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AbslraeL Using the local spin-density approximation and the 'atom in jellium' model, the 
size dependences of the electronic slructure, ionization potential and photoabsorption 
cmss Section of iron dusters containing up lo 130 atoms are obtained. It i shown 
that the filling of localized atomic d stales of iron dus tm changes non-monotonically 
depending on the posilion of the alom in relalion lo lhe cluster surface as well as on 
the cluster size. The non-monolonic change of the electronic SLruclure with increase of 
iron duster size mulu in the non-monolonic size dependence of the physical properlies 
of the iron clusler presented here. 

1. Introduction 

Small metal clusters (SMC) show anomalous physical and chemical properties in com- 
parison with the behaviour of the corresponding bulk solids and free atoms. In recent 
years, the unique characteristics of SMC have attracted great attention. Size-selective 
chemical and physical properties of microclusters are of special interest. The fact is 
that SMC are excellent catalysts, which are used effectively in tehnological processes 
including heterogeneous catalysis, and it is well known that the activity and selectivity 
of such catalysts depend on the cluster size. Furthermore, SMC are interesting as 
research models for problems in solid-state physics and chemishy. For these reasons, 
size properties of SMC have been studied intensively by both experiment and theory. 
Lately, methods to produce clusters of controlled size have been developed [I, 21, 
and the size dependence of some characteristics of microclusters have been measured 
(for example, magnetic moment [3], chemisorption reactivity [4], ionization potential 

Theoretical investigations of the physical properties of clusters have been carried 
out actively, too. A variety of theoretical models have been proposed for calcu- 
lations of cluster electronic structure. However, most precise models (such as the 
self-consistent-field X a  scattered-wave method or some other methods) permit one 
to obtain the electronic structure for clusters with a low number of atoms. For 
large atomic aggregations, these methods cannot be applied successfully, and simpler 
models are employed in this case. Thus, for the study of electronic properties of 
sp-bonded metal clusters, a jellium model is used, and it gives an excellent descnp- 
tion of various experimentally observed data [7-171. But models such as the jellium 
approximation are unsuitable for investigations of metal clusters containing atoms 
with d- or f-localized shells. 
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(5, 61). 
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In this paper we have made an attempt to study the size dependence of the elec- 
tronic structure, ionization potential and photoabsorption cross section for spherical 
iron clusters within the framework of the 'atom in jellium' model. Recently we have 
applied this model for calculations of some magnetic properties of small ion clusters 
P81. 

2. Electronic structure 

21. Model and niethod 

Each atom of a cluster is mimicked by the same atom embedded in the ccntre of a 
jellium sphere with radius R, which is determined according to the position of the 
real atom in relation to thc cluster surface: R defines the short cut between the atom 
and the cluster surface. 

The electronic structure of an atom embedded in a jellium sphere is obtained 
using self-consistent KohnSham equations (in atomic Rydberg units) 

l-0' + vs( r )1+,d~)  = E , ~ , ~ L , , ~ ~ ( T )  (1) 

" Z  J n-(.') - ? l + ( T ' )  I"(r) = -= + 2 dT' + V z ( r )  r Ir - T I I  

with the Vosko form [I91 of the local spin-polarized cxchange-correlation potential 
V:(r). Here the spin s is T,L ;  Z is the central nuclear charge; and fnrS is the 
electronic state occupation number. The rigid positive charge distribution of the 
jellium background is given by 

n+( r )  = n,'O( R - r)O( r - rC) (4) 

where O(r) is the unit step function, R and rC being, respectively, the outer and 
inner radii of the positive background sphere; no' is the same as the mean wlence 
electron density of the corresponding bulk metal: 

no' = 3 N / 4 n (  R3 - r,") 

R = ( N / N ,  + l)''3rc 

(5) 

(6) 

where r, is the WignerSeitz radius, N is the number of electrons in the jellium 
sphere, and N, is the number of wlence electrons in an atom of the cluster. For Fe 
we have employed rc = 2.67 au and Na = 2. 

The HermannSkillman mesh [20] for a free Fe atom was used for the numerical 
integration of the KohnSham equation for the 'Fe atom in jellium sphere system'. 

The abstract shape of the self-consistent potential V ( r )  (equation (2)) for an Fe 
atom embedded in a jellium sphere is presented in figure 1. 

