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Summary. Molecular orbital calculations of iron, silicon, and iron silicide
clusters have been carried out using the UHF-MINDO/SR method. The
nature of the bonding in these compounds has been investigated by analyzing
the importance of bonding indexes and diatomic components of the total
energy. It has been found that in iron silicide the strongest bond is formed
between Fe—Si and that it arises mainly as the result of sp-sp type orbital
interactions. Although d orbitals show very little overlap with s-p orbitals,
they do contribute significantly to bonding through electrostatic type di-
atomic interactions. By means of a detailed analysis of sp, and d orbitals and
total density of states (DOS) of Fe,Si;, Si;Fe,, Fe,s, and Si,; clusters, the
present calculations have permitted us to explain the origin of the iron silicide
UPS experimental peaks.
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1. Introduction

Because of the technological importance of transition metal silicides in metal/Si
contacts in electronic devices, as well as their own magnetic and metallurgic
properties, these compounds have been receiving increased attention in the last
few years. Among the metal silicides, FeSi has been the object of several
experimental studies due to its special properties. A variety of surface spec-
troscopy techniques such as X-ray photoelectron spectroscopy (XPS) [1, 4],
bremsstrahlung isochromat spectroscopy (BIS) [4], inelastic neutron scattering
(INS) [5], ultraviolet photoelectron spectroscopy (UPS) [1, 6], Auger-electron



40 L. J. Rodriguez et al.

spectroscopy (AES) [1,7], electron-energy-loss spectroscopy (EELS) [1, 7a),
magnetic susceptibility [8], electrical conductivity [9], etc. have been applied to
FeSi in order to elucidate its electronic structure and to determine how the latter
correlates with its physical and chemical properties.

In spite of this experimental effort, the understanding of the FeSi electronic
structure is still unclear. In addition, the lack of theoretical studies on iron-
silicides, except for a previous communication [10], justifies the present applica-
tion of the MINDO/SR method [11] to this bimetallic system.

In the next section, a brief review of the methodology used in these
calculations is presented. An analysis of the FeSi diatomic molecule is carried out
in Sect. 3.1. The calculated binding properties and density of states of Fe,Si,,
Si;Fe,, Fe;s and Si,; clusters are discussed in Sects. 3.2, 3.3 and 3.4 and are
compared with recent experimental work. Particular emphasis is placed on
understanding the nature of the FeSi bond and in elucidating the role of d
orbitals in the formation of these compounds.

2. Theoretical background

The UHF-MINDO/SR method [11] is an extension of MINDO/3 [12] that
permits the treatment of transition metals and the inclusion of selective molecular
orbital occupancies and symmetries {13]. In previous publications [14—19], it has
been shown that the MINDO/SR method leads to a very reasonable description
of the electronic and bonding properties of catalytic systems that contain
transition metals, surface as well as bulk properties of metal clusters, and of
adsorbent-adsorbate interactions in chemisorption processes. Needless to say, the
success of this method is largely dependent upon the procedure used in estimat-
ing the ground state molecular parameters. The Fe atomic and bonding Fe—Fe
parameters used in this paper were reported in a previous work dealing with the
electronic structure of iron clusters [14]. For silicon, we have adopted the
parameters described by Bingham, Dewar and Lo [12] as they give a good
correlation between the equilibrium bond properties of Si,, with the experimental
bond length of 2.25 A, and the experimental dissociation energy of 75 kcal/mol
[20]. In addition, the quality of these parameters has been tested successfully by
several calculations [21] on clusters that contain silicon atoms. The FeSi diatomic
molecule has not been reported either theoretically or experimentally, and
therefore an extensive search for bonding parameters was not attempted in this
work. Our choice of the FeSi bond length was based on an extrapolation based
on the bond lengths in Fe, and Si, diatomic molecules and the correspondent
equilibrium internuclear distances in Fe and Si bulks. This relationship was
applied to the FeSi bulk taking into account an average value for the nearest
Fe-Si distances. The value of 2.25 A thus obtained is a judicious selection in
view of the fact that it is just a bit shorter than the bulk FeSi distance which is
2.29 A. Our parameters were selected so as to reproduce this distance and also
the atomization energy of 70.0 kcal/mol [22] which is the only known experimen-
tal fact about this system. The conjecture that our calculated ground state for the
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FeSi molecule is a reasonable one is based on the observation that a 20%
variation of the parameters did not change the symmetry or the orbital occupa-
tion numbers of this ground state. Furthermore, the bond polarity is in agree-
ment with that estimated from atomic electronegativity considerations. A
summary of the parameters used in these calculations is presented in Table 1.

