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Magnetism of Co nanoparticles supported on the Cu„111… substrate:
Size and environment dependence

J. Izquierdo, A. Vega, and L. C. Balba´s
Departamento de Fı´sica Teo´rica, Atómica, Molecular y Nuclear, Universidad de Valladolid, E-47011 Valladolid, Spain

~Received 17 April 1996; revised manuscript received 12 September 1996!

We report a tight-binding calculation of the magnetic properties of triangular Co nanoparticles with two
monolayers height supported on the~111! substrate of Cu. This system has been recently characterized through
scanning tunneling microscopy measurements. The spin-polarized electronic structure is self-consistently de-
termined by solving a tight-binding Hamiltonian for the 3d, 4s, and 4p valence electrons. Different particle
sizes as well as different particle concentrations over the surface are considered in order to investigate the
influence of the local environment on the magnetic map of the system. The resulting trends are discussed by
comparing with those obtained from available measurements for free-standing Co clusters, and with the
asymptotic limit of a Co bilayer on Cu~111!. @S0163-1829~97!08301-X#
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I. INTRODUCTION

The magnetic properties of free and supported transi
metal ~TM! nanoparticles have attracted increasing atten
in the past decade. From the scientific point of view,
study of these systems allows one to understand many
portant and fundamental phenomena, like the electronic
localization and the hybridization effect, because of th
bridge character between the isolated atom and the co
sponding massive systems. Therefore, the evolution of m
netism from the microscopic to the macroscopic regime m
be analyzed with the study of nanometer-scale clusters.
sides, the large variety of magnetic behaviors exhibited
these materials, like the enhanced magnetic moments
giant magnetoresistance, has opened new prospects in
development of material science; for instance, the const
tion of devices like magnetic sensors is, nowadays, a rea
From the technological point of view, supported or embe
ded clusters have more practical applications than the
ones.

Cobalt nanoparticles have been widely investigated. M
lecular beam deflection measurements of Billaset al.1 and
Douglasset al.2 for free-standing Co clusters show ho
magnetism develops with increasing cluster size. More
cently, Chenet al.3 have used a microemulsion technique
synthesize Co particles and their size-dependent magn
properties have been also measured. All the above exp
mental groups have found enhancements in the range
40% with respect to Co bulk in the average spin-polarizat
of Co clusters with about 50 atoms. This augmentation of
spin-polarization is attributed to the loss of coordination
the surface atoms of the nanoparticle. The convergence to
bulk magnetic moment of Co is reached for clusters of ab
600 atoms in size.1 It is interesting to note that no detaile
experimental knowledge about the geometrical structure
small Co particles is available,4 but the strong dependence
the magnetic properties with the geometrical structure is w
known.

This surface effect leading to enhanced magnetic m
ments should also exist when the clusters are deposite
550163-1829/97/55~1!/445~7!/$10.00
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surfaces or when they are formed during the first stage of
growth process of an overlayer on a substrate under ce
conditions~low temperature and high velocity of deposition!.
Scanning tunneling microscope~STM! studies by de la
Figueraet al.5 for Co deposited on the Cu~111! substrate by
molecular beam epitaxy show that Co grows forming na
particles of triangular shape, and these islands do not c
lesce during the growth process up to at least 5 monola
height. Two types of particles have been characterized:
first type follows the fcc sequenceABCab, and the other
type grows in a stacking fault hcp sequenceABCba ~upper-
case letters denote Cu planes and lowercase Co planes!. Both
configurations occur with about the same proportion. F
thermore, at the initial stage of the growth, almost all the
particles are two monolayers high.