Electronic ground-state configurations of jellium clusters containing the ccntral Fe 
atom were determined in the following way. The rules for the energy level occupation 
separately in jcllium (in a spherical potential well) and in a free atom are well known. 
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Figure 1. ?he self-consistent ptential  of the jellium sphere mntaining the mlral Fe 
alom (the radial disfribulion). 

Clearly, insertion of an atom in the jellium sphere centre does not change the atom 
and jellium field symmetry, and, consequently, the symmetry of their electron states 
is not changed either. One can suppose, therefore, that the number of electron states 
with the same symmetry in the jcllium sphere with the central atom is equal to the 
sum of such symmetry states of the jellium and the atom. The sequence of energy 
levels of an 'atom in jellium' is obtained by solving the spin-polarized self-consistent 
equations (1)-(3) for the different angular I and principal n quantum numbers. The 
occupation numbers of the energy levels, with the exception of upper levels, are 
in accordance with the Pauli principle. The highest levels can be filled partially. 
We computed, therefore, the total energy of jellium spheres with the Fe atom in the 
centre for various occupation numbers of the upper levels. The electron configuration 
with the lowest total energy has been chosen as the ground state. 

For the calculation of the total energy we employed the expression: 

Et,, = T + E,, t E,, t E,, + Ebe. (7) 
Here 

occ 

T = E, - J n;u,(~)~in(r) dr  (8) 
j 

is the kinetic part of the total energy (here, the sum is over all occupied states; E, 
are the one-electron eigenvalues); 

is the exchange-correlation contribution to the total energy for which the local spin- 
density approximation is used; &xc is the exchangecorrelation energy density of 
a homogeneous electron gas of density n- (for &Kc we applied the spin-polarized 
parametrization by Vosko ef a1 [19]); 

is the energy of a Coulomb interaction among electrons; 
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is the energy of the interaction between the electron system and the central atom 
nucleus; and 
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is the energy of the electron system and jellium positive background interaction. 
The effective potential I/( r )  is given by 

where n-(r) is defined by (3) and n f ( r )  is found from (4)-(6). 

last iteration of self-consistency. 

ten as 

In these expressions 'in' and 'out' mark, respectively, input and output data of the 

"king into account (8)-(13), the expression for the total energy (7) can be rewrit- 

22. Resulls 

Our calculations by the above scheme showed that the five lowest energy levels of 
the Fe atom embedded in jellium spheres with various radii are identical to those of 
an iron core, and the rest of them are similar to the energy spectrum of a spherical 
potential well. This order is broken by the d state in the upper part of the occupied 
energy region. (In this paper the quantity n = n, + 1 has been considered as a prin- 
cipal quantum number; n, is the number of nodes of the wavefunction corresponding 
to the energy level.) 

We have calculated the electronic structure of the jellium sphere with the iron 
atom embedded in the centre as a function of the jellium sphere size. It was found 
that the electronic structure of such a system alters periodically with incrcase of the 
jellium sphere radius (or of the number of elcctrons in the jellium, N, according to 
(6)). Each period starts when the new empty d level appears and is completed by its 
full occupation (see table 1). Boundaries of the periods are systems with N = 10, 
60, 188, 430, etc. In each period the filling of the d level is an uneven process: 
at the beginning the number of electrons in this level increases sharply up to thc 
configuration d5, then changes much more slowly to 6"' (see figure 2). Obviously, 
this effect is caused by the exchange interaction, which promotes the filling of the d 
level up to the configuration d5 and prevents it from d5 to d'O. 

The calculations showed that, as the next d level is filled by electrons, the previous 
d state extends. As an example of this phcnomenon, the change of Id- and 2d- 
squared wavefunctions of the 'Fe atom in jellium' system during filling of the W shell 
is presented in figure 3. As can be seen in the figure, the Id electron density has 
a 'double-hill' shape: the first 'hill' is within the atomic WignerSeitz sphere, the 
other is in the jellium region. At the beginning of the period the great part of the 
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Figure I ?he occupation of 2d and 3d shells of the 'Fe atom in jellium sphere' system 
as a function of the number of electmns in jellium. 

Table 1. 
containing from 10 Lo 64 elpetmns. 