The theoretical tool of density of states (DOS) has been used to evaluate the
electronic properties of sp and d bands. A Gaussian approximation described by
Simonetta and Gavezzotti [23] permits us to construct the DOS from the
calculated ionization energies obtained using Koopmans’ theorem. The DOS was
calculated separately for the total, sp, and d orbitals of all clusters studied.

In order to analyze the nature and strength of cluster bonds the well-known
energy partitioning technique [24, 25], first employed in the context of the
CNDO and INDO methods, was utilized for the present MINDO/SR calcula-
tions [17]. In this approach, the total energy expression for a molecule is written

Table 1. Atomic and molecular parameters (eV)

Slater exponent and core parameters

Atom Atomic Slater Core
orbital exponent parameters
(aun)!
4s 1.36 —102.13
Fe 4p 1.20 — 74.57
3d 3.73 —127.29
Si 3s 1.63 — 39.82
3p 1.38 - 29.15
Slater—Condon parameters
Fe 3d-3d 3d-4s 3d-4p 45-4s 4s-4p 4p-4p
F° 17.86426 13.74957 10.07612 13.84500 9.48361 8.28022
F? 8.41423 — 0.67693 — 2.45289 —
F* 5.10633 — — — —_ —
G! — — 0.25098 — 2.20164 —
G? — 1.38466 — — —_ —
G? — — 0.16581 — — —
Si 2s-2s 2s-2p 2p-2p
F° 0.36089 0.30723 0.24978
F? 0.11791 — —
G! 0.14553 — —
Molecular parameters
Diatomic
molecule o B
Fe-Fe 1.01000 0.60300
Si-Si 0.91842 0.24170

Fe-Si 3.00175 0.67739
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as a sum Y, Eyx of one center energy terms (E, is the energy associated with the
atom X) plus a sum Y, ., Exy (Exy corresponds to the interaction energy

between atoms X and Y). The two-center terms Exy (diatomic contributions to
the total energy) are further partitioned into the potential energy of electrons X
in the field of nucleus Y and vice versa, the electronic repulsion energy between
electrons on atoms X and Y, the contribution of the resonance integrals to the
energy of the X—Y bond, the electronic exchange interactions of the electrons on
atoms X and Y, and the nuclear repulsion energy between nuclei X and Y. We
have calculated each one of the above energies for the s-s, p-p, d-d, s-p, s-d and
p-d orbital interactions with the purpose of analyzing their relative importance in
the bonds of the compounds studied in the present work.

3. Iron-silicon interactions
3.1. Bonding in diatomic FeSi

According to our calculations the ground state of FeSi corresponds to a triplet
state (*4) with four electrons entirely localized on the iron atom, and with holes
in 6(d) and 3¢* orbitals.

The calculated bonding properties and their experimental values (in paren-
theses) for the ground states of Fe,, Si, and FeSi are presented in Table 2. From
an examination of the orbital occupancies shown in Table 2, one sees that the
atomic electronic configurations in Fe,, Si,, and FeSi are Fe(s®7%, p®24, 47%9),
Si(s'#3, p217), and Fe(s'*, p®7%, d®°") and Si(s'-**, p>**), respectively. The com-
parison of these values indicates that the Fe—Si interaction gives rise to a charge
redistribution. Table 2 also shows a Si(sp) —Fe(d) Mulliken bond order of zero,
which eliminates the possibility of a direct bonding between the Fe(34,:) and the
sp atomic orbitals of silicon. This nonbonding feature of the Fe(3d) orbitals has
also been found in connection with electron spectroscopy studies of iron silicide
[4, 6]. The magnitude of the FeSi interactions is indicated by the value of 2.04 for
the Si(sp)—Fe(sp) Mulliken bond order shown in Table 2 and the net electron
density transfer of 0.12 from Fe to Si (see orbital occupancies in Table 2); this
fact, of course is in agreement with the more electronegative character of Si as
compared with the Fe atom in diatomic FeSi.

