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Magnetism of iron clusters embedded in cobalt
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We present a theoretical study of the spin magnetization of iron clusters embedded in a cobalt matrix. The
calculations are performed on a large bcc cluster of 1021 atoms comprisimgaémm iron core and a
(1021-n) atom cobalt coating, where is varied from 59 to 641. The work is based on a spin-polarized
tight-binding Hamiltonian. Comparison is made with the magnetization gE&g,,_,, clusters. It is found that
in the copper matrix, the moments on the iron are reduced to a value close to that of bulk iron, whereas in a
cobalt matrix, the iron moments are very similar to the values found in free iron clusters, in good agreement
with recent experiment results. Interestingly if some alloying of the iron and cobalt is allowed in the region of
the interface, we obtain an enhancement in the iron moment as compared to that of a free iron cluster of a

similar size.
DOI: 10.1103/PhysRevB.66.085410 PACS nuniger75.75+a, 75.50.Bb, 73.22f
[. INTRODUCTION ment of the Fe moment is possible if some diffusion of Co

atoms across the Fe/Co interface is allowed to take place.

Nanoscale magnetic particles attract intense interest be- There have been extensive theoretical studies of the mag-
cause of novel properties that are strongly dependent on theiretism of single element clusterb initio calculationd®~*°
size, morphology and compositidr. The research receives are limited to a small number of atoms, while parametrized
added impetus because these low dimensional systems prisght binding method$-2°of various levels of sophistication
vide the key ingredient in the development of high densitycan explore systems of several hundred atoms, or more if
data storage devices. Reduced atomic coordination due to tymmetry or the recursion technique are used. The calcula-
presence of a surface plays an essential role in modifying theons give a reasonable account of the size dependent
properties, and this was made particularly clear in experimagnetizatiotf'!® observed in Fe, Ni, and Co, and accord
ments on free clusters of iron, cobalt, and nickel that demwith the experimental observation that the largest Rh cluster
onstrated an enhancement in the magnetic moments with rehowing magnetism is in the size range 50—100 atths.
ducing cluster siz&-° In addition certain materials, such as  Most of the work on two element systems has been either
Rh, that are paramagnetic in bulk, exhibit magnetism wheron layer materials or on clusters of a few atoms on a surface.
in the form of small cluster8The experimental investigation Studies of embedded clusters are more limfted® Many
of these systems has been greatly advanced by the develapi- the calculations focus on small clusters, but there have
ment of cluster sources that can produce a beam of particldseen a number of papers that have considered clusters
with well-characterized narrow size distributions, and by el-larger than 50 atom®?"3%3! Recently, Paduani and
ement specific techniques such as x-ray magnetic circuldfrausé® have studied a variety of Fe-Co alloy and
dichroism(XMCD) that can differentiate the spin and orbital multilayer systems using the first-principles molecular clus-
contributions to the magnetisht. ter discrete variational method. They model different Fe-Co

If clusters are deposited on a surface the cluster-surfacgystems with 15-atom embedded clusters of various compo-
interaction can modify the free particle magnetic behaviorsitions. They find that the local magnetic moment for Fe
Generally the magnetic moment of a deposited cluster is beatoms is very dependent on the environment while the local
low the free particle value. An interesting example is that ofmoment for Co is nearly constant.
iron in the size range 200-600 atoms. Exposed clusters on a The systems that are close packed in bulk have a structure
highly oriented pyrolytic graphittHOPQ surface have their that is more clearly defined than the bcc ones such as Fe.
moments reduced to a little above the bulk valuéowever, Clusters of Co or Ni adopt an icosahedral structure, with a
coating the particles with Co restores their moment to aroungharacteristic shell filling clearly evident in experimetits.
the free particle valu.In addition there is a considerable The situation in Fe is much less clé4r® with some indi-
enhancement over the bulk value of the orbital moment ircation of competition between different cluster geometries,
both the exposed and the cobalt coated iron clusters. In tHeut a bce structure at all cluster sizes is usually assufiEd.
case of exposed particles, the magnetization was monitordgor simplicity we shall assume a bcc structure for clusters in
as a function of surface coveragdhe spin moment was this paper both for the Fe core and for the Co coating. This
found to be rather insensitive to the coverage, while the orassumption is not unrealistic. In the case of thin Fe-Co films,
bital moment reduced rapidly to its bulk value. We focus inthe cobalt layer can be stabilized in a bcc structure up to a
this paper on the spin contribution to the magnetic momenthickness of about 2 nri{:*8
and report calculations on Fe clusters embedded in Co. We Our calculations are based on a tight-binding model de-
find that not only does a coating of Co result in a moment orveloped earlier and applied to single element nonspin-
the Fe that is very similar to its free cluster value in agreepolarized system&+° In the following section we describe
ment with the XMCD measuremerftdyut further enhance- briefly its extension for two element spin-polarized clusters.
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In Sec. Il results are presented on the spin magnetism of fredepends on atomic tydeandJ in binary systems. Obviously