?he electron configurations of the Fe atom embedded in jellium spheres 

N Majority spin Minority spin 

Is'2E11p33s12p34613~3id5,, , 1s'2s'I$3s'2$4s13$1dS. 

10 . . .2d0 . , , 2d0 
12 . . .2d2 . . . 2do 
16 . . .  2d55s1 . . . 2d05s0 

50 . , , 5s'lf74p32d51g9 , . . 5s'lf74p32d41g0 
54 . . .5s'lf74p32d51g9 . .  .5s'lf74p32dslg3 

60 . . .3d0 . . . 3d0 

32 , , , 2d55s'1f7 . . . 5d1f72dl 

. . ,  5s'1f'4p32d51g 9 . . .  . . .  5s'lf74p32dslg '... 

ld electron density concentrates in the first 'hill'. During the filling of the 2d shell, 
the l d  electron density redistributes between the two 'hills', and towards the end of 
the period most of it transfers to the jellium region. The 26 state, in turn, extends 
during the filling of the 3d level. And so on. So, the most localized of the d states 
corresponds to the highest occupied d level. However, this state is less localized than 
the d shell of a bee Fe atom, and the extent of it increases with the jellium sphere 
radius. 

Thus, the interaction between d electrons of the Fe atom and s valence electrons 
of the cluster has led to the periodic occupation of the localized d state of the 
'Fe atOm in jellium' system with increase of the jellium sphere radius. Within the 
framework of our model, this effect corresponds to the non-monotonic change of 
the occupation of localized d states on moving from the surface to the centre of the 
cluster. 

Note that Xcr scattered-wave calculations [21] of the charge distribution in Fe,, 
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Figure 3. The change of Id- and 2d-squared wavefunctions of the 'Fe 
sphere' system during the filling of the 2d shell. 

atom in iellium 

have shown a different number of d electrons in the central and peripheral atoms of 
the Fe. cluster too. 

3. Ionization potentials 

Recently the study of ionization potentials (IP) of SMC has become of considerable 
interest. It has bcen shown [4-6] that the IP of iron atomic aggregations decrease 
non-monotonically towards the bulk IP, displaying some oscillations. A strong corre- 
lation between the chemisorption reactivity of free iron clusters and thcir ionization 
thresholds has bcen shown [4]. 

In this paper we report the results of our calculations of m for Fe clusters con- 
taining up to 20 atoms. The m of these atomic systems were experimentally obtained 
by Fbhlfing et a! [MI. 

In the calculations we simulate atoms of an Fe cluster by Fe atoms cmbedded in 
thc ccntre of jellium spheres of various sizes. The jellium sphere radius R is defined 
by the short cut between the atom and the cluster surface. 

The IP of an 'atom in jellium' was obtained using a ground-state theory (the 
local spin-density approximation) by self-consistent calculation (according to (14)) 
and subtraction of total cnergies of the neutral and ionic ground states. 
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For comparison, we 'cite (see figure 4) the IP for Fe, (with assumed BCC geome- 
try), Fe,, (FCC) and Fe,, (BCC) clusters calculated in [22-241 by the transition-state 
procedure of Slater within the local spin-density functional theory with a Gaussian or- 
bitals basis. As one can see, the more sophisticated method yields better quantitative 
agreement with the experimental data than does our method. Note, however, that 
calculations of electronic properties of transition-metal clusters by the most precise 
ab initio methods have been made for a fairly small number of specific cluster sizes. 
So, it is dimcult to determine the size dependence of IP' of Fe clusters on the basis 
of these results. 

Among a variety of calculations of IP using simple models (e.g. [Z-271) we men- 
tion the remarkably correct description of the experimental dependence that has been 
obtained in [Z] within a simple tight-binding theory. This theory uses input parame- 
ters that yield correctly some bulk iron properties (magnetic moment, work function, 
compressibility, etc.). In contrast to our conclusion, in [SI it is shown that the IP is 
dependent on the assumed Fe cluster geometry. These calculations predict different 
dependences of IP on cluster size for BCC- and FCC-like structures, giving the best 
agreement with experiment for BCC-like iron clusters. 
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4. Photoabsorption spectra 

It is !mown that in photoabsorption spectra of atomic 36 metals the strong asymmetric 
pealc near the energy of the 3p excitation is dominant (in the present section the 
usual atomic classification is employed for designation of free Fe atom states and 
core shells of an Fe atom embedded in jellium spheres). This peak is interpreted as a 
giant autoionization resonance [ZS, 291 and is caused by the existence of unoccupied 
M states and by the large overlap (hence, the strong interaction) between localized 
3p and 3d wavefunctions, which results in interference between the discrete 3p i 3d 
excitations and the 3d -+el ionization channels. 