Figure 1 depicts the molecular orbital diagram calculated for the ground state
of FeSi. The main covalent ¢ bonding interaction is represented in this figure by
the 20(x) molecular level, which is about 50% localized on the Fe and the Si
atoms, respectively, and is mainly formed from the interaction of a
Fe(4s, 4p, 3d,,) hybrid orbital and the 3s atomic orbital of silicon. The indirect
contribution of the 3d,. orbital to the bonding will be explained in more detail
below in Sect. 3.3. Its population in the free iron atom is 2e ~ whereas in FeSi it
is le—. This result indicates that the iron hybridization represents the main
mechanism for a nonbonding transfer of electronic density away from the Fe(3d)
into the Fe(4p) orbital, i.e., for the change from an isolated Fe(4s',3d")
configuration into the Fe(4s"!, 4p®8, 3d%) electronic configuration found in
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diatomic FeSi. A different behavior is observed in the other ¢ and n molecular
orbitals. The 36*(2) and lo(x) levels are 80% and 90% localized on Fe,
respectively. On the other hand, the 30 *(f) and 16(f) are 90% and 80% confined
to the silicon atom, respectively. The 1n(8) molecular orbitals are formed by the
interaction Fe(4p)—Si(3p) atomic orbitals and are 83% centered on the silicon
atom.

An analysis of Mulliken bond orders is given, taking into account individual
contributions coming from each molecular orbital. The results show that the
molecular orbitals that contribute the most to the bond are 1a(a) (0.106), 20(a)
(0.615), 1a(B) (0.614), 20(f) (0.187) and 2=n(B) (0.478). In accord with these
results we can conclude that the Fe—Si bond is mostly formed by & type orbitals
with some contribution from =n orbitals. Some degree of ionic character is
observed due to the charge transfer and the localization of several ¢ and =
orbitals on the Fe or Si atoms. :

3.2. Iron-silicide clusters

The bulk crystal structure [26] of iron silicide is a B-20 cubic with Fe atoms in
X, X, X; X+ 172,12~ X, —X;)) positions and four Si atoms in equivalent
ones. The unit cell constants are: a = 4.489 A, Xg, = 0.137 and X, = 0.842 [27].
In this cell each Fe atom is bonded to seven Si atoms in the first coordination
sphere and to six Fe atoms in the second one. The Fe atoms are surrounded by
one Si atom at 2.29 A (4 distance), three at 2.34 A (B distances), and three at
2.52 A (C distances). The second coordination sphere is formed by six Fe atoms
at 2.75 A (D distances). The Si atoms present similar coordination spheres: a first
one with seven iron atoms at the Fe—Si distances cited above and a second one
with six Si atoms at 2.78 A (E distances).

Based on these structural characteristics, and on the criterion that at least one
atom must have a complete coordination environment, 14-atom clusters having
complete first and second coordination spheres were chosen to represent the FeSi
bulk. This is depicted in Fig. 2, where the central atom can be taken either as
iron (Fe,Si;) or as silicon (Si;Fe;). In this way our bulk model has a well
represented central atom. In order to assess the relative magnitude of the Si—Si
and Fe—Fe interactions in the FeSi clusters studied in this paper, iron and silicon
clusters which model bulk iron and bulk silicon, were also constructed for
comparison. The iron cluster consisting of 15 Fe atoms with a body centered
cubic crystallographic structure is also shown in Fig. 3a (in which the central
atom is completely coordinated). The Si cluster with diamond structure formed
from 17 Si atoms is depicted in Fig. 3b, where the central atom is bonded to first
and second nearest neighbors.

An examination of the most stable multiplicities for each of the clusters
described above was carried out. The optimal values of 23, 19, 47 and 1 were
found for Fe,Si;, Si;Fe,, Fe;s and Si,; clusters, respectively. The number of
unpaired electrons per each iron atom corresponds to 3.14 and 2.57 for the
Fe,Si; and Si,;Fe, clusters, respectively. These values are close to the value of
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Fig. 2. Iron silicide cluster (Fe,Si; or Si,Fe,).
O, Si; @, Fe in Fe,Si; and O, Fe; @, Si in
Si,Fe,

CL
e

Fig. 3. a Iron cluster (Fe,s); b Silicon cluster (Si;;)

3.06 found for Fe,s confirming the fact that iron silicide is in a paramagnetic
state [5, 6].