Fe clusters and Fe clusters with coatings of Co or Cu. We,;=py,.

also consider the effect in the cobalt embedded clusters of To extend the TB formalism to spin-polarized systems, an

alloying just inside the Fe/Co interface. additional energy related to charge transfer and spin-
polarization is defined as

Il. THEORETICAL METHOD

_1 021
Our tight-binding(TB) model, which can be reliably used Esr=5 EI Ui(ni—ni)"=7 % iy My
from bulk, through to surfaces and clusters of elemental ma- b

terials, has been described extensively in our previous 1 , 0122

publications’®*° Here we will summarize briefly the exten- *2 EI Jig(Mia = Nig) "My, ©)
sion of the methodolody to spin-polarized and binary

systems. wheren? is the number of valence electrons of the corre-

We use a minimal orthogonal basis set containing,  sponding atom and, is the bulkd-orbital occupancy. The
andd orbitals. The on-site energy levels are assumed to deguantitiesn;, m;;, andn;q in Eq. (6) are defined as
pend only on the angular momentunof the orbitals\ and

are given b§° ni=|§: Nil g

e*=a+byp{+cp+dpf, (N

. . . My =N — Ny, 7
wherep; is the local “density” around aton, L 0
Nig=Nigr+ Niq -

pi=2 exp — yu(ri; /ro—1)1fe(ry)), (2)  The problem needs to be solved self-consistently and the
17 total energy is to be minimized with respect to the local
where 1(J) denotes the type of atom on sit€j), vy is a occupationsy;; ., within global charge neutrality. The second
parameter that will depend on the atom types such as Fe, Ctgrm of Eq.(6) corresponds to the exchange energy due to
Cu. If I=J, r, is the equilibrium nearest neighbor distanceSpin polarization, while the introducion of the third term
in the bulk, otherwise it takes the value of arithmetic aver-makes the exchange and Coulomb repulsion parameters de-
age.f.(r) is a cutoff function with chosen cutoff distance Pend on local environment, i.e., the spin split is smaller in
and Steepneé@_ The two-center intra-atomic e|ement5, atomic limit than in bulk limit for the same local magnetiC
which arise from the overlap of wave functiofiu) with ~ momentm;y while the Coulomb repulsion is larger in atomic
neighbor atomic potential¥;, are included to improve the limit due to larger local magnetic moment. Generally, the
TB transferability’®“° To extend to binary systems, these third term only gives a minor correction because the latal
terms are assumed to depend on distangeand atomic ~Occupancies of transition metals only slightly change with

typesl,J local environment?®
The TB parameters for pure Fe, Co, and Cu are deter-
Lo (1) =(Cry a7+ Ciy ol ij 1) mined as described in our previous publicatfBrin fitting
the parameters related to interaction between different ele-
xXexd —cyarij/ro=DIfe(rij), (3 ments, the TB parameters for pure Fe, Co, and Cu are kept

fixed and a constant shift to the on-site energy levels is used
to make the Fermi energy of different pure metals the same.
Similarly to the fitting for pure elemental materials, the bi-
nary parameters are determined by the simultaneous fit to the
energy levels and total energies of a number of binary clus-
ers of up to 55 atoms in size, as well as the total energies of
a few hypothetical ordered binary alloys all obtained from
density functional calculations.
The electron-electron interaction parameters extkdor
Fe and Co in Eq(6) are determined by a fit to spin-polarized
Xexd —hyya(rij /o= 1)1fc(ri). (4) ab initio results of a number of small clusters and bulk bcc or
fcc structures over a bond length range around the theoretic
We have made the approximatitigy=h;,. If I=J, the TB  equilibrium states. As shown previouéRthe results are not
parameterg,; in Eqg. (3) andh,; in Eq. 4 take the values of sensitive to the precise values df. Because the magnetic
those of the pure elemerfiIf 1#J, ¢,; andh,; correspond  moments are dominated by thiorbital contribution, we

where Iy, ,(ri;) = (il w|Vj|il"w), | denotess, p, d, and u
denoteso, m, 8. According to the definition of, normally
Cly#Cy -

Similarly to the traditional TB schenf&,the two-center
interatomic Hamiltonian elements are determined by te
Slater-Koster hopping parametéfg. , . We assume the hop-
ping parameters depend on the bond lengtras

