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Magnetic structure of free iron clusters compared to iron crystal surfaces
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Electronic and magnetic properties of free Fe clusters of 9 to 89 atoms are investigated theoretically within
an ab initio fully relativistic framework and compared to results of crystal surfaces. It is found that the local
spin magnetic momentgs,;, and the orbital magnetic momentg,, are enhanced for atoms close to the
surface of a Fe cluster. The corresponding Friedel-like oscillations in the depth profileg;pénd e, are
more pronounced for clusters than for crystal surfaces. ddyg in clusters and at crystal surfaces turned out
to depend linearly on the effective coordination numiigs. This empiricaluspirNers inter-relationship is able
to account for some features of the experimentally measured dependence of the magnetic moment of free Fe
clusters on the cluster size. The spin-polarized density of stB®©S’s) for atoms in clusters is characterized
by sharp atomiclike peaks and substantially differs from the DOS in the bulk. The width of the local valence
band gets more narrow if one is moving from the center of the cluster to its surface. The DOS averaged over
all atoms in a cluster converges to the bulk behavior more quickly with cluster size than the DOS of the central
atoms of these clusters.
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I. INTRODUCTION obtained by means of TB model calculations with spin-orbit

Clusters comprising few tens or hundreds of atoms fornfPUPliNg included via an intra-atomic approximation were
an interesting class of materials, because they form a bridgesented. Preliminary resuits of fully relativisti@b initio
between atoms and molecules, on the one hand, and solidedlculations of spin magnetic momenis;;, and of orbital
on the other, and yet their properties cannot be described Htgagnetlc momentg,, of free Fe clusters were published by
a simple interpolation between the two extremes. Consel'€ Present authorS,
quently, magnetic properties of transition metal clusters at- >cveral calculations of the dependence/af;, on the
tracted a lot of attention—both due to fundamental reasongepth below the crystal surface have been published for bee

\ S ) -~ Fe, using arab initio formalism*~"as well as a TB model
and due to a potential application in magnetic recording in -/ iyronianie Most of these investigations deal with the

du.SttW' Ast_cIUfterf gorltrc;iln al Izi_rge Sotr\}\l,on ozhsurf?ce; atoms, 'gml) surface; less work has been done on tht0) surface
IS Interesting 1o study he relation between e electroniC antd, 4 oy jittle attention has been devoted to thél) sur-

magnetic properties of atoms which are close to a clustefyce “similarly as in the case of clusters, not many papers
surface and of atoms which are close to a planar surface ofigcjyde ., in their considerationAb initio calculations of

crystal. Although the importance of surface-related effects ifhe profile ofyu,,;, were published for a perpendicularly mag-
clusters has been universally acknowledged, no systematigetized(001) surfacel®17:1% systematic study of the orbital
study comparing clusters and crystal surfaces has been pgfragnetism below surfaces of transition metals was per-
formed so far to the best of our knowledge. The aim of thisformed by Rodriguez-Lépeet al18
work is thus to focus on theoretical investigations of free  Magnetic moments of free iron clusters were measured by
iron clusters with bcc geometry and bulk interatomic dis-Stern-Gerlach-type experimeritsit was found that the total
tances and on comparing their properties with properties ofnagnetic moment of clusters per one atom oscillates with the
bcc-Fe crystal surfaces. size of the cluster, approaching only slowly its bulk value.
Previous work on free medium-sized Fe clusters of 10-Several attempts were made to reproduce this oscillatory de-
100 atoms with a geometry taken as if cut from the bulkpendence either via calculating magnetic moments at each
relied mostly on a parametrized tight-bindiiB) model  site of a given clustér! or via simple models relying on the
Hubbard Hamiltoniat-2 Early ab initio calculations, on the atomic shell structure of respective clust&=*with partial
other hand, were restricted to Fe clusters containing not morguccess.
than 15 atom$-6 More recent work relying on aab initio In principle, uepin and ue, Can be measured separately by
approach have focused mainly on geometry optimization ofmneans of the x-ray magnetic circular dichroiskMCD) of
small or medium-sized clustérdand thus cannot be directly x-ray absorption spectra, via a judicious use of sum rifles.
utilized for comparing with crystal surfaces. Generally, Several experimental studies were performedsapported
nearly all calculations of electronic structure of free metalliciron clusters®=2 These studies suggest a substantial en-
clusters were non relativistic, meaning that they do not givehancement ofu,,, as well as of the ratio betweem,,, and
access to the orbital contribution to the magnetic momentus,, with respect to the bulk, whilg,,;, remains the same as
Only recently orbital magnetic moments for free Ni clustersin the bulk or even decreases.

1098-0121/2004/70.7)/17442313)/$22.50 70 174423-1 ©2004 The American Physical Society



SIPR, KOSUTH, AND EBERT PHYSICAL REVIEW Br0, 174423(2004

The purpose of this paper is to investigate theoretically Crystal surfaces were simulated by finite 2D slabs, again
magnetic properties of free iron clusters. We start with dewith bulk interatomic distances throughout the whole sys-
scribing our fully relativisticab initio computational formal- tem. For the(001) surface, we used 18 planes of Fe atoms
ism. Then the dependence @, and uq, On the distance of and 7 planes with empty spheres on both sides of the iron
atomic sites from the cluster center and the dependence afab, for thg110) surface we used 18 planes of Fe atoms and
Morp ON the direction of the magnetization is discussed for6 planes with empty spheres, and for ttid1) surface we
several cluster sizes. This is followed by a comparison of theised 34 planes of Fe atoms and 7 planes with empty spheres.
magnetic properties of atoms in free clusters to properties ofhe electronic and magnetic structure of these slabs was cal-
atoms at and below crystal surfaces. Then we study systeneulated via a fully relativistic spin-polarized tight-binding
atic trends of magnetic moments in clusters and at surfacgdB) Korringa-Kohn-Rostoke(KKR) method*:#2 Similarly
and in particular their dependence on the effective coordinaas in the case of free clusters, the potential was taken in the
tion number. This dependence is then utilized for estimatincdASA form. We checked that the convergence to bulk proper-
the magnetic moments of large clusters and a subsequetis was achieved in the central layers.
comparison of our results with experimental data. Finally, All calculations have been done assuming a collinear spin
spin-polarized densities of stat¢gDOS) of iron atoms in  configuration, i.e., the orientation of the magnetization is
clusters are analyzed. characterized by a common vectdr. This restriction might

be questionable for the clusters because, in this case, noncol-
Il. THEORETICAL METHODS linear spin structures for the ground state have indeed been