3.3. Bonding properties

The bonding properties and the electronic populations of FeSi (diatomic
molecule) and of all the clusters studied in this work are presented in Table 3.
For the analysis of bonding properties of these systems, we have relied on the
Mulliken bond orders (MBO) and on the components of the total energy, the
so-called “diatomic energies” (DE) [17, 24, 25]. For the sake of simplicity the
values of all properties of the Fe—Fe, Fe—Si and Si—Si bonds shown in Table 3
were taken to be the average values for different bond lengths where only two
types of bonds were considered, namely, those involving the central atom and
those including two peripheral atoms. In the case of the Fe,s cluster, two
interatomic distances were considered. They were labeled as F (Fe—Fe distance
of 2.48 A) and G (Fe-Fe distance of 2.87 A). For the Si,, cluster, we also have
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taken into account two interatomic distances labeled as H (Si—Si distance of
2.35 A) and I (Si-Si distance of 3.84 A).

Comparison of the results for all different properties presented in Table 3
allows us to conclude the following:

(a) The MBO’s for the Fe—Si bonds in the FeSi clusters, as well as in the case
of the Fe—Si diatomic molecule, are in essence of the sp-sp type.

(b) The charge transfer in the FeSi clusters takes place from the Si to the Fe
atoms; this is contrary to what is found in the diatomic molecule. Comparison of
the iron valence orbital population (VOP) in the diatomic molecule ((sp)'?, 45°)
with the correspondent average value in the FeSi clusters ((sp) %, d7°), (plus the
fact that the Fe(d)—Si(sp) overlap is negligible) indicates that there is a bonding
charge transfer from Si(sp) to Fe(sp), followed by an internal shift of electronic
density to the Fe(d) orbitals. The experimental results for the polarity of the
Fe~Si bond in FeSi bulk are controversial. XPS results of Sergughin et al. [3]
indicate that the Si(2p) levels in monosilicides are displaced to lower energies;
this is interpreted to be the result of a reduction of the electronic density in
silicon atoms. On the other hand, XPS reults of Egert and Panzner [1] show that
the Si(2s), Si(2p), Fe(3p), Fe(2p) binding energies of the core levels decrease with
respect to Si and Fe pure systems. They suggest the presence of a homopolar
bonding character with a small charge transfer between iron and silicon atoms.
A similar conclusion is reached from XPS results of Nemoshkalenko et al [2].
Our VOP results clearly indicate a transfer of electronic charge from the Si atoms
to the Fe atoms, in spite of the fact that in the diatomic molecule the electronic
drift is in the opposite direction. Nevertheless, one should keep in mind that the
experimental results refer to bulk matter. Clearly our results are affected by the
small number of atoms used to represent the Fe—Si bulk. Furthermore, one
should consider that perhaps the charge separation obtained by a Mulliken
population analysis may be deficient [28] and also that our basis set does not
include polarization functions, such as 3d orbitals on silicon.

(¢) The Fe—Si bond energies and bond orders involving the central Fe atom in
Fe,Si; (or central Si atom in Si,Fe,) are smaller than those of the peripheral
Fe—Si bonds. This means that the Fe—Si bonds involving border atoms are
tighter than those involving completely coordinated atoms.

(d) In the iron and FeSi clusters, the Fe—Fe bonds are mainly of sp-sp
character; this is in agreement with both previous calculations [14], and also with
experimental and theoretical results for homonuclear diatomic molecules of
transition metals [29].

(e) The Fe(d) population in the Fe,s cluster (d’°) is quite similar to that
obtained for the FeSi clusters; therefore, Fe d-orbital delocalization is not
expected when one goes from pure iron to iron silicide. However, the Fe(sp)
population in the FeSi clusters is greater than in Fe, 5 due to charge drift from the
Si atoms.