From the microscopic study of the magnetic properties
these supported Co nanoparticles, important aspects ca
learned about the magnetism of the resulting granular sur
and about the interface formed when thicker coverages of
are deposited. It is clear that the magnetic coupling at
interface plays a fundamental role in the behavior of
subsequent multilayers. In this context, the experimental
sults concerning the oscillations between ferromagneticF)
and antiferromagnetic~AF! coupling of the Co layers
through a Cu spacer in the~111! orientation do not lead to a
uniform picture of the phenomena.6,11,12 It has been sug-
gested, for instance, that the antiferromagnetic coupling
served between Co layers across Cu in this orientat
which is the basis of the magnetoresistance enhancem
can be mediated by minority components of grains with o
entation close to~100! at the interface.6 In the same spirit it
has been suggested5,13 that the formation of Co nanoparticle
at the Cu~111! interface may be the origin of the controve
sial experimental results on the magnetic behavior of th
multilayers.

For the ideal Co overlayers deposited on Cu substra
the most precise result nowadays are given byab initio cal-
culations. The Co/Cu~111! system has been studied very r
cently by Zhonget al.7 using the full potential linearized
augmented-plane-wave~FLAPW! method. In that calcula-
tion, the magnetocrystalline anisotropy has been determ
445 © 1997 The American Physical Society
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for a fully relaxed structure, and the authors have pointed
that the change in the strength of the interfacial hybridizat
is due to both the surface effect and atomic relaxation. Th
has been also reported very recently8 anab initio full poten-
tial linear muffin tin orbital~FPLMTO! study of the spin and
orbital moments of the Co monolayer on Cu~100!, leading to
the conclusion that the enhancement shown by the resu
spin moments at the surface is due to the reduced coord
tion number. The orbital moments become also enhance
the surface. These results are in agreement with the ex
mental data.9 For the Co/Cu~111!, angle-resolved photoemis
sion measurements10 indicate that the magnetic exchang
splitting for 1–2 monolayers of Co on Cu~111! is nearly the
same than for bulk Co. However, the authors conclude a
that ‘‘the interaction between Co and Cu is rather weak
dicating that Co on top of Cu behaves like a quasi-tw
dimensional transition metal.’’

At the present time, no measurements are available for
magnetic properties of supported Co clusters. From the th
retical point of view, there exist only theab initio KKR
calculations of Langet al.14 for Co microclusters deposite
on Cu~001!. However, these first principles calculations a
restricted to very small cluster sizes~one atom, dimer, tri-
mer! due to the complexity of treating the large number
inequivalent atoms involved in a realistic sample.

It is the aim of the present work to perform a theoretic
study of the magnetic trends of the Co nanoparticles form
during the first stage of the growth on Cu~111!. The mor-
phology of the system is modeled approximately guided
the experimental main features observed through STM by
la Figueraet al.5 The interesting points in the present stu
are as follows.

~a! Analyze the surface effect~loss of coordination at the
different atomic sites within the cluster!.

~b! Dependence of the magnetic properties of the
nanoparticles with the size and with the growth seque
~fcc or hcp!.

~c! Possible magnetic interaction via exchange betw
the Co particles as a function of the particle concentrat
over the substrate.

In order to study the general magnetic trends of the s
tem, the spin polarized electronic distribution has been
culated in all the inequivalent sites within the system. T
local density of states, magnetic map, magnetic order,
average magnetization are determined by self-consiste
solving a tight-binding Hamiltonian for the 3d, 4s, and 4p
valence electrons. The quantitative predictions of this mo
are tested for the ideal Co/Cu~111! and Co/Cu~100! systems
taken as reference theab initio results.7,8 The trends with
size obtained for the Co nanoparticles are compared with
experimental measurements for free-standing Co cluster

The rest of the paper is organized as follows. In Sec. II
present our theoretical method. The results are presented
discussed in Sec. III and the main conclusions of the w
are summarized at the end.

II. THEORETICAL MODEL

A. Hamiltonian

The electronic structure is determined by solving se
consistently a tight-binding Hamiltonian for the 3d, 4s, and
4p valence electrons in a mean field approximation:
ut
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e iasNias1 (
i ,a,s
iÞ j

t i j
abcias

† cjbs . ~1!