We investigate free spherical-like clusters constructedound for very small Fe clusterscontaining up to five
from 17 coordination shells of bulk bce Flattice constant ~ atom9.#3#* Test calculations done for a Fe cluster with 9
a=2.87 A). Our neglect of the geometry relaxation is mostatoms using the VASP cotfelead to a collinear spin
serious for small clusters, which in reality may adopt variousconfigurationt® Because also all other clusters studied within
structures with sometimes tiny differences in their totalthis investigation had a highly symmetric cubic geometric
energied:?° The structure of larger clusters seems to be les§tructure ywth clos_ed atomic s.hells, itis g)gpected that assum-
effected by geometry relaxation, as suggested by TB moddd a collinear spin structure is well justified.

Hamiltonian calculation's®® as well as byab initio results®

In contrast to the previous work, our study primarily focuses [ll. RESULTS AND DISCUSSION

on comparing spin and orbital contributions to cluster and
surface magnetism, in particular for relatively large clusters.
The neglect of the geometry relaxation for both type of sys- The dependence qig, on the distance of atomic sites
tems seems to be adequate because it allows a more dirdobm the cluster center is displayed in Fig. 1, for cluster sizes
comparison. ranging from 9 atomga single coordination shellto 89

Our theoretical investigations are based on the local spiatoms(seven coordination shells around the central atdm
density approximationLSDA) scheme to deal with ex- contrast to a nonrelativistic or scalar-relativistic description,
change and correlation effects. The Vosko, Wilk, and Nusaiatoms belonging to the same coordination shell need not be
parametrization of the exchange-correlation potential wasll symmetry equivalent, because the presence of a magneti-
used®! The reliance on LSDA as opposed to the generalizegation and of spin-orbit coupling lowers the symmetry of our
gradient approximatioiGGA) is justified in our study be- systems’ Nevertheless, it can be seen from Fig. 1 that the
cause we focus on magnetic properties of fixed-geometrgpin magnetic moments of atoms of the same coordination
systems. Although GGA was found to be superior to LSDAshell are practically all identical, even if they are inequiva-
in exploring structural properties of transition met&sts lent due to the presence of spin-orbit coupliisgnall differ-
benefit in magnetic studies is still questionabte’® ences can be observed only for atoms in the outermost shell

The electronic and magnetic structure of clusters was calef the 65-atoms clustgr Likewise, there is practically no
culated in real space via a fully relativistic spin-polarized dependence g, On the direction of the magnetization, in
multiple-scattering techniqu¥, as implemented in the line with previous findings, e.g., for bulk systefisThis
SPRKKR codée’ We relied on spherical potentials in the behavior can be explained by the fact that the spin magnetic
atomic sphere approximatigASA). In order to account for moment is determined by the difference in the populations of
the spilling of the electron charge into the vacuum, the clusthe exchange-split spin up and spin down states, that is
ters were surrounded by empty spheres. The scattering pbardly changed if the spin-orbit coupling is considered as a
tential of atoms in the clusters was obtained from scalarperturbation.
relativistic  self-consistent-field (SCH calculations for On the other handy,,, exhibits quite a strong dependence
clusters using an amended XASCF cé8eé’ Use of scalar- both on the symmetry class of the atoms within a coordina-
relativistic potentials was in fact not crucial in our study: we tion shell and on the direction of the magnetization. This can
found that results of our fully relativistic calculation of the be seen in Fig. 2, where the profiles 4, are shown for
electronic structure do not change if the scattering potentiaihree magnetization directiorighe magnetizatio is par-
is taken from a nonrelativistic SCF calculation instead ofallel to one of the[001], [110], and [11]] crystallographic
from a scalar-relativistic one. Some further technical detailglirectiong. The spread in values @i, for inequivalent at-
on our way of constructing the cluster potential can be foundms of the same coordination shell clearly differs from one
in Ref. 40. cluster to another, with no obvious systematic dependence on

A. Magnetic profiles of free clusters
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FIG. 2. uop in free iron clusters as a function of the distance of
the atoms from the centépoint mark3. The magnetizatio is
oriented parallel to th€001], [110], or [111] crystallographic direc-

FIG. 1. Dependence Qigy,in free iron clusters on the distance U0NS: as indicated in the legend. The solid lines dengjg aver-
of the atoms from the center of the cluster. Each cluster is identifie@9€d over all atoms in a coordination shell. Each cluster is identified
by the number of constituting atoms. by the number of constituting atoms.

0 2 4 6
distance from cluster center [A]

