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Average magnetization and local magnetic moments of Reclusters (N<230)
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We have calculated the average magnetic moments per Em)mf iron clusters, Fg, as a function of
cluster size in the rangesON<229. The cluster geometries are assumed tegsericalportions of the bcc
lattice. The spin-polarized electronic structure has been calculated for the assumed structures with a self-
consistent tight-binding model considering the, 3!s, and 4 valence electrons with global charge neutrality.
The nonmonotonic decrease of tﬁe\l with increasing cluster size experimentally observed is obtained, al-
though the oscillations are not well reproduced. The results are also discussed in comparison with other recent
theoretical calculationgS0163-1829)12821-3

I INTRODUCTION concentric atomic layers. However, the oscillations .qf
experimentally observed are not in general reproduced in
The determination of the cluster geometry is the first unterms of simple geometrical shells and the calculated nu-
avoidable stgge for uqderstandin_g other prqperties such Ferical values of;,\, are underestimated for small cluster
the electronic propertiesmagnetism, metallic character, g oyerestimated for large cluster st#82Two of the pos-
etc). However, the geometrical structure is perhaps the mosiiyje reasons for the disagreement éiehe electronic part
elusive property of small metal clusters from the experimeny, the models by Jensen and Bennemann and by Aguilera-
tal point of view. The experimental methods involving free Granjaet al.is very crudefii) the geometrical structure may
clusters can provide us with some pieces of information: opnot be a fragment of the crystal lattice. The first point can be
tical spectroscopiesanomalies of the mass distribution of improved by using a better description for the electronic part
the produced clusters} chemical reactivity experiments of and this is the line of the present work. The second point is
weakly bonded moleculés® and near-threshold photoion- more difficult to improve due to the absence af initio
ization experiment$® Unfortunately, the experimental infor- calculations for the geometrical structures of TM clusters in
mation is indirect and it is not enough to determine the geothe range of sizes reported experimentaly<(700). It is
metrical structures without any doubt. important to mention that it has also been suggested that the
In the particular case of thed3ransition-metal clusters, a oscillatory behavior ofsy has a pure electronic origif.We
lot of experimental attention in the last ten years hqs beerfhink that the oscillatory behavior QTN results from a com-
f_ocused on the detgrmlnatlon of the magnetic properties Mosnation of the geometrical and the electronic part. In the
tivated by the possible technological applications. Based ofy, ey jar case of Fe clusters, thb initio calculations of the
Stern-Gerlach experiments, the works by B|Imsal.folE) Fe,  geometrical(and electronig structure are restricted to clus-
Co, and Ni cluster§,and more recently by Apseltal. for o5 of relatively small size,N< 16) 114 Although, there is
Ni clusters, have reported a nonmonotonic decrease of th§ clear controversy about the geometrical structure of small
average magnetization per atomy) with increasing cluster  fe clusters, there are indications that for clusters larger than
size. This decrease qfy with increasing cluster size is ac- about 25 atoms the bcc-like structure is probadbf€ This is
companied by oscillations whose amplitude decreases as tladso the conclusion of recent theoretical calculations of the
size of cluster increases. They indicate, therefore, a finitelonization potentials of Rg clusters using a tight-binding
size effect and are believed to be associated with geometricatodel81°
effects?~1? From the theoretical point of view and with the  In a recent work, Guevaret al*° have reported a calcu-
aim of understanding the oscillatory magnetic behavior oflation of the average magnetic moment of iron clusters as a
the transition-metal clusters, several geometrical shell modfunction of cluster size in the region studied experimentally.
els have been proposéd!!? In particular, in the models They use a tight-binding description that incorporates the
developed by Jensen and Bennerfanand later on by electronic spillover, and they assume bcc-like structures. Al-
Aguilera-Granjeet al,*? the individual magnetic moments of though this model is naab initio, it improves considerably
the different atoms are determined by their local atomic cothe description of the electronic structure with respect to phe-
ordinations. By assuming bulklike structuréfsc, bcg and  nomenological models. These authors conclude that the elec-
different global cluster shapdsube, octahedron, and cubo- tronic spillover is a key ingredient for the description of the
octahedrop these authors found that the average magnetiecnagnetic behavior of transition-metal clusters. However, al-
moment oscillates with the cluster size, and that this magthough the general trend of the nonmonotonic decrease of the
netic “shell structure” reflects the progressive formation of average magnetization with increasing cluster size is given,