Herecias
† (cjbs) are the operators for the creation~anni-

hilation! of an electron with spins and orbital statea (b) at
the atomic sitei ( j ), andNias is the corresponding numbe
operator. The electronic delocalization within the system
described by the hopping integralst i j

ab between orbitalsa
and b at sites i and j , which are assumed to be spin
independent. The hopping integrals between atoms of
same element are fitted to reproduce theab initio band-
structure calculations for the pure element.15 The hetero-
nuclear hoppings at the nanoparticle-substrate interface
obtained as the average of the corresponding homonuc
hoppings. This has been proven to be a very good appr
mation in calculations for ideal Co overlayers on Cu~111!.16

The spin-dependent diagonal termse ias in our Hamil-
tonian include the electron-electron interaction through
correction shift of the energy levels, and take the followi
expression:

e ias5e ia
0 1zs(

b

Jab

2
m ib1V ia . ~2!

Here,e ia
0 are the bare energy of the orbitala at sitei ~that

is, excluding Coulomb interactions!. The second term is the
correction shift due to the spin-polarization of the electro
at site i , that is,m ib5^Nib↑&2^Nib↓&. In this second term,
Jab are the exchange integrals andzs is the sign function
(z↑511; z↓521). The d-electron exchange integra
Jdd~Co!50.95 eV is fitted to yield the spin-polarization o
Co bulk ~1.53mB), calculated with theab initio LMTO
method. The ratioJdd~Co!/Jdd~Cu!51.36 is also taken from
a LMTO calculation.17 Exchange integrals other thanJdd are
neglected. Finally, the size and orbital-dependent poten
V ia assure the local neutrality condition@nd( i )5nd~bulk!;
nsp( i )5nsp~bulk! at each sitei #, which is well fulfilled in
systems containing the present transition metals.16

B. Self-consistent calculation

Our goal is to determine the magnetic moment distrib
tion in our system, consisting of Co nanoparticles depos
on the~111! semi-infinite substrate of Cu, that is, to obta
m ia at each sitei and orbitala. The magnetic order as we
as macroscopic quantities like the average magnetization
directly obtained from these microscopic magnitudes.

To this end, we solve self-consistently our Hamiltoni
for all the inequivalent sites considered. Cu atoms below
second interface layer are assumed to be of bulk type s
their density of states is nearly the same as in the bulk. Th
the self-consistent calculation involves all nonequivalent
oms of the Co particle, as well as Cu atoms of the first t
underlayers with different environment.

The magnetic moments distribution can be determined
integrating the majority and minority local densities of sta
~LDOS! up to the Fermi energy:

m ia5E
2`

eF
@r ia↑~e!2r ia↓~e!#de. ~3!



o

lc

ilit
a

. B
h
o

h
y

tr

s
b

ca

o
us
w
ic
ai
w
nd
ca
n
ic

lo
irs

r
th
a
sp

.
m
th
.
o

n-

cc
th

er
be

our
the
lent
age
ter
be-
ion

nt
vi-

r
ne
he
to
of
x-

the
o
ns-

mic
o
p
the
os-
e
lly
o

m-

ith

fcc
p

n-
r a
e

55 447MAGNETISM OF Co NANOPARTICLES SUPPORTED ON . . .
The LDOS is directly related to the diagonal elements
the Green function:

r ias~e!52
1

p
Im@Gias,ias~e1 iO1!#. ~4!

These diagonal elements of the Green function are ca
lated by using the recursion method,18 with a sufficient num-
ber of levels in the continued fraction to assure the stab
of the results. The self-consistent procedure starts giving
input ofm ia andV ia at each sitei and orbitala from which
the diagonal elements of the Hamiltonian are constructed
solving the resulting Hamiltonian within the recursion tec
nique we obtain the LDOS. From them, a new distribution
magnetic momentsm ia8 is obtained. The potentialsV ia are
also updated at each iteration. The procedure finishes w
the inputm ia and outputm ia8 coincide and the local neutralit
condition is reached within an accuracy of 1024.