It can be deduced from Figs. 1 and 2 that bpth;, and
the cluster sizgthe spread is small for clusters of 15 and 51 u,,, are enhanced when approaching a cluster surface. This
atoms but quite large for clusters of 9, 27, or 89 atoms. Notenhancement doest monotonously depend on the distance.
that the lowering of cluster symmetry induced by the mag-Rather, Friedel-like oscillations iy, and o, appear. At
netization depends on the direction Idf, meaning that the some sitesugpin OF uor, May acquire values which are lower
number of symmetry inequivalent classes into which atomshan those at the central atom. Convergencegf, and u,
of the same coordination shell split may be different for dif- to bulk values has not yet been attained even at the center of
ferent magnetization directions, as it can also be observed ithe 89-atoms clustgiour SPRKKR calculations yields bulk
Fig. 2. In line with this, we find that the spread @f, within ~ values of 2.2,z for ugpin and 0.054ug fOr wgm).
an atomic shell is smallest fdvl oriented along the high- Although o, at individual atoms may depend quite
symmetry direction[001]) while it is in general largest for strongly on the magnetization direction,,, averaged over
M coincident with the direction of the lowest symmetry all atoms of a given coordination shéBhown via lines in
([120)). Fig. 2) does not exhibit any significant dependence on the
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TABLE |. Magnetic properties of iron clusters averaged over all [T T T T
their atoms as a function of cluster size. The first column displays = 3r
the number of atoms in a cluster, the second and the third columns S
show averageuspin and uo,, the fourth column contains the ratio of c [
averageuom/ ispin and the last column shows the average number § ar
of holes in thed band.
Size ﬁspin [ua] /-70rb (1] E)rblﬁspin Ny — 3 L X ]
D | @ 27 atoms
9 2.84 0.208 0.0731 2.89 3 [
15 2.54 0.070 0.0275 3.02 £ _ I
27 2.83 0.125 0.0441 3.19 o : O —— Vega'93
51 2.62 0.075 0.0285 3.22 [ O eeee Franco "9
59 2.68 0.062 0.0233 3.27 al ]
65 2.66 0.074 0.0281 3.34 N : ]
89 2.70 0.068 0.0253 3.34 _ ; 7 15 sloms ]
bulk 2.28 0.054 0.0237 3.44 82r g~ ]
2 r O o’ Q ---- Yang 81
¥ O === this work
direction of the magnetic field. This suggests a very small __ 3} 3
magnetic anisotropy energMAE) for closed-shell spherical é" [ ]
clusters?® of the same order as in the bulk. In this respect our ; 9 atoms ]
clusters differ from smaller low-symmetry clusters investi- a2 .
gated by Pastoet al.>0 for which a MAE as large as in thin <
films has been found. A B
So far we were concerned with magnetic profiles, i.e., 4 6

with the distribution of i, and uom Within each cluster. distance from cluster center [A]
However, experlment f[yplcally sees only values average_d FIG. 3. Comparison ofug, profiles as calculated by different
over all atoms constituting a cluster. Therefore, we present in

L methods. Solid lines correspond to this work, coarsely dotted line to
Table | tOt_alfu‘Spin_and'“‘mb of C|USte.rS d“.”ged @/ the number Yanget al. (Ref. 5, dashed line to Pastet al. (Ref. 1), dash-dotted
of atoms uepin Moy @Nd also their ratique/ mspin AS the

. ! . line to Vegaet al. (Ref. 2, and densely dotted line to Franebal.
analysis of experimental XMCD spectra on the basis of theret 3 Each cluster is identified by the number of its atoms.
sum rules involves the average number of holes in ttie 3

band, this quantity is presented in Table | as well. We willlow-symmetry systems, the contribution coming from
focus on average cluster magnetic moments in Sec. Ill E imay be significant?

more detail. Here we would like only to note that Table | It is worthwhile to compare our magnetic profiles with
reveals that theuqn/ uspin ratio approaches the bulk value earlier work. In Fig. 3 we display our results together with
much more quickly thang,, or o, separately. This might  ug, obtained from nonrelativistic SCRa calculations of

be seen as a contradiction to some experimental XMCDranget al® and from nonrelativistic parametrized model cal-
studies which suggest that the,/ uspin ratio is about twice  culations of Pastoet al,! Vegaet al? and Francet al2 It is

as high for supported iron clusters than for the bulk Feobvious from Fig. 3 that the spin magnetic profiles calculated
crystal?6-28We suppose that one of the main reasons for thidy different methods show a rather pronounced spread. The
discrepancy rests in the shape of the clusters: supported cludifferences are larger for the inner atoms than for the outer
ters investigated in Refs. 26—-28 were probably rather flabnes. This suggests that even without involving geometry
than spherical, containing thus a much larger portion of sureptimization, the task of calculating electronic structure of
face and edge atoms with a large,, than the spherical metallic clusters is quite a complex one. On the other hand,
clusters we investigate here. A further reason for the differenin spite of the rather large quantitative scatter of the various
dependency of th@u,/ uspin Fatio given in Table | and de- results one nevertheless notices that the qualitative trend of
duced from the mentioned XMCD investigations is that rela-the profiles is in reasonable agreement.

tivistic calculations based on plain spin density functional No other calculations of site-dependewy,, in free iron
theory give the spin-orbit-induced,,, often too smafi' (see  clusters have been published so far to the best of our knowl-
also Sec. Il B. This problem is in fact more pronounced for edge. Guirado-Lopezt al® presented recently results of
small clusters than for the bufé Finally, one has to mention their TB model Hamiltonian calculation ofi,,, in free
that the estimate ofigyn ON the basis of the sum rules is spherical Ni clusters containing up to 165 atoms. Although
normally based on the assumption that the spin magnetiour results for Fe clusters cannot be directly compared with
dipole termT, in the sum rule can be ignoré8Our calcu- results for Ni clusters, it is interesting to note that quite a
lations show that, indeed, for frephericalFe clusters th&,  significant dependence qi,, averaged over all atoms of a
term is negligible(typically, it is by three orders of magni- coordination shell on the magnetization direction was found
tude smaller thanugp). However, for low-dimensional or by these authors, which is in contrast to the present results
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E al. (Ref. 15, Erikssonet al. (Ref.
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for Fe clusters. It is conceivable that the local geometry ofinfinite crystal geometry’ Likewise, these oscillations are
clusters is important in this respect: the Ni clusters investifpresent in ASA as well as in full-potential calculatiéhs®16
gated by Guirado-Lépert al® have either an fcc or an S0 approximating the shape of the potential does not seem to

icosahedral structure while our Fe clusters have a bcc strude significant in this respect either. Note that full-potential
ture. KKR calculations confirmed that the ASA is a good approxi-

mation for calculating the electronic structure of Fe surfaces,
as long as one is not interested in surface states that are
relevant, e.g., in scanning-tunneling microscéplt. appears

