and magnetic moments
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FIG. 2. Local magnetic moments for all cobalt sites for the
clusters CQCu,q_n (N=1, 13, 19, 43, and 55nd for Cgq. Lines
drawn are to guide the eyéa) For lattice parameter of fcc Co
(a=3.54A).

FIG. 1. Representation of the cluster,@0ugs. Gray spheres are
Co atoms at the interfac@ast shell and the black sphere is the
inner Co atom.

, . bulk Co. The experimental value of the magnetic moment of
labeled Col, Co2, Co3, and Cod for the first, second, thirdy "~ o 1.7%.5 .%® The correction made in Ref. 37 to obtain

and fourth neighbors, respectively. Table | displays the “en-

vironment” of the Co atom sites, which helps us analyze theonly the spin contribution of the experimental magnetic mo-

results. For “environment” we mean the number of Co andment(excluding the orbital contribution using ag-factor of
Cu atoms nearest neighbors to each Co atom site. For t 17, relsullt?ddlnLﬁlAI\\/AaI]cue gf 1._%11? the sr?_mhc_om[i)_or;ﬁnt.
Co3 and Co4 sites, the environméi® atoms in fcc struc- ur caiculate or Cgy is 1.52u5 which is slightly

ture) is completed with copper atoms from the embeddin maller than the yalue pbtained_in Ref. 37. In Table 1l are
(ind)icated b?/ an asteriskvr\)/ﬁich are not included in the abulated the partial orbital contributions to the LMM of the

variational approach; therefore results obtained for thes ame sites as in Fig. 2, but in this case these are_obtalned
m the difference between the spin-up and spin-down

sites may not be as accurate as for the inner sites. For t . . _ .
sake of comparison, we have also made electronic structu ulliken-type populations. This procedure results in total

calculations for a 79-atoms embedded cobalt cluster repréphomenys It:hat zm?:y bti sI.|ghtIy.td|ff(fargnt .frOén ttue LM'\/Ilt
senting bulk fcc-Co (Cg), with the lattice parameter of shown n Fig. 2. For theé impunty of ©.0 in LU the resu
cobalt. In Fig. 2 are shown the calculated local magnetién.d'c"’!teS th_e f_ormat|on of a magne_tlc moment,_ which agrees
moments(LMM) at the different cobalt sites for the clusters with first-principles calculations using the Korringa—Kohn—

- - - ; - A toker  Green's  function (KKRGF)*®3°  and
considered, obtained by integrating the spin density within 0S 0 . .
volume equal to the Wigner—Seitz cell pertaining to the site. SLMTOASA™ methods, albeit with a somewhat higher

The results for the Co grains of up to 43 atoms show anvalue. A previous calculation with the KKRGF metH{8de-

oscillatory behavior for the LMM, but with a tendency to Sulted in that. the impurity is nonmggnetic. Although the
increase from the center to the interface. In the grain with 5 _etho_d used in Re_fs. 38, 39 gnd 40 is essentially the_ same,
cobalt atoms the LMM increases monotonically from the his disagreement in results is due to the fact that in the

center to the interface. In the figure is also shown the LMMgarher work reporteq in Ref. 40 a single-site” approxima-
for Coyq, calculated at the central Co atom of the cluster,t'o.n for the self-consistent potential was emplc_)yed. A_calcu—
since the environment of this atom best represents that AfF\tlc')n'reported for a smaller pluster, emp'oy"?g a discrete
variational method, resulted in a nonmagnetic impuftty.

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

From Tables | and Il it is observed that for Co atom sites

with coordination of 12 cobalt atoms, the alignment of tise 4

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

Site CoCug Co01Clgs  COClyy  C0pCliyg  CO55CU4

Co0 12Cu 12 Co 12 Co 12 Co 12 Co and4p moments is antiparallel to thed3noments. This type
Col 5Co,7Cu 7Co,5Cu 11 Co, 1 Cu 12 co of alignment of the valence orbital moments is similarly
Co2 4Co,8Cu 8Co,4Cu 8Co, 4cu foundin bulk fcc cobalt, as is seen in Table II. For Co atom
Co3 5Co,4Cu 7 Co, 2cCu, Sites with an increasing number of Cu atoms as their first
3 Cu* 3 CU neighbors, the ¢ and 4 moments altogether have a ten-
Co4 5 Co, 2 Cu, dency to align parallel to thedBmoment. It can be seen from
5 Cu* Tables | and Il that Co atom sites with an environment with

5 or more Cu atoms as first neighbors have their total (4
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TABLE Il. Partial contributions to the local magnetic momefits ug).