0163-1829/99/6(1)/434(6)/$15.00 PRB 60 434 ©1999 The American Physical Society



PRB 60 AVERAGE MAGNETIZATION AND LOCAL MAGNETIC. .. 435

the oscillations are not correctly reproduced. TABLE I. Parametergin units of e\) used in our calculation.
It is the aim of the present work to shed more light on this
complex problem by analyzing different approximations for Uda Jdd Qs Qp Qg

the electronic part. For this purpose we perform a self-
consistent tight-binding calculation with a different approxi-
mation for the diagonal elements of the Hamiltonian than

19 H ;
that of Guevarat al.”® Instead of assuming the spillover, we \yith ab initio calculations in Feand Fgs,2%% that is, we
assume global charge neutrality and allow charge transfer

between inequivalent sites and different orbitals within theObtaln values ofuy for N=9 and 15 in good quantitative

cluster. With this calculation we explore the influence of aagreement with the correspondiag Initio results. In te.rms
different description of the electronic charge redistributionOf Uag andJ,, Eq.(2) takes the following expresion:
on the magnetic trends. In Sec. Il we present the theoretical 3

model used in this work. In Sec. Ill we present and discuss g =50 + > UaBAViB—SUE %ﬁﬂuﬁ zQ,,
the results for the average spin polarization per atom as well B B

as the local contributions within the cluster. The main con-

Fe 5.40 0.714 0.31 0.48 —0.10

clusions are summarized at the end. where
(ST: 1’Sl: - 1),
Il. THEORETICAL MODEL
A. Electronic part Avig=Avig +Avig, 4

The electronic distribution of thed 4s, and 4 valence . .
electrons of Fg clusters are obtained by solving self- Hig={Nigr) —(Nig|)=Vig;— Vig| »
consistently a tight-binding Hamiltonian in a mean-field ap-

proximation. This Hamiltonian can be written in this way: N Which the local magnetic moment;;=(nig)—(nig))
appears explicitly. Finally, the last term in E@) or Eq.(3)

- - S takes into account the correction shifts due to the variation of
H= 2 einoliaot 2 t85C],C g0 (1) the crystal field in the cluster with respect to the bulk, which
b g is approximately proportional to the local coordination num-
At ) o ber z;. The potentiald}, are obtained by an interpolation
wherec;,, (Cjz,) are the creatiofannhilitatior) operators  petween the isolated atom and the biflka Table | we show
of an electron with spir at the orbitale (8) of the atomic  he parameters used in our calculation.
sitei (j), ﬁi,w are the corresponding number operatq?j‘g. The spin-polarized electronic occupati@nd thus the lo-
are the hopping integrals betwedmf and (j 8) orbitals that cal magnetic momenksare determined self-consistently
describe the electronic delocalization. These hopping intethrough the local density of electronic states:
grals are obtained from the Slater-Koster approximation via
the two center integrals taken from a fit to the band structure ~ eF
of the bce bulk of Fé? The spin-dependent energy levels <”iao>:J:wNiaa(E)dE- 5
€i.0 are given by
The Fermi leveler is self-consistently obtained at each it-
eration by imposing the global charge neutrality condition:

sicw'zsioa—’_ E Uiaa,iﬁo'AviBU’+ZiQa' (2)
B.o'
eF
&2, stands for the energy level of the orbitalat sitei in the > Niqo(E)dE=8N, (6)

a0 J—o

paramagnetic solution of the bulk. The second term in Eq.

(2) takes into account the correction shifts due to the elecN being the number of atoms of the cluster. The local density
tronic redistribution in the clusteA v;g,=(Nig,) — (N} is  of states

the difference between the average electronic occupation of
the (i,8,0) state of the cluster and the corresponding state in
the bulk. The intra-atomic Coulomb integrdlg,, s, can

be written in terms of the exchange and direct integdals
=(Uiat,ig—Uiarigy) and Ugg=(Uiarigr+Uiarig))/2. is determined by calculating the diagonal element of the
The direct integral$J , ; have been obtained in the following Green’s functionG,,.i.,(z) by means of the recursion
way: We assumé) =Ug,=U,,, Ugg=U,q, and we take method? Finally the average magnetic moment per atom in
the ratiosUg5:Ugq:Uqgq equal to 0.32:0.42:1 from atomic aN-atom cluster can be calculated in terms of the local mag-
Hartee-Fock calculatiorS. The value of Ug4(Fe) netic moments:

