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We repon 00 a systematic study of the eleclronic ;:¡ndmagnctic propcrtics 01' small Co c1usters covered with Ag (Ca,\' AgM, N+tvt up (o

297). The propcrties of these mixed transition metal clusters are relmed to the experimental arrangements observed in granular systems. For
cxample, ir has been reported that the GMR cffect of these granular systcms dcpcnds on their size. shapc and rnagnetization. Up to now very
few calculations have been perfor01ed to describe e01bedded cJusters. while the experimental work has been growing steadily. It is therefore
of imerest to calculate lhe magnetization in order to explore the innuence of cluster si7.eand shape. We show that. for a given number of Co
ato01S, the total magnetic momen! per Co depcnds on the sizc and shape 01'the Ag covering. \Ve compare with 3D FLAPW calculations done
for SOrneparticular structures.

Keywords: Mixed clusters; magnetism: GMR

Presentamos los resultados de un estudio sistemático de las propiedades elecl6nicas y magnéticas de agregados pequenos de Co recubiertos
con Ag (CON AgM, N +.\1 hasta 297). Las propiedades de estos agregados mixtos de metales de transici6n están vinculados con fen6menos
físicos observados en sistemas granulares. como por ejemplo. el hecho de que el efecto GMR en estos sistemas depende del tamaño. forma
y magnetización de los mj~mos. Hasta hoy se han realizado pocos cálculos para descrihir cúmulos revcstidos. Mostramos en cste trabajo
que agregados. con un número dado de átomos de Co. muestran un momento magnético total que depende del tamaño y la geometría del
recubrimiento, debido a que la plata puede presentar una polarización ferro o antiferro. Comparamos con cálculos FLAP\\' realizados para
algunos casos particulares.

Descriptores: Cúmulos mezclados; magnetismo; GMR

PACS: 36.40.Cg; 71.24.+q; 75.50.Kj

I. Introduction

The study of small metallje e1usters has been the subjeet of
wide invcstigation in reeent years. This is due to the faet
that clustcrs have electronie, optical, magnetic and structural
propenies different from those observed in Ihe bulk, In panic-
ular, the magnetie propcrtics of small transition melal clusters
are technologically vcry allraelivc bccausc of their magnetic
rccording applications and a1so due to their chcmical rcacliv-
ity in conneetion with catalytic proecsses.

On the side of the homonuelear eluslers, it has beeome
possible to study free metallie ones by examining the Slern-
Gerlach defleetion pattern of individual mass-scleeted clus-
ters, and the magnetie moments can be measurcd as a fune-
tion of size. For example, Fe, Co and Ni eluslers show large
magnetie moments per atom whieh deerease slowly and non-
monotonously to the bulk values with inercasing sizc. Actu-
ally, the magneJie moments reaeh the bulk values far elusters
larger than 700 atoms [1-3].

Granular magnctic solids. eonsisting of single-domain
ferromagnetie particles embedded in an inmiscible medium,

have also been studied io reeent years bccause of their poten-
tial use in magnetie reeording. optical devices and sensors.
For example, giaot magnetoresistance (GMR) has becn re-
cently obscrved in granular films oi' magnetic clusters cmbcd-
ded in a non magnetic metal [4,5). The magnetoresistance is
direetly related to the rnacroscopic magnetization. and there-
fore al so to the graio sizc distribution and the intergranular
magnetie inleraetions [6J.

Allhough Ihere has been a large eompulaJional effon
in studying homonuelear e1uslers and also supponed or ad-
sorhed e1usters, speeially dimers [71. only a few ealeulations
have been done on rnixed c1usters. Ah illitio calculations by
Chuanyun el al. [8J for Co e1uslers emhedded in Cu, and also
the tight-binding ealeulations by Vega el al. [9] for Fe e1usters
emhedded in Cr, are sorne examples.

In this contribution wc show the rcsults of ealculations for
Cn eluslers eooted with Cu and Ag (Co.vX"" X = Cu, Ag,
l.V+Al up to 297) as inercasing parts ol' afee lattice. We focus
mainly on the Co-Ag syslems. and the ca1culations for Co-Cu
c1usters are done in order lo compare with ah inirio results.
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2, Method for cluster ealculations

As in previous works, a light-binding Hamillonian with spd
orbital s and paramelers laken from lhe eorresponding hulk
materials is uscd for the cluster ealculations. Magnclism is
oblaincd from a Hubbard-likc lerm solvcd in lhe unrcslricted
Hartree-Pock approximation and only ncarcsl Ileighbor two
eenter paramcters are eonsidered. AH many-body eonlribu-
tions appear in lhe diagonal term, fimo. and are givcn by