Site CoCyg C0yClgs Co1Clso CoyClyg CossClyy Coyg®
Co0 A 1.449 1.324 1.074 1.182 1.509 1.557
4s 0.005 -0.033 —0.034 —0.028 -0.021 -0.017
4p 0.018 —0.057 —0.054 —0.041 —0.036 —0.081
Col " 1.822 1.795 1.869 1.716
4s 0.021 0.019 0.011 —0.004
4p —0.006 —0.006 —0.036 -0.081
Co2 K" 1.614 1.750 1.688
4s 0.006 ~0.005 0.000
4p 0.005 —0.022 -0.015
Co3 " 1.801 1.811
4s 0.019 0.020
4p 0.024 ~0.012
Co4 " 1.867
4s 0.030
4p —0.009

8For lattice parameter of fcc CamE3.54A).

+4p) moments aligned parallel to thed3moments of Co. At this point, it is worthwhile to further compare our re-
For all cluster sizes considered, the copper atoms at the irsults with those of Ref. 21 since a similar method was em-
terface have @ moments coupled parallel to the Cak3and  ployed. As mentioned previously, differing from our results,
4s and 4p moments coupled antiparallel. Although the val- in Ref. 21 it was found that the magnetism of the Co impu-
ues of the 4 and 4 moments change and thus may lead tority in Cu is completely quenched. This discrepancy may be
an increase of the LMM at the Co atom sites in the directiongscribed to a less accurate model potential utilized in Ref. 21
of the grain boundaries, the contribution primarily responself-consistent chargesCQ], as well as the smaller cluster
sible for the oscillatory behavior is from thel3noments, as  gnsidered to represent the system (CgLuFor the Co
seen in Table Il. For the grains, the value of tierBoment  ¢jysters in Cu, the same tendency of increasing magnetic
at the CoO site ranges from 1.07 to L&), at the Col sitt moments in the direction of the boundary as found here was
increases and ranges from 1.72 to 87 at the Co2 site  gptained. However, generally higher values of the @o3
slightly decreases and ranges from 1.61 to Agand atthe  moments were calculated particularly at the interface sites.
Co3 and Co4 sites thed3moments increase again to 1.81 For Cq,sCuy,, the calculated 8 moments of the Co2 and
and 1.8%g, respectively. Similar results of oscillatory be- co3 sites were 2.05 and 2.13, respectively, which may
havior with a tendency to increase the LMM at sites near angye compared to the present values 1.75 ang.3.8&ee Table

on the interface of the grains is obtained in Ref. 21. Differenj|) Thjs difference may be due to the smaller cluster sizes in
results are obtained in Ref. 20 with the RSLMTOASA Ref. 21, with one shell less than ours to represent the Co/Cu
method, the LMM increases at the inner sites of the grainssystems, since truncation of the bonds will result in Co spin
From Table Il is also seen that the partial orbital ContribU'moments tending to the free atom Va|ue_ In Ref 21 Ca'cu_

tions at the CoO site for the G4Cu,, and Cay clusters are  |ated values of hyperfine fields are not reported, nor are spin-
very similar. This demonstrates that, as the grains increasgiensity maps presented.

the orbital contributions to the LMM of the inner atoms con-
verge rapidly to the bulk values. B. Local density of
In Table Ill are presented the Mulliken populatiofws- - Local density of states

bital electron occupangyand net charges at the cobalt sites In Fig. 3 is shown the local density of statdDOS) of

for all grains considered. It is seen that considerable chargihe valence bands for the Co0 and Co4 sites, and for the
transfer takes place. Larger positive charges are seen at sitepper atoms at the interface, for the clustegCao,,. We