In this section we display the results of our calculations oftherefore that the presence of Friedel-like oscillationgdg,
Hspin @Nd uor, at Fe crystal surfaces and compare them withbelow crystal surfaces is well confirmed.
available theoretical results obtained via different methods. In Fig. 5 we compare,,, at the(001) and(110) surfaces
Figure 4 summarizes the layer dependenceugf, for the  for the magnetization oriented either perpendicular or paral-
(001, (110), and(111) crystal surfaces and compares themlel to the surface, as computed by the fully relativistic TB-
with full-potential linearized augmented plane wave methodKKR approach(present work and by thed-band model
calculations of Ohnishiet al!* and Fu and Freemdd, Hamiltonian calculations of Rodriguez-Loper all® In the
Green’s function linear-muffin-tin-orbitalLMTO) calcula- case of thg001) surface with perpendicular magnetization,
tions of Niklassoret al,'® LMTO calculations of Erikssoet ~ LMTO calculations of Erikssoet al1° and Hjortstanet al 3
al.,'® full-potential LMTO calculations of Hjortstarat al,'*  are also displayed in the graph.
TB-LMTO calculations of Spisak and Hafn¥r)inear com- Our calculations do not include the so-called orbital po-
bination of(pseud® atomic orbitals calculations of Izquierdo larization (OP) term that was introduced by Brooks to ac-
et al,'® and d-band model Hamiltonian calculations of count for the enhancement of spin-orbit-indugeg, due to
Rodriguez-Lopezt all® electronic correlation®5”As Hjortstamet al 12 present their

One can see that the basic trend, namely, a rather strongsults both with the OP term included and without it, we
enhancement ofu,i, at crystal surfaces, is attained by all choose for comparison their results obtained without the OP
calculations. For th€110) surface this enhancement is sig- term. Adding the orbital polarization term to the Hamiltonian
nificantly smaller than for th€001) and(111) surfaces; this is supposed to account heuristically for some many-body ef-
is consistent with the fact that atoms at t#10) surface fects which give rise to the Hund’s second rule in atomic
have higher coordination numbers than atoms at the otheheory and which are neglected by the local approximations
two surfaces. The increase pfy,, with decreasing distance to relativistic spin density functional theoty> These essen-
from the surface is usually not monotonous. It was suggestetially atomic many-body effects are presumably better de-
that these Friedel-like oscillations are an artifact caused bgcribed by the model Hamiltonian approach employed by
an insufficient number of layers involved in slab-type Rodriguez-Lopeet all or by the LDA+U schemé? In fact
calculations'12 However, these oscillations persist even if the LDA+U as well as the OP schemes can be combined
the number of layers in which the electronic structure haswith the fully relativistic spin-polarized KKR formalism
been allowed to relax is as large as 9 or(ich is the case used here for the electronic structure calculatit¥f8As the
of our work or Ref. 1% and also when dealing with a semi- present study primarily aims to investigate the dependency

B. Magnetic profiles of crystal surfaces
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FIG. 5. Layer-dependence @i, below iron crystal surfaces; 7 12
left panels stand for th€001) surface, right panels for thel10) 8 7

surface. The magnetizatidv is either perpendiculgtower panely

or parallel(upper panelsto the surface, its orientation is schemati- perpendicular to three common crystallographic directions

cally depicted in the insets. Moments calculated by Rodrlguez;,;lre summarized in Table II. As atoms belonging to the same

oo Sk i e e otk ySlographic ayer i a lste are ot all equivlen fhat
et al. (Ref. 19 and by Hjortstaret al. (Ref. 13 (without OP are atom which is most “centrally” located was selected to rep-

chown for comparison. The results of Erikesen al (Ref. 1 resent the whole_ plane. This choice was . made because
W comparison. u ! - (Ref. 19 mong all atoms in such a layer, the properties of this atom
ne‘gr'y.con.c'ﬂe. W':]h OIL" reslul;s, henfe the corresponding line is hard; o semple most the properties of atoms in the correspond-
to distinguish in the lower eft panel. ing layer below a crystal surface. At the same time, one has
to bear in mind that our comparison of crystal and cluster
of local magnetic properties of closed-shell Fe clusters osurfaces concerns the ideal nonrelaxed bcc structures. Real
their size and to compare these with their counterparts foclusters will probably have surface faces and interatomic dis-
corresponding surfaces, we restricted ourselves to plaitances different from those of crystal cuts.
LSDA-based calculations. Accordingly, to allow for a com-  The dependence gig, on the distance from the crystal
parison of our results fou,,, with those of Rodriguez-Lopez surface and from the surface of an 89-atom cluster is shown
et al,'8 we scaled their data down by a factor of 0.57, whichin Fig. 6. The enhancement pf,, at the surface is larger in
is the average ratio betweegr,,, obtained without and with ~ clusters than in crystals for all three directions we explored,
OP at and below théd01) surface in the work of Hjortstam Which is consistent with a lower coordination number of the
et all3 atoms at the surface of a cluster than at the surface of a
One can observe from Fig. 5 that all the calculations procrystal. The Friedel-like oscillations are more pronounced in
vide a very similar enhancement pf,, at crystal surfaces. the clusters than for the surface region of crystals. They ap-
Similarly as in the case Ofig, this enhancement is larger pear to be in phase for tj¢10] and[111] directions but not
for the (001) surface than for thé110) surface. A good over- for the [001] direction. This could be intuitively understood
all agreement between our results and the scaled results gfven the fact that for semi-infinite crystals, there is only an
Rodriguez-Lopeet al,!8 for the two different surfaces, sug- abrupt termination by the surface in one direction, while for
gests that the effect of orbital polarization pg,, at different ~ clusters there are many such terminations. The oscillations of

layers indeed can be roughly estimated by a common multigspin in clusters can thus be viewed as arising from a com-
plicative factor. plex interference of several Friedel-like oscillations. The dif-