The purposc nI' this systcmatic study is lo analyzc Ihe bchav-
¡Ufuf lhe magnetic momeot ofthesc mixcd c1usters as a func-
lion 01' shapc, sizc amI composition, as lhe magnctic prop-
crties 01' mixcd transilion melal (TM) c1uslcrs are not ncc-
cssarily givcn by lhe average bchavior 01' Ihe corresponding
bulks 11OJ.We show lhallhe polarizalion of lhe noble melal,
which coais lhe Ca clustcrs. is very scnsitive lo lhe symmc-
lry of lhe systcm. fUf cxamplc Ag can dcvelop an antifcrro-
or ferromagnctic alignment wilh en by changing lhe alomic
arrangemcnt 01' lhe nohle metal. This can Icad lo variaLions
in lhe magnctic moment of lhe wholc sample, whi le kccp-
ing lhe magnctization of lhe Ca atoms quite unaltcrcd. Most
of our calculations are performed with a parametrizcd hamil-
tonian [111 but we also find lhis elTecl when doing LAPW
ab initio eakulations for sume sclcetcd syslems using the
WIEN97 eode [12].

(2)"",¡'AO = L F"
I:f:i

whcre \'il contains lhe intcralomie eieetros(atie inleraelions
oetwecn atoms on sites Ri and Rl. For a bulk parametriza.
tion an cxpression commonly used in alloys ano multilaycrs
as in Ref. 17 is approprialc,

3. Results

F _ V "",1 - 1+ VIR; _ Rtl 'JI, (3)

whcre 6.111 is the tOlal eleelronie occupation differcncc with
respeel lo lhe paramagnetie bulk values on lhe I-th atom of
lhe cluster, Taking into aceounl 1hat in late lransilion mctals
there are more d than sp clcclrons, we have laken for U lhe
average ol' the Ca and noble melal values for d orbitals.

Extra orbital s s' outsidc lhe clusters are added lo aecounl
for electron spi 11over al lhe surfaces and \I.'C paramcrrizc thcm
in ordcr to gel adcquatc d orbilal oecupations. The scleclion
al' lhe s'-orbital SilCcncrgy is relatcd lo the average eoordina-
lion 01'the surface aloms. The numbcr of s' orbilals added is
sueh lhal eaeh cluster alom keeps ilS bulk coordinalion. 1II J

We select for OUT calculations those isomcrs of high sym.
mClry (Oh oc D4/¡) always part uf fce lauices. Wc considcr
the fce structurc as ¡he mos! probable one for lhe clusters,
as hoth componcnts are fee in the bulk phasc and al50 re.
cent experimcnts show that Co clustcrs grow in lhe fce slruc-
lure fm smaJl sizes. 118] By using leehlliques of group lhe-
ory and therefore by convenient symmctrizalion 01'lhe basis
funeliolls, we can ealeulale up to 297 atom c1uslers (14 sheJls
in a fce structurc).

(I)_ a """"'Jimm, ¡I.- I + ~e:~1A()~ 2 un I

m

fimu = f.?m +L Uimm, ~'lilli'
,

'"

where I11/im' is the cleetronie occupalion differcnec per or-
bital in lhe i-th alOm of lhe cluSler with respeel lo lhe bulk
paramagnelic values. ¡tiJu' is the magnetization pcr orbital
and .ó..f~ADis the Madclung termo

The single-sile cnergics e:?m and the hopping elcmcnls of
lhe Hamiltonian are taken lO be equal lO the bulk valucs 'ob-
tained from Andersen's canonical LMTO-ASA paramagnetie
bands [l3J. The hopping paramelers are assumed lo he al-
ways spin independenl and the heleronuelear ones al lhe Co-
X (X = Cu, Ag) interfaces are averaged as in ReL 14, within
an approximation similar lo the ane alrcady used by Victora
and Falieov for Co ovcrlayers on Cu( 111).115J

Uünm' are the screened intrasite Coulomb integrals in the
sol id. The values Vidd are oblained using our bulk oeeupa-
lions following Ref. 16 and lhe V,,,jV'dd relalions are laken
from atomic rabies. Jirnm, are the ¡ntrasite cxehangc inlegrals
and are assumcd to be zero except for d orbitals. Jidd is liued
to obtain experimental bulk magnelizalions.