=5.40 eV is obtained from the work of Pasteiral** Con-

cerning the exchange integralgs, we have neglected those — 1

involving s and p orbitals andJyq is calculated in order to MNTN % Mia- ®)
yield the average magnetic moment per atom of the cluster '

Feyg similar to the experimental valu@ssuming the bcc-like  This is the magnitude that one can compare with the Stern-
structurg. At the same time this choice df,4 is consistent Gerlach experiments of Billast al.®

Niaa’(E): _71 lim Im {Giaa,iaU(E+i 7])} (7)

n—0"
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TABLE II. Details of the geometrical growth of the clusters as 3.2 —- T .
spherical portion of the bcc lattice of the crystal. [
3.0 F 1
Shell Square distance Atoms Type Total ’. [ % T
B N e N A |
0 0 1 Central 1 L0 _J ST L
1 3 8 Vertex 9 13 Jo" e T .
2.6 H e
2 4 6 Square face 15 1 R P T
3 8 12 Edge 27 24l | BN cm
4 11 24 Square face 51 '
5 12 8 Vertex 59 5ol |
6 16 6 Square face 65 ~__Bak
7 19 24 Edge 89 50 L L ‘ \
8 20 24 Square face 113 0 50 100 150 200 250
9 24 24 Square face 137 N
10 27 8 Vertex 145
11 27 24 Square face 169 FIG. 1. Average magnetic moment per atdim units of ug)
12 32 12 Edge 181 obtained with our mode(black squargsand through the experi-
13 35 48 Square face 229 mental measurements of Billas al. (Ref. 9 (open squares

fragments of the crystal lattice for the clusters geometries.
B. Geometrical part Let us discuss now the first possibility.

The clusters studied here are grown around a central site The model used for the description of the electronic struc-

and follow the body-centered-cubibcd structure. We con- ture has been successfully applied for the study of low-

; ; " ; 28
sidered that the clusters grow in an onionlike structure,dImenSIOnaI transition-metals systems like clusfefS*®or

,30 ; e _
formed by concentrishells A shell consists of the set of all surface%‘-’ kb agreement with po&b initio and ex
atoms that following the bcc arrangement are equidistan'?e”memal results has been quite satisfactory when the mor-
from the center and with the same local coordination an hology of the system has been well treated. In the case of

atomic environment. This mode of growth lead us to the e/Cr surfaces, fo_r example, the considerat_ion of Stepsd .
sequenceN=1,9,27,51,59. . . . Inthis case, unfortunately, roughnes¥ at the interface was neccessary in order to obtain

it is not possible to write closed relationships describing thebertain magnetic configurations e_xperlmentally probed. In
he particular case of free-standing Ni clust&ré good

. : a4

growth process. The details of the geometrical growth, like. ™ <. . . X

shell number, square distance to the center of the clusier qualitative agreem_ent with the expenméﬂtwas obta_lned
first-nearest-neighbor distance beiffg in these units num- for those geometrical structures previously determined by

ber of atoms per shell, type of sites of the different Shellsmolecular-dynamlcs simulations using a semiempirical

(central, square face, edge, and vextend total number of many-body potential. It is also worth comparing our results

atoms in the cluster are presented in Table II. It is importaanIth those obtained from aab initio method. As we have

to mention that we always consider the bulk interatomic dis_dISCUSSEd in the previous section, fopfemd Fgs, the val-

tances. ues obtained fop are in good quantitative agreement with
those obtained by Leet al?® and Yanget al?! All this gives
ll. RESULTS us confidence in the theoretical model used in this work and
leads us to think that the main source of the discrepancies is

= i _ the assumption of fragments of the crystal lattice for the
moment per atomy together with the experimental ons. ¢|yster geometries. However, when considering the experi-

The theoretical results describe a nonmonotonic decrease gfental evidences, as well as the calculation of the ionization
wun With increasing cluster size. This is the general trendpotentiald®?® that suggests the bcc structure as a probable
experimentally observed, and can be understood in terms @feometry, it is possible that the relaxation of the interatomic
the atomic coordinatiof-*? As the size of the cluster in- distances of the bcc-like structures is a key ingredient in the
creases, the bandwidth increases and the spin polarizatigpierpretation of the observed oscillation f; .