The advantages of this method are as follows:
~1! It is formulated in the real space. Thus, no symme

restrictions are required.
~2! It allows the self-consistent calculation for system

composed of a very large number of inequivalent sites,
cause no diagonalization is required.

~3! The magnetic properties are determined from a lo
point of view.

However, this method has also disadvantages related t
parametrical character and approximations. Before disc
ing the results, we would like to note precisely just ho
sensitive our model is to reasonable variations in the cho
of parameters. We will consider also the effects of the m
approximations. With respect to the hopping integrals,
have tested a variation of about 10% in the relative ba
widths of Co and Cu. The quantities of interest, i.e., lo
magnetic moments and magnetic orders, do not cha
qualitatively. Thus, the trends are independent of the cho
of the hopping integrals within that range.

There are two main approximations in our model: the
cal neutrality condition and the mean field treatment. F
principle calculations by Wang and Freeman19 for ideal sur-
faces of transition metals indicate that the charge transfe
negligible in these materials, assuring the accuracy of
local electroneutrality as a first approximation. Our me
field treatment necessarily exaggerates the exchange
ting, and thus, the magnetization, which is reduced byab
initio methods considering many body correlation effects
is important also to note that, if many-body effects are i
portant, the one-particle DOS may not be comparable to
excitation spectrum which is measured in photoemission

We estimate the accuracy of the numerical predictions
our model by comparing our results for the ideal Co/Cu~111!
and Co/Cu~100! with those obtained through theab initio
FLAPW model7 and FPLMTO,8 respectively. Our local
magnetic moment for the Co monolayer on Cu~111!,
amounts to 2mB which is higher than theab initio value7

~1.60mB) by .20%. For the Co monolayer on Cu~100! we
obtain 2.13mB , which is higher than theab initio8

~1.85 mB) by .13%. Therefore, the average spi
polarization is overestimated in our model by.17%. The
self-consistent tight-binding method seems to be less a
rate for the late transition metals, Co, Ni, and Cu, where
f
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sp electrons play a more important role than for the oth
elements. Thus, the computed absolute values have to
taken with care, and for this reason we will concentrate
discussion on the magnetic trends of the system, that is,
relative differences of the magnetic moments at inequiva
atoms within the cluster, the convergence of the aver
magnetization towards the ideal Co bilayer when the clus
size increase, and the possibility of magnetic interaction
tween the Co clusters. For a local quantitative descript
one should go beyond our model, by using anab initio tech-
nique including the correlation effects. Our self-consiste
tight-binding model has been successfully applied in pre
ous works to the study of free-standing clusters,20 clusters
embedded in matrices,21 and rough interfaces of Fe/C
systems.22 We guess that for the late transition metals o
could improve the accuracy of the model by improving t
transferability of the parameters. One possibility would be
fit them to first principles results for finite systems instead
fitting them to the bulk. In our particular case, we will e
plore in the future a fit of the parameters toab initio KKR
results for small Co microclusters on Cu,14 and also to the
ideal Co bilayer on Cu~111!.

III. RESULTS

The surface morphology, modeled approximately to
STM observations, is shown in Fig. 1. The triangular C
nanoparticles of two monolayers height are placed at tra
lationally symmetrical positions over the Cu~111! semi-
infinite substrate. This corresponds to the hexagonal ato
distribution at the~111! surface of a fcc system. In order t
simulate the observed5 equal ratio between the fcc and hc
growth sequences, half of the supported clusters follow
ABCabgrowth sequence whereas the other half are dep
ited in theABCba. This leads to a 60° rotation of one typ
with respect to the other, as it is also experimenta
determined.5 In the detail of Fig. 1 all the inequivalent C
sites~for a typical cluster of 49 atoms! are identified accord-
ing to their geometrical and chemical environment. For si