In this section of the paper the change of the giant resonance shape from an Fe 
atom to iron clusters and bulk metal is studied. 

4.1. Model and melhod 

The calculations of the dipole photoabsorption cross section 
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for a free atom and SMC of iron were carried out within the time-dependent local 
spindensity approximation [30, 311 using the self-consistent solution of the set of 
equations: 

6nJ(v .w)  = ~ ~ ( r , r ‘ , w ) 6 V ~ ( r ‘ , w ) d r ’  1 
6 v 6 ( T , U ’ ) =  %xk(.?w)+ q & ( v > w )  

Here KxL(p ,w)  and y n d ( ~ , w )  are, respectively, an external field of frequency 10 
and an induced field; 6 n s ( r , w )  is the change in the charge density; x ; ( T , T ’ , w )  is 
the susceptibility function in the independent-particle approximation: 

X ; ( P , T ‘ , W )  = ~ ~ ~ ~ ( r ) ~ ~ ~ ( ~ ’ ) G ( r ~ r ’ ;  E,, + w) occ 

om 

+ ~ ? l ~ ~ ( ~ ) ? l i r ( p ‘ ) G t ( ~ , ~ ’ ;  E;, - w) (16) 

where G(T,  P’, w )  is the Green function. Energy levels E<, and wavefunctions $,* 
of the ground state are obtained as the solution of the KohnSham equations (1)-(3). 

In calculations of the iron cluster photoabsorption, we modelled every cluster 
atom by an Fe atom embedded in the jellium sphere with radius equal to the distance 
between the atom and the cluster surface. The difference between photoabsorption 
cross sections of the jellium sphere with the Fe atom in the centre and the same 
jellium sphere without the inner atom was considered as the photoabsorption of the 
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single atom, which is 'dressed' in the cluster s d  interaction. The total photoabsorp- 
tion spectrum of the cluster is obtained as the sum of cross sections of these cluster 
'quasi-atoms'. 

Thus, we reduced the problem of photoabsorption for the Fe cluster to the spheri- 
cally symmetric one for the Fe atom embedded in jellium spheres. For spherically 
symmetric systems, the Green function in (16) has a simple decomposition, 

G(T,T' ,E)  = ~ ~ ~ ( ~ ) G l ( r , ~ ' , E ) ~ ~ ( ~ ' )  
Im 

where G,(r ,  r', E )  can be expressed as 

GI ( r,  T', E )  = 'RI ( T< , fWr~ ( v,,  E )  / r2 E ) .  

y,,,(F) is a spherical harmonic; r< and r ,  are the lesser and greater of r and r'; 
vR,(r,  E )  and rN,( r ,  E )  are, respectively, regular and irregular solutions, at the 
origin, of the radial KohnSham equation with the potential (2) and energy E,  and 
W l ( E )  is a Wonskian of functions 72, and ,U,. 

We obtained R, and N, by integration of the radial KohnSham equation, using 
the asymptotic behaviour of these functions at the origin and infinity. As is generally 
known, the regular solution 72, behaves asymptotically for I' -+ 0 as rltl. When 
r i CO, the irregular solution N, must be an outgoing wave for positive energies, 
and it is exponentially decreasing for negative energies. 

So, the well hown. decomposition 

was used for RI at the origin (here factors p, can be determined by substituting the 
decomposition for R, into the radial Kohn-Sham equation). 

At large radii, the Wentzel-Kramers-Brillouin (wm) approximation [32] was em- 
ployed but only for wavefunctions corresponding to the core levels of the central 
atom. The WKB region for the reSt of the levels of the 'Fe atom in jellium' system is 
beyond the HermannSkillman mesh. We applied the phase function method 1331 in 
this case. 

4.2. Results 

We considered spherical Fe clusters with a BCC geometric structure (cluster atoms 
are around the central atom like coordination spheres of a BCC structure with a = 
2.87 A). 