The Madelung term, "",¡-'AO, musl be added because of
the presence 01'large eharge transfers among shells within lhe
cluslers. lt consisls al' lhe sum of cleetrostalic potcntials over
all c1usler siles:

3, l. Cu.Cu e1usters

Tight-binding ealculations fOf Co-Cu clusters are compared
with ab initio results by Chuanyun et al. [8J. Thc tolal mag-
netie momenl for CONCU"" with 13 :'S N + Al :'S 135, is
shown in Tablc I. The comparison wilh the available ab ini-
tio results is cxcel!cnt, lhe total magnetic momenls are equal,
even if the dislribution within lhe shclls diffcrs somewhat.

3,2, Co-Ag e1usters

Co and Ag have very differenllauiee eonstants and lherefore
lhe interatomic distances in the c1usters are nol known. Thus.
we use lhe FLAPW ab i"icio WIEN97 eode fm help 112}.

We ealculale, for example, the COAg3 ordered alloy in
lhe LI2 slruclure, in whieh the Co aloms have 12 Ag nearesl
ncighbors anu oplimizc lhe cel! size. The cell conslant ob-
lained is equallo 7.35 au, which is intermediate belween Co
(6.7 au) and Ag (7.6 au) bulk values. In aH eases lhe caleula-
tions are converged wilh 64 k-points in lhe irreducible zone.
Rl,i\l = 8 and lhe Ceperley-Alder exehange-eorrelation po-
tenlial is used. The magnelic moments obtained are: for Co
1.45¡'8, for Ag - .02¡'8, and lhe polarizalion of lhe illlersti-
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TABLE 1. lotal magnctic moment pcr cluster in the case of eo cm.
bctlded in Cu. Neo is (he flumbcr of Co aloms antl Nlot is (he total
number of Co and eu aloms. Also shown are (he magnelic mo-
mcnts corrcsponding lO the bare Co c1usters (,Veo = Nto'). The ah
¡nitio rcsults by Chuanyun ('1 al. [8] are givclI in brackcls and hold
characters. AH (he magnclic momcnts are in ¡lB.

J\'tot 13 19 43 55 79 87 135
,Veo

13 27 25 23(23] 27 21 26 23
19 39 35(35) 39 33 31 35
43 84 81181] 77 75 77
55 102 95 87 89
79 151 135 137
87 164 151
135 247

tial region is -.07 /lB. Thc magnetic moment of eo (/leo) is
lower than (he corrcsponding bulk valuc and the Ag's are in
Ihis case anliferromagnetieally aligned (AF).

We also analyzc a ColIAgl supcrlaltice grown along the
(001) direelion. The inplane distanee taken is the Ag hulk
one, as expcctcd for an cpitaxial growth on a Ag substratc.
By oplimizing (he Ag-Co distancc in the (001) direction, wc
obtain an intcrplanc scparation 01' 3.15 au. The Co-Ag opti-
mizcd distanee in Ihe CoAg3 alloy is 5.20 au, while in Ihe
superlatticc it is 4.94 au. Thc previous rcsulls justify consid-
cring, in our Co-Ag cluster ealculations, for Ihe Ca-Ca and
Ag-Ag distances the corrcsponding bulk paramelers , and for
Ihe Co-Ag one the average anc.

As in the case of Lhe Co-Cu systcms, wc c<llculaLcfor
CosAg.\/ elusters with N + M going from 13 lo 297, and
considcr always closed atomic shclls as pan of a [ce structurc.
In Table 11we show the lOlal magnctic momenls of !he c1us-
tcrs (Co atol1ls plus Ag atoms) and in parenthcsis lhe mag-
nctic moment ofjust the Ca cores. Therc are cases where the
Ag net polarization can be ferromagnetic (F) with respcet to
the Ca eore but for most 01"the considered cases the Ag net
polarization is AF. The total magnctie momcnl of the c1uslers
is almost always smaller than the one corresponding lO ¡he
bare Co c!usters, whiJc lhe average magnetizalion of Ihe Co
eore is larger than ¡he Co bulk valuc.