ferent phase of thew,, oscillations for clusters and crystal
surfaces in thg001] direction is thus not very surprising.
Layer-by-layer profiles ofu,,, for clusters and semi-
infinite crystals are displayed in Fig. 7. The magnetization
Our calculations 0fugi, and urp, Of free clusters and at vectorM is either perpendicular to the laydi<e., parallel to
crystal surfaces were performed within a common theoreticathe direction in which the cluster and the semi-infinite crystal
framework, relying on identical or very similar approxima- are probeglor parallel to the layers. In the case of 0]
tions and computational methods. Hence they are well suitegrobing direction, different profiles ip,,, are obtained for
for a comparative study of magnetic properties of atoms irdifferent in-plane orientations d¥l (middle panel of Fig. 7,
free clusters and at crystal surfaces. For this purpose, weashed and dotted lingsFor the [001] and [111] probing
focus on an 89-atom spherical cluster and slice it into atomidirections, no such dependence was fo(thd magnetic pro-
layers so that these layers form parts of corresponding plandies for two mutually perpendicular in-plane directionshdf
in the parental bcc crystal. The numbers of atoms in layeragree within a thickness of the lipe

C. Comparison between magnetic profiles of clusters and
surfaces
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E 28 g8t [110] direction 1 Ee28f [111] direction ,I- cluster explored in th¢001] (left
E E E pane), [1_10] (middle pane), and
S 26 s 26l 1 g6l ] [117 . (rlght .pane) crystallo-‘
® ] ] graphic directions compared with
4 g g Mspin @t and below corresponding
E 24 Eoaf 1 Eoaaf :
g% i £ crystal surfaces.
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The surface enhancement gf,, as well as Friedel-like general to an increase of the DOS at the Fermi level. On the
oscillations are more pronounced at clusters than at surfacesasis of the Stoner criterion one finally expects an increase of
Similarly, the difference betweemn,,, for M perpendicular to Mspin COmpared to the bulk system. Although isolated
the layers or parallel to them is larger at clusters than atlusters—in contrast to a surface regime—have a discrete
surfaces. Note that this finding does not contradict our earliegigenvalue spectrum, this chain of arguments seems to be
statement that there is hardly any anisotropy in shellppplicable for them as well. In fact, it has been shown by
averageduon, (Sec. Il A), because here we focus g, for - many examples that magnetic moments of atoms in transi-

individual atoms and not on average values. tion metals increase if the atomic coordination number
_ _ _ decrease8! However, such a dependence has never been as-
D. Systematic trends in magnetic moments sessed in a quantitative way. Our study incorporates Fe at-

The enhancement q&spin at surfaces is in general as- 0mMs for quite a large range of coordination numbers. Explor-
cribed to the reduction of the coordination number of theing the dependence Ofigp, and uy, Oon the number of
surface atoms. According to tight-binding considerationsheighbors offers thus a natural way for analyzing the theo-
this leads to a narrowing of the electronic band and in turn irretical data we have obtained.

o12f — 012 x — myp10] a oa2f -
ot 120 o o ey & = o FIG. 7. pop in an 89-atom
. cluster explored in th¢001] (left

pane), [110] (middle panel, and

] [111] (right pane} crystallo-
graphic directions compared with
Morp @t and below corresponding
crystal surfaces. The magnetiza-
tion is either perpendicular to the
layers (solid lineg or parallel to

e . - them (dashed and dotted lings
For the case of an in-plane mag-
netization, the direction of the
magnetic fieldM is also indicated
by the inset drawings. In each
panel, the upper graph corre-
sponds to the cluster while the
lower graph to the semi-infinite
crystal.

Boro  [ps]
°
2

0.06 | free cluster gl 0.06 | free cluster

o o

012} - .
o
>\ (170]

[110]

g “ [001] direction /, E
£
X

6 4 2 0 6 4 2 0 6 4 2 0
depth below surface [A] depth below surface [A] depth below surface [A]
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ashk o | ! ! ] perpendicular magnetizations. One can see gt depends
o pispin(Nett) on Ngg approximately in a linear way, especially if data
I Q Spin\™7e points for the smallest clusters of 9 and 15 atoms are ex-
_3of o <24 ] cluded. Fitting these data in tiNy; << 8.5 region, we arrive at
s% He the following relation:
£ ¥ @A
E 25 * ox E V] T
E i ?5 & j ] Mspin=—0.21X Nt + 3.94. (2
B o 27 0% 8]
D20l X 51 ® (001) . , ]
E o 59 * (110) ox ] If_we considered only atoms in clusters, the slope V\_/ould be a
5 A 65 9 (111) ] bit more steepefuspin=—0.22X Nes+3.98), if we considered
s &% * ] only atoms at crystal surfaces, the slope would be more mod-
- P erate (uspin=—0.16X Neg+3.71). Such a linear dependence
0 2 4 6 8 10 describesugpin(Nery) only for Nes=8.0; for largerNes, ispin
effective coordination number Nt saturates around the bulk value with considerable deviations
0.8 e e (_)f individual data points from this mean value..Note t'hat the
A ] linear dependence qfg;, on Ng revealed by Fig. 8 differs
- tion(Nett) from the ~N % form which was used in Refs. 23 and 24
30251 ] and which follows from certain assumptions about the char-
e ® acter of the DOS and exchange interactiactangulard
j‘-’ 02k ] band, second moment approximation-band splitting
@ 8 caused by exchange interaction same for clusters and.bulk
5015 3 A0 _ Similarly to the case ofusp, ONe can also observe an
s A . . . .
o 1 essentially monotonous decreaseugf, with increasingNgy
] ® ] for both free clusters and crystal surfagéswer panel of
g 0.1 e £ Qg © ] Fig. 8). However, one cannot describe this with a mathemati-
5 6@ %k o ] cally simple relationship as in E¢2) and also the spread of
8905 ﬁ XE o M N the values ofu,,, for a givenNg is relatively large. Despite
o X ] . . . .
° oﬁ ] this fact, the correlation between,,, and Ny is obvious,
] although less clear cut than in the case mf,, This
g 2 4 6 8 10 uo-Negr inter-relationship can be explained to some extent
effective coordination number Neg by an expression for the spin-orbit induceg, that is based