(f) Comparison of the Fe—Fe and Si—Si diatomic energies in pure Fe,s and Si,,
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clusters and in bimetallic Si;Fe, and Fe,Si; ones indicates that the Fe—Fe bond
strength decreases from —0.021 to —0.041 a.u. for the central bonds and from
—0.113 to —0.037 a.u. for the peripheral bonds. In addition, Si—Si bonds are
weaker in the FeSi clusters than in the silicon cluster. In fact, the Si—Si diatomic
energy diminished from —0.377 a.u. in Si;; to —0.024 a.u. in Si;Fe, for the
central bonds, and from —0.395 a.u. in Si;; to —0.019 a.u. in Si,Fe, for the edge
bonds. These bond strength changes can be accounted for by the increase of the
Fe—Fe (2.48 A to 2.75 A) and Si—Si bond distances (2.35 A to 2.78 A) in going
from pure clusters to Fe—Si clusters. The Fe—Fe and Si—Si bond depleting is
compensated, therefore, by the formation of the Fe-Si bond. This effect is
corroborated by the analysis of the calculated cohesive energy (CE) (total
binding energy divided by the total number of atoms) for each cluster. In fact,
for the Fe,s and Si;, clusters, the CEs are 4.1 eV (4.3 ¢V [30]) and 4.8 eV (4.7 eV
[30]), respectively. They are very similar to the corresponding values of 4.0 eV
and 4.2 eV for Fe,Si; and Si,Fe,, respectively.

(g8 Another interesting feature is found in connection with the calculated charge
distribution in the Si;; cluster. The central Si atom is positively charged
(+0.32 a.u.), its nearest 4 Si neighbors have an electronic charge of —0.32 a.u.
per atom and the peripheral 12 Si atoms are electron deficient (4-0.08 a.u. per
atom). This alternate charge distribution has also been found in the Fe,s cluster
suggesting that a cyclic charge distribution may exist in a real symmetric cluster.
One possible explanation for these heterogeneous charge distributions arises
from the difference in bond saturation between peripheric and central atoms. The
less saturated atoms have the tendency to supply electrons to the most saturated
ones. A similar effect was found in theoretical calculations with less symmetrical
metallic clusters [14].

(h) The Fe-Si bonds in the FeSi clusters are stronger in magnitude than the
Fe—Fe and Si-Si bonds. This is in agreement with experimental results reported
by Goldschmidt [31], which established that the Si atoms are isolated and are
bonded to the metal atoms only, and stands in contrast with the electron
spectroscopy studies of Egert and Pazner [1] who concluded that the Si-Si
interaction prevails in iron monosilicide.

(i) The DE terms and the total energy (—162.390 a.u.) for the Si,Fe, cluster are
larger in magnitude than the corresponding DE and total energy ( —162.285 a.u.)
in Fe,Si, suggesting that the most stable system is formed by a central Si atom
surrounded by Fe atoms as first neighbors. This energy difference would favour
any structure in which Si atoms are placed within Fe atom cages. In other words,
it would favour the migration of Si atoms placed on the surface of Fe bulk
toward the interior of the Fe phase and, of course, it would not favour the
migration of Fe atoms toward the interior of bulk Si. This conclusion correlates
well with the experimental work of Lau et al. [32], who indicate that the Si atoms
were the moving species during the growth of FeSi phase from thin layers of Fe
deposited onto a single Si crystal.

(j) Comparison of MBO’s and DE’s for Fe,Si, and Si,Fe, indicates that no
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correlation exists between them (FeSi has smaller DE’s than SiFe, while the
MBO’s in FeSi are larger than in SiFe). The difference between these two
bonding parameters lies in the fact that the MBO’s consider only the terms that
involve interatomic overlapping, while, in the DE, coulombic terms are also
included. These results suggest that the coulombic interactions have an important
bearing on the nature of the Fe—Si bond.