In Table 111we show Ihe magnetic momen! pcr alom. or-
bital and shell for two Co-Ag cluslcrs wilh the same number
01'Ca atoms (Col:tAgI9~ and COI3Ag2R.d. The lotal average
magnetic momenl per Co alom (Iolal magnctic moment ol' Ihe
cluster over Lhenumbcr of Co aloms) of Ihese c1ustcrs is 1.61
¡ln and 1.23 ¡'n, rcspectivcly. This large deere<lsc in Ihe total
magnctic lllomenL is due to lhe faeLthat in the second cluster
there are many more AF Ag atoms surrounding thc Co eore
than in Ihc lirsl onc. Evcn if each Ag atom canlributcs wilh
a vcry small polarizatian, in both cases the polarization is
mainly AF and in lhe second casc we havc 96 Ag's more Ihan
in thc first une. In Tublc 111il is secn that thc d.polari/ation
of Ihe Ag atoms dies down very fasl, whilc Ihe s¡J.onc can be
still ralher large in the OUlermost shell of a 1-l.laycr clusLer.
It is inleresling to notc thm lhe lotal magnetic moment 01'the
Co core is ncarly lhe same in both cases discussed (see Tahle
Il). This explains the rcmarkablc faet that for a fixed numhcl:
of eo atoms, ¡here is an astonishing braad range 01'cluster
magnetizations thal can be atlained by jusI changing the Ag
covcring, as can be observed in Table Il.

TABLE 11.Total magnetic momem pcr c1uslcr in Ihe case of eo cmhcddcd in Ag. ,\'co is Ihe nurnhcr o" Co atoms and N
tot

is the total
number of eo aloms and Ag ;:¡tOIllS.The magnelic Illoments of thc Co core are givcn in parcnlhesis. Al! thc magnelic momCllIs are givcn
in liB.

l\'tot 13 19 43 55 79 87 135 141 177 201 297
Neo

13 27 27(272) 25(256) 27(25.9) 21(23.9) 27(26.6) 23(23.4) 23(23.6) 23(23.2) 21(23.3) 16(22.5)
19 39 36(37.0) 39(37.9) 33(34.4) 34(349) .15(34.5) 35(.15.6) 35(33.8) 31(32.7) 21(32.0)
43 84 81(836) 81(82.2) 85(843) 77(77.7) 75(77.2) 71(74.8) 76<77.9) 63(72.0)
55 102 97( 100.7) 87(93.0) 95(963) 99(99.5) 95(95.9) 97(967) 83(91.4)
79 151 135( 140.2) 137(140.1) 141(142.5) 137( 1382) 139( 139.2) 132(1450)
87 164 153( 156.7) 157( 159.4) 145( 150.5) 154( 155.0) 145(150.6)
135 247 241(246.2) 237(242.4) 223(230.9) 229(2329)
141 253 249(253.8) 235(242.5) 243(2449)
177

317 307(3t6.2) 307(312.0)
20)

351 .155(.159.5)
297

497
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TABLE 111. ~1agnetic morncms pcr atom and pcr orbital. in /lB.

The first cDlurno indicates shcll numher in increasing. order.

C0I3AgI9!l

FIGURE l. Magneric momenl per Co a[om a5 func[ion of increas.-
ing number of Ag atoms. for C013AgM cluster. (O) corres.ponds. to
the total magnetic moment, (+) to {he magnetic morncn{ of {he
COl3 coreo
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FIGURE 2. Idem Fig. l but for COUAgM.
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Rclative maxima in the magnetization per atom occur for
some sizes. Thcy are related lO ao increased ferro alignment
01' lhe Ag atoms. For instancc, in C013 for N + .Al = 5;)
and 87, and in COn for N + Al = 87, lhe Ag nel polariza-
tion is slightly F with respect to the Co central cluster. rhe
structure of lhe clusters, for which the Ag atoms have a net F
polarization, shows spikes in the outer Ag shell.

In order lo check lhal lhe lotal magnelizalion depends on
lhe numbel' ami distribution 01' thc noble metal atoms sur.
rounding Co we have calculatcd lwO enlightening examples
using Ihe \VIEN97 package [121. In Ihe firsl case we eonsider
afee lrilayer grown in lhe (001) direelion, Ihe eenlral layer
is a 2D orocrco AgCo (50% cach) alloy, the outcr laycrs are
pure Ag. This means lhal we eonsider Ihree (00 1) planes of
Ihe CoAg, previously oplimized alloy. The systems being 3D
periodic. we takc an interslab distance three times the slab
width so that the surfaces do not interacl. In this case each
Co alom is surrounded by 12 Ag nearesl neighbors and 4 Co
next ncarest neighbors. The slab surfaces are perfcct planes.