Co0 in all cases, mainly due to smalles dnd 4p electron denominate “interface” the Co atoms of the last shell in the
populations. The sign of the net charge oscillates from th@rain, although Co atoms in other shells may also be in con-
central atoms to the interface sites; Co0 sites have positiviact with Cu atoms. It is observed that the majority-spin
charges, Col sites have negative charges, etc. This oscillaands at the Co sites are almost filled and the minority-spin
tory behavior of the net charges is due to the variation of thdands are partially filled, giving rise to magnetic moments.

population mainly of the ¢ and 4p orbitals and in minor
proportion to the population of thed3orbitals. It is interest-

For the copper atom sites it is observed that both the majority
and minority-spin bands are almost totally occupied. Since

ing to observe these Friedel-like oscillations in systems othe spin-up bands of Co overlap considerably the Cu bands,

small dimensionality.

one may expect considerable hybridizatievhich is not the
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TABLE Ill. Mulliken populations and net charges at Cobalt sites. Net charge is defined as the atomic
numberZ minus total population on the atom.

Site CoCug C013Clgs Co;Clgo C0,43Cusg Co5:Cly,
Co0 d 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
Col d 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 —0.155 —0.084 -0.107 -0.018
Co2 d 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 d 7.914 7.919
4s 0.602 0.701
4p 0.463 0.531
Net charge 0.021 —0.151
Co4 d 7.911
4s 0.642
4p 0.273
Net charge 0.173

case for Co spin-downlt is interesting to notice that for the C0,3Clgs, C0O,Clgp, and CQgClge Figure 4 shows the
interface sitgCo4 for the cluster CgCu,,), the Fermi level
crosses the minority-spin DOS peak at its maximum; for th&epresented by GEu,g and for Cqq representing bulk Co. It
inner Co site the minority-spin DOS is wider and showsis observed that the LDOS of the Co0 site for-£is quite
more structure. These same features are also obtained fejmilar to the LDOS of the Co0 site of the grain 40u,,
shown in Fig. 3; this is consistent with the similarity ob-
tained in the calculated orbitals contributions to the LMM for
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FIG. 3. LDOS for the cluster GgCuw,, at the centra[Co0) and
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FIG. 5. Spin-density contours map of the cluste@segg in a FIG. 6. Spin-density contours map of the cluster, g in a
plane containing the central atom and four of its nearest neighborglane containing the central atom and four of its nearest neighbors.
The Cu atoms nearest neighbors to the impurity are labeléd Culn one of the Co atoms at site Col, the directions of the dipolar
Contours range from-0.0001 to—0.0le/a3 with intervals 4.95  contributionsBY andB?Y are indicated by arrows. The Cu atoms at
X 10 “e/a3, and from 0.0001 to 0.Gfa3, with intervals 4.95 the interface and nearest neighbors to the interface are labeled Cu
X 10 %e/a3. Solid lines are positive values. and C'™', respectively. Contour specifications as in Fig. 5.

these central sites as remarked in Sec. IIl A. For the site ofites have smaller spin-density anisotropy as compared with
the impurity, it is observed that the minority-spin bands DOSthe Col site in Fig. 6; the copper atoms at the interfac
present a narrow peak, which is crossed by the Fermi levadeen in the figuneare spin-polarized parallel to the Cat3
almost at its maximum. This feature was also noticed for theprbitals, with LMM 0.03ug . In Fig. 8 it is observed that the
interface sites of the grains; this indicates that the impurityspin density at the Co2 site has even smaller anisotropy as
behaves similarly to boundary sites, which may be undercompared to the Col site in Fig. 6. The Co3 site also has
stood considering that in both cases the Co—Co bonds argnaller anisotropy(not seen in the figuje Here it is ob-
truncated.

C. Spin density contour maps

In Figs. 5—9 are shown the spin density contour maps for
the clusters CfCug C0;3CuUgs, COoCUge, CuClgg, and
CossCuyy, respectively, in a plane containing the central
atom (Co0) and four of the nearest neighbdiSol). In Fig.