_ on perturbation theory and that relates, to the difference
FIG. 8. uspinand uorp, 0f atoms in clusters and at crystal surfaces of the DOS at the Fermi level for the spin up and spin down

as a functlon.of the effective coordination numlblgff. A.ss.lgnment componentd? Obviously, this difference will depend on the
of marks to different clusters and crystal surfaces is indicated by the o . - .
oordination numbeN. in a similar way as discussed above

legend in the upper panel. The straight line in the upper panelis a f r the total DOS at the Fermi level.

to the data in the regioNg4< 8.5, with the 9- and 15-atom clusters .
omitted. The number of valence electrons of atoms in the surface
region of a cluster or solid will in general be reduced because
) of the spill-out of electrons into the vacuum region. Due to
In order to account fpr the influence of the nearest as wellha pronounced exchange splittitgge Sec. Il F belowand
as the next-nearest neighbors, we rely on the effective C0Ofne pand narrowing discussed above this will primarily affect
dination numbeNe (Ref. 62 the minority-spin electrons. As a consequence, one may ex-
Nerr = Ny + BNy, (1) pect at least a monotonous variatiqn,ugt,in with the number
of valence electrondl, 4 for atoms in the surface region. In
whereN; is the number of the nearest neighbors &fydis  fact, as it can be seen in the upper panel of Fig. 9, a nearly
the number of the next-nearest neighbors. The coeffigient linear relationship betweegs,i, andN, is found when plot-
is determined by the distance dependence ofdttedectron  ting the data for the various systems considered here. In par-
hopping integral§?63 Following Pastoret al® and Zhaoet ticular one finds, in line with the given arguments, that atoms
al.,?® we take8=0.25, meaning that we haw,4=9.50 for  in the(110), (001), and(111) surface layers of a semi-infinite
atoms in a bulk system with bcc structure. We checked thafe crystal with effective coordination numbeXsi; of 7.00,
the main conclusions drawn in this section are not very sen5.25, and 4.75 exhibit a reduction of the number of valence
sitive to the particular value of thg coefficient. Figure 8 electronsAN,, by -0.23, -0.49, and -0.62 compared to
summarizegugi, and uq, for all the cluster sizes and crystal bulk, accompanied by an increase;, by 0.27, 0.65, and
surface types we explored as a functionNf. For clusters  0.61ug, respectively. As can be seen from Fig. 9, the cluster
we consideru,,, averaged over all atoms in a given shell data—including those for the 9- and 15-atom clusters—
(which are essentially independentMf see Sec. lll A, for  follow the trend of the crystal surfaces results. Fitting all the
crystal surfaces we make an averageugf, for in-plane and  data points satisfyingl,,<<8.6 by a straight line yields
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T T T T T LA IR B A LR L RS R
3580 ] 3sF -
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£ 5 3.0} o .
£ 2 9 E | 8
£ * 0 g LN
g 25 o9 0a T o | A 1
L * 15 E ' * 35bcc X 0
2 O 27 80% B 251 % s9bec &
o c L X 9 ]
g20- X 51 7] = ¢ 38fcc
E 05  ® (001) © g A 1
c O 43fcc
& A 65 * (110) c 1
® 08 © (111) 2 4, Satae * x
151 *e - ? .0l © 62fcc ]
.. S U IR TR S R [
65 70 | 7.5 ; 8.0 ha.s 90 95 o ; ; é ; 1'0 1'2
o
Valeno-gleironio Chargs M effective coordination number Ny
0.3
[ ' A ' ' ' ' ] FIG. 10. pgpin of atoms in structurally relaxed fcc-like and bee-
] like clusters calculated by Postniket al. (Ref. 8 displayed as a
io(Nval : . : asa
30-25 C 5 He ( a) ] function of Nggt. Assignment of marks to different clusters is indi-
2 [ cated by the legend. The straight line is a fit to the data for fcc-like
f.’ o2 N clusters.
= I
E L
Eosf A A o ] by Postnikovet al® The clusters considered by these authors
i) ] were either of bcc typ€35 and 59 atomsor of fcc type(38,
g o ® o ] 43, 55, and 62 atomsThe corresponding.syis(Ney) depen-
g GiE o ;ém* ° ' dence for these six clusters is displayed in Fig. [t 8
= O x ; coefficient of Eq.(1) is taken zero for an fcc structure, ac-
= lo) A .
Loosf A m . cord!ng to Ref. 2_;B It. can be_seen that thegpiNesr inter-
#© ] relationship retains its quasilinear character. Nevertheless,
DY P T I I TR B data points for the two bcc clusters noticeably deviate from
65 70 75 80 85 90 95 the pattern set by the four fcc clusters. Data points for the fcc

valence electronic charge . . . .
98 Noa clusters give rise to the approximate relation

FIG. 9. uspin@nd uqrp, 0f atoms in clusters and at crystal surfaces
as a function of the valence electronic chaMyg. Assignment of Mspin= — 0.12X Ngg+ 3.81, (4)
marks to different clusters and crystal surfaces is indicated by the
legend in the upper panel. The straight line in the upper panel is a f

o the data in the regioN,y<8.6. Which is also schematically depicted in Fig. 10. We can con-