Vi (1) = (hyg 2Dy ori /1o)

to the TB parameters between different elements. have neglected those exchange integdalsbetweens andp
The repulsive pair potentid@ as a function of interatomic  orbitals. The magnetic moments are very sensitive to the
distance values oflyq4, Which are 0.95 eV for Fe and 1.16 eV for Co.
The determined interaction parameters are tested against
D(rij)=pig1eXd — PrgaAr/ro—1)1f(rij) (5 some well-understood systems.
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TABLE |. Geometrical growth oD,, clusters as a portion of bcc T T T T T T T T T T T T T T T T T T
lattice. The number of subsheltsy,., (sets of equivalent atoms e FreeFe,,
number of atoms in each main shell,y,, and total number of L oo Fe, Co
atoms are given for up to sixth main shell. = 4--a FeygCugp,
main Nghell Nimain Total :g -
=]
0 1 1 1 s
1 2 14 15 S -
2 3 44 59 ;é 2o Bulk limit |
3 6 110 169 3‘}
4 8 170 339 | |
5 12 302 641
6 13 380 1021 15 [N I S Iy Sy I Sy sy |
000 111 200 220 311 222 400 331 420 422 511 333 600 531 440 442 620 533 622 444
Shell site
Ill. RESULTS

FIG. 2. Local magnetic moments of Fe atoms for free and for
The focus of this paper is iron clusters embedded in ao or Cu coated Rgy. The subshell sites are labeled as lattice
cobalt matrix, but to check our method on a well-understoodositions such a$000) and (111), in units of one-half the lattice
system, we begin by predicting the magnetic moments of &onstant. The figures close to the plots give the numbers of Fe
(100 free-standing Fe monolayer and @&0) surface at the nearest neighbors for each surface or interface subshell. Obviously
experimental lattice constant of bcc Fe. A 13-layer slab strucother subshells have eight Fe nearest neighbors.
ture is used to model the surface. The TB calculated local . . . .
moments are 3,25 for the monolayer, 2.99 for the (100 sive O, symmetry occupation of free sites with the largest

surface layer, and 2.26; for the center layer respectively, in numltl)ert 0(;_ f;rst ne?rest nlelgthbo(ENtN s)_fotrhthose \t’)\"th f
excellent agreement with the full-potential linearized SMa''ést distance firom cluster center it the numbers o

augmented-plane-wave method calculati®hs. FNN's of several available sets are equal. The details of the

The clusters studied in this paper are constructed around _ttern of main-shell fiIIir)g are listed in T.ab'?‘ |. The order of
central site and follow the bcc structure with the theoretical "9 of the subshells will be apparent in Figs. 2 and 3.

lattice constant of Fe. The clusters were constructed layer bg/ rl?re_wolus C?Lculattgons Sf t'rotﬂ CI_USté?:l bas?uznace)d ta
layer along theg(100) and (110) directions of the bcc struc- pherical growth pattern. Up lo the size ot abou atoms,

tures. The resulting main shell-closed clusters are covereﬁ]e present proposed growth is similar to the onionlike

with 6 (100) faces and 12110 faces. Because the separation spherical growth. We find from our TB calculations that the
total energy of regularly shaped Fe clusters generated as de-

distance 0f(100) planes ¢a wherea is bcc lattice constaint  seribed are lower than those of the same size spherically

is smaller than that of110) planes[(y2/2)a], a particular shaped clusters.

main shell may contain tw¢100) layers. Main shell filling Using symmetry-adapted basis functions, we can easily

maintains this cluster shape. Subshells are filled with succestiagonalize the Hamiltonian matrix for systems containing
more than 1000 atoms. In Fig. 1 we present our results for
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FIG. 1. Averaged local magnetic moments of Fe atoms in free
Fe clustersFree Fg), Cu coated Fe clusters (F&ujgz1_p), and FIG. 3. Comparison of the local magnetic moments of Fe for Co
Co coated Fe clusters (80,91 n-1). F&,C0y021_ -1l @re clusters  coated Fe clusters with and without cobalt atoms diffused into the
with some Co atoms substituted for Fe atoms inside the interface dfon core. Fg;sC0,¢ 1l is constructed from Fg4Cogg-| by replac-
the Co coated Fe clusters. ing 24 Fe atoms of she(b11) with Co atoms.
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the averaged local magnetic moments per iron atom of thes much less. The Co neighbors provide an effective en-
cobalt coated iron clusters together with those of free irorhancement to the exchange splitting of the Fe that virtually

clusters and copper coated ones. For the (Co) coated compensates for the bandwidth increase that occurs because
clusters, the Fe cores are covered by at least one layer of Gf their presence.