5 one can see the formation of the local spin moment of the
Co impurity in the copper matrix. The copper atoms at the
interface (Cl) are spin-polarized parallel to the CodB
orbitals with LMM 0.03ug (as obtained by volume integra-
tion). In Fig. 6 it is clearly observed that there is significant
anisotropy of the spin density in the environment of the at- /
oms pertaining to the site Col. In one of the atoms belonging 7 &
to this site the direction of two of the components of the
dipolar hyperfine fieldsee Sec. Il D), in the system of prin-
cipal axis, are indicated by the arrows. From Fig. 6 it is also
observed that Ctatoms and copper atoms nearest neighbors
to the interface (CUV') of the grain are spin-polarized par-
allel to the Co-38 orbitals; their LMM is 0.04ug. The
dashed lines between the Co0 and Col sites represent the
negative contribution to the Spin denSity mainly from the 4 FIG. 7. Spin-density contours map of the cluster, Ly, in a

and 4p orbitals of the central atom and of the copper atomsplane containing the central atom and four of its nearest neighbors.
at the interface. In Fig. 7 it is observed that the Col and CoZontour specifications as in Fig. 5.
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FIG. 10. Total contact hyperfine field for all cobalt sites for the
clusters CQCu;q_n (N=1, 13, 19, 43, and 55nd for Caq. Lines
drawn are to guide to eyda) For lattice parameter of fcc Co
(a=3.54A).

FIG. 8. Spin- i f the cl i . . . . . .
G. 8. Spin-density contours map of the cluster Lk, in a ;ace site(Co4) a higher spin-density anisotropy is observed;

plane containing the central atom and four of its nearest neighbors. h high , larizati llel to th
No Co3 sites are contained in this plane. In one of the Co atoms a(;'u atoms have even higher spin polarization, parallel to the

site Co2, the directions of the dipolar contributiBf andBR are ~ <0-3d orbitals, with a LMM of 0.08 . wﬁwever, this in-
indicated by arrows. The Cu atoms at the interface and neare§f€ase in the local moments of Cand CA™' atoms for the

neighbors to the interface are labeled @ad CA'', respectively.  largest grair_ws(Co43Cu36 and C@sClyy) COU'_d be partially
Contour specifications as in Fig. 5. due to spurious cluster surface effects, since for these the
interface Cu atoms are at the surface of the total clusters.

served that Cuand CU™' atoms have spin-polarization par- These figures will be very useful for interpreting the results
allel to the Co-al orbitals with LMM 0.07 and 0.0 of the calculated dipolar contribution to the hyperfine field in

respectively. Finally, in Fig. 9 it is observed that the Col and>€¢- !l P-
Co2 sites have small spin-density anisotropy. The same is
true for Co3(this site not seen in the figureFor the inter- D. Contribution to the magnetic hyperfine field

In Fig. 10 is shown the calculated total contribution to the
contact magnetic hyperfine fiel¢HF) for Co atom sites for
all the clusters considered. In the nonrelativistic approxima-
tion, only s electrons are found at the nuclear site. From the
figure an oscillatory behavior of the magnitude of the contact
HF for the grains is observed, but with a tendency to de-
crease in the direction of the interface. The exception is the
cluster with 55 cobalt atoms, in which the magnitude of the
contact HF decreases continuously from the center to the
interface sites. The contact HF found for bulk fcc-Co is
—23.1 T. The experimental value of the HF for bulk Co fcc
is —21.5 T# which is slightly smaller than our result, but
sufficiently similar to give us confidence in the calculated
values obtained for the grains. In Figs. 11 and 12 are shown
the core and valence orbital contributions to the contact HF,
respectively. The core contribution is due to the polarization
of the 1s-3s shells by the 8 moment and is always nega-
tive. The main contribution to the contact HF comes from the
core orbitals, and both the core and valence orbital contribu-
tions show oscillatory behavior. Here the 0w, cluster is
also the exception, its valence orbital contributions to the

FIG. 9. Spin-density contours map of the clusteray, in a  contact HF increase continuously from negative to positive
plane containing the central atom and four of its nearest neighborg/alues. It is interesting to observe that from Figs. 2 and 11 a
No Co3 sites are contained in this plane. The Cu atoms at th@roportionality is inferred between the core orbitals contri-
interface are labeled tuContour specifications as in Fig. 5. bution to the contact HF and the local magnetic moments.
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FIG. 11. Core contribution to the contact hyperfine field for all ~ FIG. 13. Core contribution to the contact hyperfine field as a
cobalt sites for the clusters gBu,e_y (N=1, 13, 19, 43, and 55  function of the local magnetic moment for the clusters,Coyg
and for Cge. Lines drawn are to guide to eyé) For lattice pa- (N=1, 13, 19, 43, and 5%nd for Cqgq.
rameter of fcc Co4=3.54A).