clude that the approximately linears,(Nes) dependence
seems to hold for structurally relaxed clusters as well, how-
HMspin= = 0.78X Nyq + 8.67. (3)  ever, each structure type may have its own “best fit” coeffi-
cients.
If one considers data points for clusters only, the slope of the
line is more moderaté ugpin=—0.68X Nyy+8.04 while if
one takes into account only crystal surfaces, the slope is
steeper(uspin=—1.04< N 4+10.64. Similarly as in the case Since the experiment of Billast al,?° a lot of effort has
of Ng, the dependence qi,y, on N, cannot be described been devoted to explain the observed oscillations of the clus-
by a simple formula, although a general tendency for in-ter magnetic moment per atomg, with cluster size. A
creasinguq, if Ny, decreases is evident in the lower panel of proper theoretical approach would require calculating mag-
Fig. 9. netic moments at each atomic site in the cluster. That is quite
The systems we study are all bce-like, with fixed inter-a formidable task; the largest iron clusters for which such a
atomic distances, hence Figs. 8 and 9 show the net effect @hlculation has been dor(eelying on a TB model Hamil-
varying the coordination numbers. In real free clusters, retonian) contained up to 200 atonig! For clusters containing
laxation of interatomic distances will take place. In order toseveral hundreds or thousands of atoms only model estimates
check to what extent the quasilineag,{Nes) dependence can be done. Jensen and Bennent&nfhao et al,?® and
holds if variations in distances occur, we focus briefly onAguilera-Granjaet al?* calculatedu, of clusters containing
Mspin Of structurally relaxed free clusters as calculated via arup to thousand of atoms for several cluster growth modes,
ab initio nonrelativistic method based on numerical local or-making various assumptions about the dependence of mag-
bitals in combination with norm-conserving pseudopotentialsietic moments on the local atomic environment. The depen-

E. Magnetic moments of large clusters
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S

to be approached as reciprocal of the third root of the number
of atoms in a cluster. One would thus need 2500 atoms in

4 — e
solli A R g;gré:‘r;ﬁgr:?“e' order to approach the bufi, up to 0.1Qug or 17000 atoms
p in order to approach bullag, up to 0.0%g. On the other

hand, experiment suggests that the bulk limit may be reached
for smaller clustergalthough this is hard to extrapolate as
the measuregy, still oscillates even for the largest clusters
studied. The inability to describe the steep decrease.gf

for clusters larger than-400 atoms is a common feature of
all semiphenomenological modefs?4

n
o

g
o

INg
»

magnetic moment per atom [ug]

A..‘ ‘."Ax.‘ ] The amplitudes of theu, oscillations provided by our

L 'I'A"' . .‘. = model are smaller than in experimdfig. 11). Possibly, this
22— 200 600 800 may be connected with a wrong shape of our clusters. Sev-
cluster size [atoms] eral other shapes such as cube, octahedron, etc. could be

considered. It is conceivable that the experiment actually
probes a mixture of different shapes for a given cluster size.
At the same time, one has to bear in mind that an earlier
study of Jensen and Bennemé&hshowed little sensitivity of
the overallug, curve towards the cluster shape.

FIG. 11. Cluster magnetic moment per atag, as a function
of the cluster size, as calculated via a modgji{Ne) dependence
based on Eq(2). The experiment of Billagt al. (Ref. 20 is shown
for comparison.

dence Ofugpin and wer, 0N Nt €xplored in the previous sec- _ i .
tion makes it possible to make such calculations with far less F. Spin-polarized densities of states
free parameters. o Local magnetic momentggi, and uqrp, carry integral in-

As an illustration, we present in Fig. 14, calculated for  formation about the electronic structure. More specific de-
clusters formed by spherical sections of the underlying bceails can be revealed through studying spin-polarized densi-
lattice. We assume that clusters grow by filling successiveies of states. Figure 12 displays the DOS at the central atom
coordination shells. Within a particular coordination shell, of 9-atom, 27-atom, and 89-atom clusters. For comparison,
new atoms get adsorbed at such sites that tNgiris the  we show also the DOS for bulk Fe in each panel. The same
highest possibl¢we found that the particular order in which energy-broadeningincorporated via a constant imaginary
the sites of yet unfilled coordination sphere are occupied ignergy of 0.01 Ry was applied both for clusters and for
not crucia). Local ugpiy is taken from Eq(2) for Neg<<8, for  bulk. We found that the direction of the magnetic field has
larger Nes We take the calculated value of bulk F228ug)  practically no influence on the DOS as displayed in this scale
instead. Similarly, uqp is calculated aswq,=—0.01MNy  (different directions oM yield DOS curves which are iden-
+0.19(linear fit to the lower panel of Fig.)§or Ngy<<8 and  tical within the thickness of the line Our results for the
the calculated bulk value of 0.0p4 is taken otherwise. As atom in the center of the 27-atom cluster moderately agree
noted in Sec. Il D, the linear fit does not describg, very  with model Hamiltonian results of Pastet al?!
accurately, however, we found that the total momegy is Not surprisingly, the atom at the center of a 9-atom cluster
not really sensitive to the orbital contribution—it just causesdisplays quite sharp “atomiclike” features in the D&SIf
a more-or-less uniform increase of,, by about 0.0&g,  the cluster size increases, the DOS gets smoother and a re-
independently of the cluster size. semblance with the bulk gradually emerges. However, even

It follows from Fig. 11 that this simple model accounts for for an 89-atom cluster the DOS for the central atom still
some trends of the experiment. In particular, it is able todiffers considerably from the bulk—not only because of a
reproduce the three large oscillations jny, with peaks sharper shape of the peaks but also concerning peak posi-
around 110 atoms, 210 atoms, and 320 atoms. For large clusiens. Let us recall that it was found in Sec. lll A tha;,
ter sizes, the model predicts that the bulk value.gf ought  and u,, at the central atom do not fully converge to their