decreases towards the bulk value. Althought this general | 5 recent work by Guevaret al,’® it has been con-

trend is correctly described with our model assuming bccejyded that a good treatment of electronic spillover is neces-
like structures, the absolute values @f, are, in general, sary for cluster calculations with a similar model as the one
underestimated with respect to the experimental reges  proposed in the present work. These authors also assume bcc
cept forN=<50). Besides, the amplitude and position of thegeometries for the iron clusters. In the tight-binding model
oscillations are in general not well described. The best quanwith spillover, extra orbitals witls symmetry are added out-
titative agreement is obtained for clusters with sizes in theside the cluster surface and are parametrized in order to get
range 56<N=100, for which our results understimate the adequated-orbital occupationgaccording to the electronic
experimental values in no more than @glL occupation of a(011) Fe monolayef In our tight-binding
After comparison with the experiment, two possibilities model no spillover is considered. We allow charge transfer
exist as the origin of the discrepancies: the theoretical modeédetween inequivalent sites and different orbitals within the
used for the electronic calculation and the assumption ofjlobal charge neutrality condition and we incorporate in the



PRB 60 AVERAGE MAGNETIZATION AND LOCAL MAGNETIC. .. 437

32 : ; - 30 ‘ ,
[ 5 ~Q
30F 1 Bl o~ |
L © Bulk
[1228 \./Q <><.>\,, 7 E o0 L o\%\ |
T a0
26 - o J ©
24 | e g S
- 1.0 ! L L
2.2 r i 4 4] 8
o bBulk Coordination number
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N

FIG. 2. Average magnetic moment per atdm units of ug) . In Ordefr to f’;\nalyfzeh thel behav!or of the local _malgneiza-
obtained with our modégblack squaresand by Guevarat al. (Ref. tlo_n as a function of the cluster S.'M we present in FIg.
19) considering the electronic spillovéopen rhombus th|§ dependence for the central site, the first stik## nearest
neighbors of the central sjteand the last outer shell. Al-

energy levels a correction shift due to the variation of thethough it is generally believed that the central atoms should

crystal fields of the clusters with respect to the bulk. It ishave th_e bulk magnetization, our results indicate that the
worth comparing our results with those of Guevatzal 1° magnetic moment of the central atoms of the Fe clusters

for the same cluster geometries. This comparison allows ugscnlates with an amplitude of about @ around the bulk

to analyze the influence of different approximations for thevalue (2.2up). It is clear that although the behavior of the

electronic distribution on the magnetic trends. In Fig. 2 Wecentral site is very spectacular, when we average the mag-

h h | ¢ both dels far. ; ) ¢ netic moment, its contribution is very smdbf the order
show t e resu Is of both models gy as a function o 1/N) and for that reason the oscillations are not reflected in
cluster size in the rangesON<229. They cross each other — I .

These oscillations are smoothed out in the average pro-

in various points and the oscillations described by both mod&N - . .
els are similar. Moreover the absolute values underestimatesS>" In the case of the first shiie neares_t neighbors of thg
ntral atom although the local moment is also very sensi-

the experimental results in both cases. This agreement is n £ o the cluster size. th illati dead and in thi
surprising since transition-metal clusters are in the libhit Ive 1o the clusier size, the oscifalions aré dead and In tis

case the local moment converges faster to the bulk value

—o0, S0 that the charge transfer is very small. But this com- . L .
parison serves also as a test of the self-consistent tigh{haﬂthat of the central site. The contribution of the first shell

binding model, which leads to the same magnetic trend$0 xn iS of the order 8 and therefore the central site is
when two different reasonable approximations for the elecScreéened very soon by the first shell as increasingt is
tronic distribution are used. This allows us also to concluddnteresting to remark that the experiments of Bilksal.
that the spillover is not necessary to be considered for deshow a slow convergence @fy towards the bulk value as
scribing the magnetic behavior of transition-metal systems.

Itis interesting to analyze the contributions of the differ-  tagLE 111, Local atomic environmentnearest-neighbors coor-
ent sites of the cluster to the average magnetization althoughination, number, and type of atoms at the different shelishe

there are no experimental techniques to probe the local magsw,,, cluster together with the local magnetic momefitsunits of
netic moment distribution of the clusters. This analysis isy;).