11 and 12 it is also observed that the values of the core and

The proportionality constant derived from the linear fit in valence contributions to the HF of &€u,, and Caq at the
Fig. 13 is —9.3 T/ug, which is very similar to the value central site(Co0) are similar. In Ref. 20 the authors likewise
—10T/ug reported previously®4243 report a continuous decrease of the magnitude of the HF

As mentioned previously, the LMM has a tendency tofrom central to interface sites in clusters of up to 135 cobalt
increase at sites near the interface; however, the magnitudgoms in a copper host.
of the total contact contribution to the HF has the opposite From Table Il and Fig. 12 we may infer a correspondence
tendency. This is due to the following: it was inferred thatbetween the sign of thesdand 4p moments and the valence
the negative core orbital contribution to the HF is propor-contributions to the contact HF. It is observed in Table Il that
tional to the LMM, therefore this contribution has larger at site CoO for the clusters QGu;q_n(N=13,19,43,55) and
negative values at sites near the interface. On the other haniy Co,q the values of the ¢ moments are relatively large
as seen in Fig. 12, the valence orbital contribution to the HRand negative; therefore this results in high negative values of
has larger negative values at inner sites, and smaller negatitiee valence contributions to the HF, as shown in Fig. 12. The
or positive values at sites near the interface, thus by sumds moment of the impurity is positive and this results in a
ming these two contributions one obtains larger magnitudekigh positive value of the valence contribution to the HF.
to the total contact HF at inner sites. For the impurity, theGoing towards the interface sites, the moments have a
value of the valence contribution is large and positidel  tendency to become aligned to thel 3noments, and this
T), this reduces the total contact HF +610.9 T. From Figs. results in smaller negative or positive values of the valence

contribution to the HF. For example, at the interface sites for

T the grains CgCug and CgsCu,, (Col and Co4, respec-
47 " tively), we see large positive values for the domentgand
2_' small negative values for thgpdmoment$ and this results in
] / positive values of the valence contribution to the HF of 1.4
0 ;‘\ and 1.6 T, respectively.
= \ NMR measurements on Co—Cu granular alloys prepared
s 2 by the melt-spinning techniglfeshow spectra with a distri-
E bution of HF values with two principal peaks. The highest
@ 4o :SZCE’U peak has an average magnitude of the HF of 21.4 T, very
I s Coou” near bulk fcc Cao21.6 T); the second peak is a distribution
N v Co,Cu, of HFs that range from 14.9 to 20 T. The first peak is attrib-
< —&—Co,Cuy, uted to the inner fcc Co atoms. The second peak is attributed
] —*—Co,” to fcc CqCuy_ alloys with x=0.07-0.3 formed near and
04— : : : : at the interface of the grains. Other work, reported in Ref. 13,
Co0 Col Co2 Co3 Co4 describes NMR measurements of Co grains in a Cu matrix,

Co site also prepared by melt-spinning. The authors found line fre-

FIG. 12. Valence contribution to the contact hyperfine field for quencies corresponding to HFs of smaller magnitude than
all cobalt sites for the clusters GBu,o_ (N=1, 13, 19, 43, and  bulk fcc cobalt. Every narrow peak was attributed to a sub-
55) and for Cgg. Lines drawn are to guide to eyé) For lattice  Stitution of a nearest-neighbor Co atom by Cu, yielding a
parameter of fcc Cog=3.54 A). discrete decrease in the magnitude of the HF by a rate of
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TABLE IV. Components in the system of principal axis of the
dipolar contribution to the hyperfine fielgh T)