The calculated photoabsorption spectra of a free Fe atom and of spherical iron 
clusters containing from 9 to 127 atoms, and the M2,3 absorption spectrum of bulk 
iron in the energy range 50-60 eV are shown in figure 5. 

As can be seen in figure S(a), the theoretical photoabsorption cross section for 
atomic Fe will correctly reproduce the shape of the experimentally observed spectrum 
[ZS] if the calculated curve is moved as a whole to the right by 2 eV. The necessity to 
move the theoretical results along the energy scale is bound up with the use of the 
local density approximation, which gives not quite accurate energy eigenvalues and 
self-consistent potential of the ground state [34]. Since the photoabsorption spectra 
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Figure 5. The variation of the giant rcsnnance profile as a function of the size of the iron 
atomic aggregation: (0 )  the E- section of atomic Fe (broken awe, our calculation; 
dottcd curve. experimcnlal data (281); (bm) cmss sections of iron clusten containing 
9 (b). 17 (c),  28 (6). 66 (e), 84 (f) and 127 (9) atoms; (h) M2,3 absorption spectrum 
of buL U00 (broken "e. our cdlculation, doiced "e .  experiment [34: experimental 
daw arc presented in arbitrary units). 

of iron clusters are obtained within the local density approach, one can suppose that 
the cluster spectra are also displaced in the lower energy region. 

We have analysed the partial contribution of separate electron excitations to the 
total photoabsorption cross section as well as the change of the energy position 
of the resonance with decrease of the induced part of the self-consistent potential 
(15). (Apparently, when the induced contribution to the self-consistent potential is 
decreased to zero, the energy of the resonance maximum will approach the energy 
of the discrete excitation with which the autoionization resonance is connected [35].) 
Research showed that the giant resonance in the photoabsorption cross section of 
atomic iron is due to interference between the discrete 3pl i 3d, transition and 
continuum 3d, i epT (peak 1 in figure 5(a)) and 3dT -+ cf, (peak 2 in figure 5(a)) 
excitations. 

The photoabsorption spectra of small iron clusters have been analysed within the 
framework of the 'atom in jellium' model. The upper part of the potential well for 
the 'jellium sphere with embedded central Fe atom' system is considerably different 
from an Fe atomic potential and resembles a spherically symmetric potential well. 
Fbr this reason, in comparison with an Fc atom, the 'atom in jellium sphere' system 
a n  have several discrete d levels. What is more, as distinct from a free Fe atom, 



Electronic sImcture of small Lon clusters 6427 

several discrete d states of ‘Fe atom in jellium’ can be unoccupied. According to 
selection rules, discrete transitions with p shells on these d levels are possible. The 
energies of discrete 3p - nd transitions have close values and lie in the atomic giant 
resonance range. Since the wavefunctions of the 3p shell and unoccupied d shells 
overlap considerably, several discrete 3p - nd transitions can have autoionization 
character. As a result, the structures of photoabsorption spectra of ‘Fe atom in jellium 
sphere’ are more complicated than that of a free Fe atom and depend on the jellium 
sphere size. 

The photoabsorption spectrum of the iron cluster, therefore, consists of ‘quasi- 
atomic’ cross sections with various structures. Summation of ‘quasi-atomic’ spectra 
and normalization of the sum per atom give the cluster resonance profile, which is 
more spread than that of a free Fe atom. 

Figure 5 illustrates the change of the giant resonance shape of iron with the 
increase of the atomic aggregation size. As can be seen in the figure, the resonance 
intensity decreases non-monotonically with the cluster size. 

Finally, for comparison, we touch on the absorption of bulk iron in the energy 
range of 3p-shell excitations. The experimental (361 M2,3 absorption spectrum of 
bulk iron has an asymmetric resonance but, in contrast to the Fe atom, without 
fine structure (figure 5(h)). Our calculations of the M?,3 absorption spectrum within 
the well lolown one-electron approach (we used the iron electronic band structure 
obtained by the linear augmented plane-wave method) yield a single symmetric peak 
at lower energy than the experimental result (figure 5(h)). The difference between 
the experimental and our theoretical results for bulk iron is due to the neglect of 
many-electron effects, which cause the shift in energy and asymmetric profile of this 
resonance. 
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