(Cu) which ensures that the nearest neighbor coordination of For Ee clusters embedded in a Co film, XMCD data show

all Fe atom is the same as in .bCC.bUIk Fe. Two plots for Cc{hat the number of FeBholes per atom is indistinguishable
coated Fe clusters are shown in Fig. 1.{€@oz1nl) ClUS- g5, the hulk demonstrating that the grains consist mainly of
ters have then Fe atoms filling inner subshells with the Co 16 Fe with intermixing confined to the particle surfaies.
atoms in the outer ones. An (f&0y01-n-ll) cluster is con-  However, Fe and Co are intermiscible, and this may result in
structed from a (Fg. pC0i0p1-n-p-1) One by replacing alp  some Co atoms diffusing through the interface region into
Fe atoms in a subshell in the interface region with Co atomsthe Fe particle. To model the effect of this diffusion, we
Such a cluster will give an indication of possible effects aris-replace some of the Fe atoms in Co coated Fe clusters by Co
ing from the diffusion of Co atoms across the interface.  atoms. For ease of calculation, we maintain cluster symmetry
It is well known, both theoreticallf’® and by replacing all the atoms in one subshell. It can be seen
experimentally’® that the magnetic moments of free iron from plot F&Coi921_ -1l Of Fig. 1 that this substitution pro-
clusters are enhanced compared to the bulk materials, artiices a distinct enhancement in the average local moment on
that the average magnetization per atom decreases nonmoribe Fe compared with free Fe clusters for sizes larger than
tonically to the bulk value with increasing cluster size. As 100 atoms.
shown in Fig. 1, our calculated averaged magnetic moments In order to see where the enhancement comes from, we
for free clusters are reasonably in agreement with previoushow the local moment of different shell sites on a typical
up to 200-atom size theoretical resifts® and correctly re- ~ cluster in Fig. 3. The cluster EgCorell is constructed by
produce the experimental tréfftiof converging to the bulk eplacing 24 Fe atoms at sh€li11) of Fey3dCogg | With Co
value with some oscillation. When free iron clusters are de&t0ms. The increased moment comes largely from five shells
posited on a surface such as HOPG or a noble metal, the spii00. (420, (600), (620, and(622), which are first nearest
magnetic moment at Fe atom sites reduces from the freBeighbor sites of511). The effective enhancement to the
cluster value to something close to the bulk limithe en-  €xchange splitting on Fe sites produced by Co neighbors
hancement of the magnetic moment of free clusters, due t8Perates not only on atoms on the surface of the Fe core but
the large proportion of surface atoms is largely cancelled oudlso in the core region itself. Thg sensitivity of the magnetic
by the cluster-surface interaction present in supported clugnoments of Fe to the local environment has also been ob-
ters. This behavior is seen in the plot in Fig. 1 for Fe embedServed in a recent study of Fe-Co alloys and multilayers.
ded in Cu. The magnetization is reduced to marginally above
the bulk value, behavior very similar to the experimental
observations on Fe clusters deposited on HOPG. IV. SUMMARY

_Coating the Fe core with Co instead of Cu produces Very \ye have calculated the average spin magnetic moment in
different behavior as is shown in the 65101 PIOtIn  Fo clusters over the size range 100-600 atoms. The well-
Fig. 1. I_:)esp|te the fact that the coordination of the surface F%nown enhancement over bulk values was found in free clus-
atoms is the same as that of the bulk, the average magneig,s \yhile a coating of Cu reduced the moment to roughly
moment on the Fe is close to or, for larger clusters, veryyat tound in bulk. With a coating of Co, however, the mo-
slightly higher than that of free iron clusters. The element ot is comparable to that of free clusters. This is in close
specific nature of XMCD measurements prowdes%%n EXPeliagreement with experiment. The behavior is interpreted as an
mental probe of the average moment on the Fe €OBUr  ihcreas6 in the effective exchange splitting on Fe resulting
results on Fe embedded in Co are in good agreement with they o the presence of Co atoms in the immediate environ-
experimental results for 200-600 Fe atom clustéig. 24 ent Most interestingly, we find that still further enhance-
in Ref. 2. ment of the average Fe moment is possible if some Co atoms

It has been pointed out before that Fe is magnetically, ¢ introduced into the interface region of the Fe core.
weak because of an insufficient electron-electron interaction The work points to the potential of the Fe/Co system in

to bandwidth ratio, while in Fe-Co alloys this in.te'raction for applications requiring a high magnetic density, and empha-
the Co atoms could increase the exchange splitting of the Fg, o5 the possibility of tailoring the properties of magnetic
3d bandé " The local magnetic moments for each subshellyanostructures by controlling the grain size and the compo-
of Feyzqin different environments are depicted in Fig. 2. The ition of two component systems.

results for other cluster sizes are similar to this one. Refer-

ring first to the free Fe cluster, the enhancement over the

bulk moment comes mainly from the surface sl@elimber 4 ACKNOWLEDGMENTS
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