27 atoms 1 " 89 atoms

9 'atoms

]
T
(2]
]
T
1

FIG. 12. Spin-polarized DOS
at the central atom of a free Fe
cluster(thin solid lineg and for an
atom in bulk Fe (thick dashed
lines). The left panel displays re-
sults for a 9-atom cluster, the
middle panel for a 27-atom cluster
and the right panel for an 89-atom
cluster.
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T T T T T T
| 9 atoms L 27 atoms B 89 atoms |
s %3_ s
2] g, g.f '
™ oy r ey (
"\::)1 L %,1 f:, 1+ Y/ e FIG. 13. Spin-polarized DOS
r SN\ averaged over all atoms of a free
2 or ] 0 Fe cluster of 9, 27, and 89 atoms
saf sal T ;’h°'° cluster | 41 - (thin solid lineg compared with
) ® === bulk crystal ) )
g % r % the DOS of bulk Fgthick dashed
APy S B 2 B ot - ;
lines).
g @ | g
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0 5
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bulk values even at this cluster size. Through the DOS analyselected atoms of the 89-atom cluster. The left panel shows
sis, the relatively slow convergence of the electronic properthe DOS for an atom in the second coordination sll
ties of clusters to bulk shows once more again. 2.87 A from the centgr the middle panel stands for the fifth
By summing the DOS at all atoms in a cluster and divid-coordination shell4.97 A from the centgr and the right
ing it subsequently by the number of atoms involved, onepanel for the seventh coordination sh@he outermost one,
gets an(average density of states of the whole cluster. It is at 6.26 A from the centgr The total DOS per atom of the
displayed in Fig. 13 for three representative cluster sizesyhole 89-atom cluster is displayed by thick dashed lines in
again together with the DOS of bulk Fe crystal. Our resultseach of the panels for comparison. Generally, it is quite dif-
for a 9-atom cluster differ considerably from calculations officult to observe any systematic trends in the DOS when
Lee et al.® who use a symmetrized linear combination of moving from one atomic site to another. In analogy with an
Gaussian orbitals as basis functions. For the majority-spiscillatory dependence i, and wqp, on the radial dis-
states of the 27-atom cluster, there is a fair agreement of ouance(Figs. 1 and 2 the DOS character does not change
results and calculations of Pastet al,® while for spin-  uniformly when moving farther from the cluster center. Nev-
minority states this agreement is worse. Generally, one caertheless, a general tendency to narrowing the local band for
see from Figs. 12 and 13 that the convergence of the DOS aftoms close to cluster surface, which can be seen in Fig. 14,
the whole cluster to the bulk is significantly faster than theis present for all clusters. This trend has been, albeit for a
convergence of the central atom alone. This may be surprismaller range of cluster sizes, observed also by Yeing >
ing, as the central atom ought to be the “most bulklike” of alland Pastoet all In this respect the surface of a spherical
atoms in any cluster and so one would naturally expect thatluster resembles the crystal surface, where narrowing of
convergence towards bulk characteristics would be first obbands also occurs. However, layer-resolved profiles of DOS
served just for this atom. The reason for different converin clusters and at crystal surfaces significantly differ in
gence properties of the DOS of whole clusters and of theletail$*—similarly as in the case with layer-resolved pro-
DOS of individual atoms of the same clusters is the fact thafiles of wyi, and e, (see Figs. 6 and)7
when DOS curves of several inequivalent atoms are super- It is interesting to note that for atoms which belong to the
posed, the sharp structures in the DOS get smeared as thegme coordination sphere but are inequivalent due to the
are generally located at different energies for different atomspresence of a magnetization, the corresponding DOS curves
Hence the resulting combined DOS lacks the sharp atomicare practically identicalwithin the thickness of the line
like features which characterize the DOS of the central atom3his may be a bit surprising, however, it is consistent with
in Fig. 12. the observation thats,, Which stems from differences be-
As an illustration how the DOS at individual atoms differs tween spin-up and spin-down DOS, also hardly differs in
from site to site, we display in Fig. 14 the DOS for three these circumstancass noted in Sec. Il A Nonzero gy,

2" ghell

[ th th
=3 =3 5 shell 4 =af 7" shell FIG. 14. Spin-polarized DOS
2, 2.0 1 2, at individual atoms of an 89-atom
— | . cluster(thin solid lineg compared
u W F w "
=1 o é 1 > with DOS averaged over all atoms
' el . of that cluster(thick dashed lines
o 0 ST 0 The left panel displays the DOS
— single atom

[

for an atom of the second coordi-
nation shell, the middle panel for
an atom of the fifth coordination
shell and the right panel for an
atom of the seventfii.e., outer-
mosY coordination shell.
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on the other hand, is caused by the small imbalance of thpendence on the direction of the magnetic field, however, the
DOS related to then-related states due to the presence ofanisotropy inu.,, averaged over all atoms of a coordination
the spin-orbit couplingm, stands for the magnetic angular shell is very weak. Some common trends in magnetic pro-
momentum quantum numbelOf course the corresponding files of free clusters and of crystal surfaces can be observed
shifts in energy are quite small. (enhancement Ofigpin and wq, at surfaces, Friedel-like os-
Let us make finally a note about the angular-momentuntcillations). However, the surface enhancement as well as
character of electron states in clusters. Obviously, the DO&riedel-like oscillations ofugy, and we, are more pro-
around atoms in clusters has overwhelminglg eharacter. nounced for clusters than for semi-infinite crystals. Spin
However, some minor peaks at the outer edges of the maimagnetic momentgg,, in clusters and at crystal surfaces
band may have consideraldeor p components, as one can depend linearly on the effective coordination number and on
expect from the corresponding atomic electron configuratiorthe valence charge. A semiempirigal,i(Nes) relationship
of a free Fe atom. In particular, e.g., the peaksEat is able to account for some features of the measured depen-
~ -7 eV in DOS around central atom of the 89-atom clusterdence of the magnetic moment of free clusters on the cluster
are almost exclusively o§ character. Similar trends were size. The DOS of atoms in centers of free clusters is charac-
observed for a 15-atom cluster by Yargal® and Vegaet terized by many sharp peaks and even for a 89-atom cluster
al.? The occurrence of these andp-character peaks is con- it still differs substantially from the DOS in the bulk. The
nected with the still partially atomic character of electroncombined DOS of whole clusters converges to the bulk DOS
states in clusters; in bulk iron, there are just structurelesmore quickly than DOS of atoms in the center of these clus-
continuum shoulders, typical for a free-electron DOS, in-ters, due to a mutual cancellation of sharp atomiclike peaks.
stead of well-resolved peaks below the mdiband as found

for the clusters. Interestingly, the heights of g@ndp peaks ACKNOWLEDGMENTS
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