Cluster Site BY BY B
CoysClig Col +1.0 —4.2 +3.2
Co,oCugg Col -1.4 +0.9 +0.5
Co2 +2.3 -1.2 -1.1
C04Clisg Co2 ~05 +0.3 +0.2
Co3 -0.3 0.0 +0.3
C0ssClos Co2 ~1.4 +0.8 +0.6
Co3 -0.8 -0.9 +1.7
Co4 -1.2 +3.6 —2.4

approximately—1.8 T per nearest-neighbor substitution. In
spite of our clusters being smaller than in these experiments,
the results we obtained agree in general with the tendency
found in the NMR measurements, in that Co atoms with a
larger number of Cu neighboKsuch as occurs at the grain
interface have HFs of smaller magnitude. FIG. 14. Spin-density contours map of the clustes Logg in a
Besides the contact contribution to the HF considered aperpendicular plane to that of Fig. 6, containing the dipolar compo-
all sites, we have also taken into account the dipolar contrinentB? . The arrow marked3 indicates the third component of
bution. This term gives an estimate of the anisotropy of thehe dipolar contribution in one of the Co atoms at site Col. The Cu
spin density around the atom for which it is calculated. Foratoms at the interface and nearest neighbors to the interface are
the calculation of this contribution, we considered the fol-labeled Cliand CU™, respectively. Contour specifications as in
lowing sites: Col site in GgCuss, Col and Co2 sites in Fig. 5
Co0,6ClUgp, Co02 and Co3 sites in Gglugg, and Co2, Co3,
and Co4 sites in GgCu,,. These sites have been considered IV. CONCLUSIONS
because they have environments with four or a greater nUM- gjacronic structure calculations have been performed for
ber of copper atoms and thus non-negligible anisotropy inympeqded clusters representing grains of up to 55 Co atoms
the spin density is expected, as explained in Sec. Il. The, 5 ¢y matrix. Our results indicate that the LMM at the Co
results are tabulated in Table IV and have much smallep;oy sjtes for grains with up to 43 atoms show oscillatory
magnitudes than the contact HF, although still significanty,epavior, with a tendency to increase from the center to the

The components of the dipolar contributions are given in thge tace sites. The LMM for the cluster with 55 Co atoms
system of principal axis. The orientation of the principal axis;,creases continuously.

is different for atoms of the same shell, but the components 1,4 magnitude of the total contact HF also shows oscil-

of the dipolar c_ontributions to the HF are the same, since thfatory behavior but with a tendency to decrease towards the
atoms are equivalent by symmetry. For example, let us angperace sites, for grains of up to 43 Co atoms. For the grain
lyze the Col site of the cluster uge with the help of Fig. ity 55 Co atoms, the magnitude of the contact HF decreases

6 and Table IV. We calculated the dipolar contribution at thecontinuously from the center to the interface site. This be-

atom indicated by the componer8g and B> . From Table _havior is explained by analyzing the contributions of the 4
IVitis observed that the component with the largest magniglectrons and is consistent with experimental observations
tude ing= —4.2T, i.e., the spin density anisotropy is larger gptained with®®Co NMR spectroscop}?

in this direction(as visualized in Fig. 6and thus the HF is There exists a non-negligible dipolar contribution to the
enhanced in this direction. In Fig. 14 is shown the spin-HF for Co atom sites near and at the interface of the grains.
density contours map of the €U Cluster in a plane per- The largest magnitude of the dipolar contribution to the HF
pendicular to that of Fig. 6 containing the componB&t.  was found for the CpCugg cluster, with—4.2 T for the main
This plane contains componeBQ with a value+3.2 T, as  component.
well as 82D . It is seen that the spin-density anisotropy in the

direction ofB3 is larger than that in the direction &5 ; this

is consistent with the result tabulated in Table IV. The small-

est dipolar contributions have been obtained for cluster Calculations were performed partially in the Cray J90 of
C0o,3Cugg at the Co2 and Co3 sites, with magnitudes 0.5 andhe Supercomputing Center of the Universidade Federal do
0.3 T for their principal components, respectively. Rio Grande do Sul. This work was supported by CNPq.
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