/1$' .tot = -0.13

COl3AglIH

sheIl l'd JLsp IltOI

1(Co) 1.94 -0.10 1.84

2(Co) 1.77 -0.05 1.72

3(Ag) 0.04 -008 -0.04

4(Ag) 001 -0.05 -0.04

5(Ag) 0.01 -0.04 -0.03

6(Ag) -0.01 -0.02 -0.03

7(Ag) 0.00 -0.01 -0.01

8(Ag) -0.01 -0.01 -002

9(Ag) 000 -0.01 -0.01

IO(Ag) 0.00 -0.01 -0.01

11(Ag) 0.00 -0.02 -0.02

l2(Ag) 0.00 -0.01 -0.01

13(Ag) 0.00 -0.02 -002

14(Ag) 0.00 -0.02 -0.02

15(Ag) 0.00 -002 -0.02

/1,,' ,tot = -0.83

In Figs. I and 2 we plol Ihe magnelie momenl of Ihe Co
core and the lotal magnetic momenl (.Y + Jf), always per en
alom, fortwo oflhe examples ofTable Il. namely, Neo = 13.
and 43 as a funelion of N + Al. We join Ihe dala wilh Iines
just as a guide lo (he eyc. but one has lo kecp in mind that \Ve

have ealeulalcd for only Ihree e1uslers belween .\'to, = 150
and 300. lt is evident (hat the total magnetic moment nOI only
depends on the number of Co atoms 01' the eore bu( also on the

number and shape of lhe surrounding Ag eapping. The Ag nel
polarizatian oscillates, but the overall tendcncy for ¡ncrcasing
number of Ag shells seems lo be lowards an AF nel polariza-
tion. In this sense it is intcresting lO point out that even for
the largcst cluster sizes considered, the outer Ag shells and
the spilled o\'er clectrons still acquire an AF polarization.

Rev. Mex. Fis. 44 S3 (1998) 29-33
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For the secand example we consider the same supercell.
but we add une Ag atomic plane on eaeh si de of the s!ab wilh
50% of lhe atoms missing. showing a (2 x 2) surface slruc-
turco In this lasl case, cach en alom has lhe same tirsl and
sccond ncaresl ncighhor structurc as bcforc. ami Ihe surfacc
prcsents spikcs.

\Ve use 42 k-points in lhe irreducible tone and RK~I =
S. in both cxamplcs. Thc magnctic mOlllcnts of lhe cclls are
1.23 /lB amI 1.53 I'B respeclively. Changing lhe Ag surface
fmm a pecfce! planc 10 a Icss nal ane switchcs Lhe polaril.a-
¡ion of lhe Ag a(oms [mm AF lO F and lhe cel! magnctization
¡neceases 0.3 lib. while lhe changc in (he local magnetization
of Ihe Ca aloms is of only 0.1 flB. This erreCI is similar lo
Ihe ane observcd in Figs. I and 2. for those c1ustcrs for which
theTe are relativc magnctization maximJ. ror N = 55 and
.v = Si' thc oulcr Ag shcll is not llat but prcscllls spikcs and
lhc nel Ag polarilalion is F. while for smoolher surfaces lhe
nel Ag polarizar ion is AE This explains rhe rc!arive maxima
al.\' = 55and;\, = 87.

4. Discussiun and conclusions

From the results of our calculalíons ir is seen that Ag becollles
pularized evcn al large distances from rhe Co eores. The Ag
nct polarizalion can be r or AF, due lo Ihe ."1) orbítals 01' Ag.
whilc rhe Ag el polarizarion dies down at ncarcsl Ilcighbordis-
lances. This long-range effeer rcl1cers itself in lhc broad rangc
uf magnerizations rhat a givcn Ca core can display depcndíng
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on Ag covering. The total magnetizations can be much less
rhan the contribution comingjust from Ca. This effect i:-.also
expected ir instead 01' Ag a Cu covering is present.

Recently, Eastham et al. have measured a quenching 01'
ferromagnetism in cohalt clusters emhedded in copper hy us-
ing magnclic X-my circular dichroism [19]. This hchavior
can be explained by aur ealculations. Magnclic interaetion
through a noble metal spacer were also observed in t\l,.Outhcr
typcs of cxperimcnls. The lIrst one. the oscillatory cxchange
coupling is already well known [201. A second. the exchange
bias was recently reported. [211 In bOlh experirnents two
magnetic layers inleract when separated by up 10 5U-lOO A
ofCu.

\Vhcn the covering is thin, symmclry effeets show up
and Ihere is a switch fmm AF lo F polarization 01' lhe Ag
atoms dependi ng on lhe presence oC spikes on the Ag surface.
This was also obscrved in 3D LAP\V ah i"irio calculalions.
Calculations for infcnncdiatc and largcr cluster sizcs are in
progrcss.
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