FIG. 1. The triangular Co nanoparticles deposited on Cu~111!.
A portion of the semi-infinite system is shown. These particles w
a corner pointing up are grown in a hcp sequence (ABCba),
whereas those with a corner pointing down are grown in a
sequence (ABCab). Note the equal ratio between fcc and hc
types, as experimentally observed through STM~Ref. 5!. For a
fixed island size, the distanceL characterizes the particle conce
tration. In the detail, the inequivalent Co sites are illustrated fo
typical cluster of 49 atoms~sites 1–7 belong to the interface plan
and sites 8–12 to the surface plane!. For simplicity, the inequivalent
Cu sites are not indicated.
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plicity the inequivalent Cu sites in the first two surface laye
are not indicated in the figure. In all these Co and Cu
equivalent sites, the LDOS and local magnetic moments
calculated self-consistently.

In order to investigate what is the influence of the grow
sequence and cluster size, we have considered both typ
isolated supported clusters with sizes of 16, 49, 100, and
atoms. These sizes correspond to the succesive cluste
two monolayer height that one can generate with triangu
shape. For all sizes, we obtain a ferromagneticlike or
within the Co cluster. This result is consistent with the stro
ferromagnetism of bulk Co and the noble character of the
substrate. In Fig. 2 is shown, for a fcc Co cluster of
atoms, the difference between the local magnetic mom
and the magnetization of the corresponding atoms of
ideal Co bilayer on Cu~111!. Several trends obtained from
our calculations are discussed in the following paragraph

In all cases, the local magnetic moments for the fcc a
hcp clusters are very similar, since the Cu environmen
nearly the same~differs only in one second neighbor!; fur-
thermore, Cu is a noble metal substrate, which only hyb
izes appreciably with the Co states lying 1.5 eV below
Fermi level. Indeed, the Cu states around the Fermi ene
have predominantlysp character, with a negligible densit

FIG. 2. Profile of the increase of the local magnetic moments
a supported fcc cluster of 49 atoms with respect to the ideal fcc
bilayer: ~a! surface atoms;~b! interface atoms. The local magnet
moments of the surface and interface of the ideal fcc Co bilayer
taken as reference in~a! and ~b!, respectively.
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of states. The weak interaction between Co and Cu has b
also pointed out from angle-resolved photoemiss
measurements10 for a Co monolayer deposited on Cu~111!.
We obtain that the magnetization induced by Co throu
hybridization in the Cu interface is negligible (.0.01mB).
This is in agreement with theab initio results of Zhong
et al.7 for Co/Cu~111!. However, it is interesting to note tha
although the integrated magnitudes~local magnetic mo-
ments! do not appreciably depend on the growth sequen
the corresponding LDOS at some particular sites reflects
different environment. For instance, in Fig. 3 is illustrat
the LDOS at the corner atom of the surface plane of
cluster of 49 atoms for both the fcc and hcp growth mod
One observes a different electronic structure, with a h
density peak at about 3 eV below the Fermi level in the c
of the fcc growth. In contrast, the LDOS for the hcp ca
does not reflect this state, but a higher density of states a
most pronounced peak of the majority band.

Appreciable changes are obtained, however, between
local moments of the different Co atoms within a given clu
ter as shown in Fig. 2. This is again related to their lo
environment, particularly to the local coordination numb
The atoms which display the lowest moment are those
cated at the Co/Cu interface in the center of the island@Fig.
2~b!#. The largest moment is displayed by the Co atoms s
ated at the corner of the surface plane@Fig. 2~a!#. These are
the less coordinated Co atoms and, thus, approach the at
limit. An enhancement in the local magnetic moments h
been also obtained by Langet al.14 for Co microclusters de-
posited on Cu~001! through anab initio KKR method. These
surface effects, that hold for every cluster size and for b
fcc and hcp growths, are reflected in the LDOS shown in F
4 for the fcc supported cluster of 49 atoms. One can obse
the transition from the electronic localization~low coordina-
tion, narrow LDOS!, to the electronic delocalization~in-
creasing coordination, broadening of the LDOS! as going
from the corner atom towards the side atom and the cen
atoms.23 As discussed above, the magnetic enhancement
fers for the inequivalent sites of the cluster~essentially cor-
ner, side, and central Co atoms located at the surface or a
interface planes!. Moreover, the distribution of inequivalen
sites depends on the cluster size and, therefore, so doe
average magnetization. There are no magnetic measurem
available for supported Co nanoparticles so far, but inter
ing conclusions can be drawn by comparing with the exp

r
o

re

FIG. 3. Local density of states at the corner atom of the surf
plane of the cluster of 49 atoms~type 8 in Fig. 1!. The solid line
corresponds to the hcp growth mode and the broken line to the
growth mode.