easy to do with our model since the electronic and magnetie
properties are determined from a local point of view through Shell Coordination Atoms Type Miocal
the local densities of statedl;,.(E). The local magnetic

moment is very sensitive to the local coordination and © 8 1 Central 1.46
atomic environment. The empirical rule that the local mag- 1 8 8 Vertex 2.04
netic moment increases as the coordination number de- 2 8 6 Square face ~ 1.84
creases holds here as Fig. 3 shows. In this figure the local 3 8 12 Edge 1.87
magnetic moments of g, are plotted as a function of the 4 8 24 Square face 2.02
corresponding local atomic coordination. The plotted values 5 8 8 Vertex 2.15
are those listed in Table Ill for all the inequivalent sites 6 8 6 Square face 212
within this cluster. We can see a rough linear correlation 7 7 24 Edge 2.02
between the local magnetic momentand the local coordi- 8 8 24 Square face 2.28
nation numbers; at the inequivalent sites. However, the 9 7 24 Square face 2.37
large dispersion fog;= 8 indicates that not only the coordi- 10 4 8 Vertex 2.8

nation determines the local magnetic moment, but it also 11 4 24 Square face 2.58
depends on the local atomic environment. Moreover, there 12 6 12 Edge 2.63
are certain inner atoms whose magnetic moment is lower 13 4 48 Square face 2.81

than the bulk one.
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[ ' ‘ ! sites with lower coordination than=4 are inside the range
3.0 - Central site 7 covered by the square face and the edges sites.

IV. SUMMARY

We have calculated the average magnetic moments per

atom (uy) and local magnetic moments of iron clusters
(Fey) as a function of cluster size in the rangesBl<229.
The cluster geometries are assumed to be spherical portions
of the bcc lattice. The spin-polarized electronic structure has
been calculated with a self-consistent tight-binding model
considering the 8, 4s, and 4 valence electrons with global
charge neutrality. The general trend for the nonmonotonic
decrease of theuy as increasing cluster size is well de-
scribed. The results obtained in our calculation are very simi-
lar to those of Guevarat al!® though a tight-binding model
that includes the electrongpillover. Our results suggest that
the electronicspillover is not necessary to explain the ob-
served magnetic behavior of these systems. However, neither
our results nor the results of Guevagaall® describe the
I correct oscillations experimentally observed.
15k . The empirical rule that the local magnetic moment in-
I R creases as the local coordination number decreases holds in
3.0+ /\ _ general, although the local atomic environment also plays an
. important role. The magnetic moment of the central atom as

Local magnetic moment

I y \1 a function of cluster siz&l displays an oscillatory behavior
25 - . around the bulk value, whereas the surface atoms have a
I magnetic moment close to the saturation limit with small
deviations as a function of.

e | Finally, if we accept that the self-consistent tight-binding
I model is reasonably good for the electronic part, as the com-
Last shell parison with someab initio results indicates, we think that
N D R the key ingredient for the detailed description of the mag-
0 50 100 150 200 250 netic behavior of the iron clusters is the correct geometrical
N structure. The magnetic moment of the iron systems is large

and therefore the magnetic energy contributes significantly to
FIG. 4. Magnetic momentéin units of ug) of the central site  the structure stabilization. Therefore, the next step in the
(upper pané| first shell(central pang| and last outer shellower ~ present study is to incorporate an algorithm for the optimi-
pane) as a function of the cluster size. zation of the geometry within the self-consistent electronic
calculation, being able in this way of treating the electronic
part and the geometrical part at the same level. This is the
Slilosophy of someab initio studies;® although they are
estricted to very small sizes far from those experimentally
nvestigated. We expect that within the tight-binding frame-
ork, this limitation can be well overcome, maintaining at
the same time a sufficient degree of accuracy.

cluster size increases. In fact, this convergence is not reach
for N=<700 and even in this size region an unexpected bi
oscillation is present. Finally, in the lower panel of Fig. 4 we
present the contribution of the last outer shell. Regardless
the type of this sitdvertex, edge, or square facehe low
coordination of the surface atoms gives rise to large local
magnetic moments. Thus, the last shell contributes with a
value of the local magnetic moment=@.8ug) close to the This work was supported by DGICYTGrant No. PB
magnetic saturation limit, with small deviations as a function95-0720-C02-0land Junta de Castilla-LaqGrant No. VA

of N; the lowest values correspond, in general, to the squarg0/99. We would like to thank Dr. A.M. Llois and Dr. J.
face sites with local coordinatian=4 (N=15, 65, 113, and Guevara for useful discussions and for sending us their de-
169 and the highest values correspond to the edges withailed results. One of u$F.A.-G,) also acknowledges the
local coordinationz;=2 (N=27, 89, and 18]l The values Consejo Nacional de Ciencia y TecnolagMéxico), under

for the local magnetic moments for vertex and square fac&rant No. G-25851-E.
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