o
w

ea
e
m

e
th
m
lu
h
n
rt
t t
es
iz
th
o
in
r
fo
nl
r
tiz
h

er

ing

the
ave
ave
eter
g
es:

tion
sid-
hcp
ed

ro-
nts
ter
les
nd,
n the
t in
rise
ur-

his
sur-
the
ters
ag-
tic
as a
oth
ob-
on-

t-
la
rfa

of
led
d Co
ag-

-

55 449MAGNETISM OF Co NANOPARTICLES SUPPORTED ON . . .
mental results for free-standing Co clusters.1–3This compari-
son is worth it since in our nearly two-dimensional C
clusters, most of the atoms are of surface type. In Fig. 5,
show the evolution of the average magnetization per atom
a function of the cluster size towards the value for the id
Co bilayer on Cu~111!. Also, for the sake of comparison, w
show for the free-standing clusters the evolution of the sa
quantity towards the value for the Co bulk~taken from the
experiment of Billaset al.1!. All the experimental groups1–3

have found an augment of 25–40 % in the average magn
zation of Co clusters of about 50 atoms as compared to
bulk. Our supported particles are mostly composed of ato
of surface type, whereas in the compact free-standing c
ters, a core of Co atoms of bulk-type starts to develop. T
bulk-type atoms tend to reduce the average magnetizatio
the cluster. Since the atoms at the center of the suppo
cluster have lower moments than those at the corner or a
sides, the average magnetization of the cluster decreas
the cluster size increases. Moreover, the limit of infinite s
for the free-standing clusters is the bulk, whereas for
supported clusters is the ideal Co bilayer deposited
Cu~111!. This trend is recovered as an asymptotic limit
our calculation~see Fig. 5!. The convergence to the bilaye
limit seems to be relatively slow, as it is also the case
free-standing clusters, where the bulk limit is reached o
for a size of about 600 atoms. In Fig. 5, one can also obse
the small but persistent difference in the average magne
tion between the fcc and hcp supported nanoparticles. T
small difference, however, is out of the range of the exp
mental accuracy.

FIG. 4. Local density of states at particular sites~corner, side,
and center atoms! of the fcc supported Co nanoparticles of 49 a
oms. The solid line corresponds to the atoms at the interface p
whereas the broken line corresponds to the atoms at the su
plane.
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Up to now, we have discussed the situation correspond
to isolated supported Co particles (L→` in Fig. 1!. It is also
interesting to investigate the behavior of the system when
particle concentration is increased. For this purpose, we h
considered typical Co particles of 49 atom size and we h
moved the distance between them by changing the param
L of Fig. 1. In this way, we have studied the resultin
surface magnetization at different Co coverag
L525.55 Å (.0.98 Co ML! andL533.21 Å (.0.59 Co
ML !.

In order to characterize the possible magnetic interac
via exchange between adjacent Co clusters, we have con
ered the rhombohedrical unit composed by a fcc and a
cluster shown in Fig. 1. As input in the calculation we start
with two different spin arrangements~note that the initial
spin configuration can change during the self-consistent p
cedure!. One case corresponds to all the magnetic mome
pointing in the same direction in both fcc and hcp clus
types. This leads to a situation in which all the Co partic
over the surface have moments in the same direction a
therefore, the surface has a net average magnetization. I
other case, the magnetic moments of the fcc clusters poin
opposite direction to those of the hcp clusters. This gives
to a starting situation in which each Co particle on the s
face is surrounded by three Co particles~the nearest ones!
whose magnetic moments point in opposite direction. In t
case the initial antiferromagnetic superstructure over the
face leads to a zero average surface magnetization. If
magnetic interaction via exchange is strong and the clus
are close enough, one expects that the initial antiferrom
netic superstructure will transform into the ferromagne
one during the self-consistent procedure, because Co h
strong tendency to ferromagnetism. In our calculation, b
antiferromagnetic and ferromagnetic superstructures are
tained as self-consistent solutions for all the considered c

ne
ce

FIG. 5. Average magnetization per Co atom as a function
cluster size relative to the ideal fcc Co bilayer. Open and fil
squares correspond to our calculations for hcp and fcc supporte
clusters, respectively. The experimental results for the average m
netization of free-standing Co clusters~open circles and error bars!,
relative to the bulk~Ref. 1!, are also included for the sake of com
parison.
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450 55J. IZQUIERDO, A. VEGA, AND L. C. BALBÁS
centrations, even forL525.55 Å ~0.98 Co ML!. Moreover,
the energy difference between the antiferromagnetic and
romagnetic superstructures is zero and, furthermore, no
ferences in the absolute values are obtained as compar
the isolated cluster situation (L→`). These results indicate
that the magnetic interaction between the Co particles s
ported in the Cu substrates is very small, at least beyon
distance between nanoparticles of.5.5 Å.

The giant magnetoresistance appears when the mag
moments of ferromagnetic slabs or clusters, separated
nonmagnetic materials, are ordered antiferromagneticall
at random. Then, the application of a magnetic field produ
a ferromagnetic ordering and an important decrease of
resistivity. We wonder if this type of measurement cou
confirm our results.

IV. SUMMARY

We have calculated the magnetic properties of Co na
particles supported on the~111! substrate of Cu. The mor
phology of the system is approximately modeled accord
to the experimental sample by accounting for the main f
tures observed through STM.5 The main general trends ob
tained are the following.

~a! The local magnetic moments of the Co particles gro
in a fcc (ABCab) sequence are very similar to those of t
particles grown in a hcp (ABCba) sequence, independent
of the cluster size.

~b! The Co atoms with the lowest moment are those at
center of the particle in the interface plane~the atom with
higher coordination!. The largest moment is displayed by th
Co atoms at the corner of the surface plane~the less coordi-
nated ones!.

~c! The average magnetization of the supported Co c
ld
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ters decreases as increasing cluster size, approaching
limit of the ideal Co bilayer deposited on Cu~111!. A similar
trend has been experimentally observed for free-stand
clusters, although in this case, the limit corresponds to
bulk.

~d! Our calculation indicates that the magnetic interact
via exchange between the Co particles is very small bey
a distance between particles of.5.5 Å. This result could be
experimentally analyzed by means of magnetoresista
measurements.

We want to point out, however, that although this stu
gives a reliable insight into the general trends of the proble
it would be very interesting to compare with the results o
more sophisticated, but expensive,ab initio calculation. For
model systems less complicated than those studied here
the ideal monolayer of Co on Cu~111! and Co on Cu~100!,
there are recentab initio calculations showing similar trend
than our results for these systems, although our method te
to overestimate the spin polarization by about 17%. In
mean time, our purpose is to improve the transferability
the parameters of our model by fitting them toab initio re-
sults for small Co clusters supported on Cu. Our hope is
the numerical output using these improved parameters
compare well, qualitatively and quantitatively, withab initio
calculations when available.
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23But, even if the Co-Cu interaction is considered to be weak, w
one covers the supported Co particles with a Cu film, the surf
effect will not be present and the Co magnetization will d
crease. In order to show that our model can deal with this eff
n
e
-
t,

we have performed a calculation for the Cu4/Co/Cu~111! ideal
sandwich, and we obtain a magnetic moment in Co stron
reduced with respect to the one in Co/Cu~111! ~where the Co-
vacuum interface is present!.