A more detailed analysis of FeSi diatomic energies, such as was done in [17], can
be utilized to explain the role of Fe-d orbitals in the Fe—Si bond. For this
purpose, let us further partition the electronic diatomic energy into resonance
energy (RE), attraction energy between electrons and nuclei (AE), exchange
energy of electrons (EE), and repulsion energy of electrons (REE). Each energy
term is decomposed into s-s, p-p, d-d, s-p, s-d, and p-d components as shown in
Table 4 for the Fe*—Si(A) diatomic energy (—0.132 a.u., see Table 3). The s-s
term includes the electron attraction between the Fe(s) electron density with the
Si nucleus, and between Si(s) electron density with the Fe nucleus. The p-p and
d-d terms are treated similarly. Therefore, the nuclear-attractions are not in-
cluded in the s-p, s-d and d-p terms. Although a complete partitioning of energy
has been performed, it is difficult to discern, for instance, the specific contribu-
tion to the DE coming only from d orbitals. For this reason, we assume the
following criterion for calculating the total energy contribution of a particular
orbital, TE(j) (J = s, p, d), to the diatomic energy. The criterion is based on the
relative weight given by the orbital occupation numbers:

TE(s) = TE,, + ., TE, , + ., TE,,
TE(p) =TE,, + a,., TE,, + o, ,TE,,
TE@)=TE,; + a4, TE, 4+ 2;, TE, ;

where, a,, =n;/(n; +n) (n; is the j-type orbital population). Because the term
TE,, is associated with Fe(s)-Si(p) and Si(s) -Fe(p) interactions, the n, and n,
populations utilized in the calculation of the «,, and «, ; weighting factors have
to include the s and p population of both iron and silicon atoms. In the case of
Ug.gs Uuss %pqg and a,,, the n, and n, values only consider the s and p population
over the silicon atom.

With this in mind, the values of TE(s) = —1.9873 a.u., TE(p) = —3.0732 a.u.
and TE(d) = —1.8239 a.u. were obtained from Tables 3 and 4, and the iron and
silicon atoms s-population (n,(Fe) = 0.38 and n,(Si) = 1.30). These results indi-
cate a noticeable energetic participation of the J orbitals in the Fe—Si bond
resulting from the strong attractive stabilizing interaction between the 4 orbitals
and the Si nucleus as shown in the fourth column of Table 4.

Iterative extended Hiickel calculations for other metal silicides by Bisi et al.
[33] reveal that the d orbitals participate directly in the Fe—Si bond. Neverthe-
less, in our calculations the direct participation of the d orbitals in the Fe—Si
bond (covalent bond) is indeed negligible. This can be explained by observing the
small overlap values betwen iron d orbitals and silicon s-p orbitals. The opti-
mized single zeta d-orbital exponent (3.72669 (a.u.) ~!) given in [33] is employed
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in these calculations. It produces for the Fe—Si diatomic molecule the values of
0.025, 0.040, 0.402, 0.565 and 0.284 for s-d,», p,-d,», s-s, s-p, and p,-p, overlaps,
respectively. A test, using the lowest Clementi—Roetti’s exponent (2.61836
(a.u.) ") for double zeta functions [34], was carried out and the results showed
a fair improvement for the s-d,. and p-d,. overlaps (0.075 and 0.098, respec-
tively). However, the sp-d bond orders are still considerably smaller than the
sp-sp ones. Similar results have also been found by MINDO/SR calculations on
FeCO systems carried out by Blyholder and Lawless [35] using double zeta
functions for Fe(d) orbitals. Discussions about d-orbital participation in transi-
tion metal compounds have been reported previously [16, 18]. In a review of
Ni—H calculations [18] performed at different levels of sophistication, it was
pointed out that several authors are of the opinion that d-orbital participation in
the Ni—H bond is certainly small. On the other hand, other researchers support
the idea that d orbitals participate directly in this bond. In order to settle this
controversial issue a thorough analysis using extended basis sets as well as CI
methods should perhaps be carried out. It is necessary to improve the represen-
tations of s, p and d orbitals, and also to take into account the interaction of
several excited configurations that contain an electronic densities distribution
which favor the direct d orbital participation in the Fe—Si bond.

One important question is why the diatomic molecule has d° occupation
while the cluster has d’. In Table 4, the partitioning of the diatomic energy (see
above) for the Fe,Si, cluster and the FeSi diatomic molecule is compared (see
values in parentheses for the diatomic molecule). As expected, the d-d attractive
term is smaller in the diatomic molecule than in the cluster. The opposite is true
for the s-s and p-p terms. In addition, there is a considerable increase in the
resonance energy terms of the diatomic molecule. This is reflected in the fact that
the Fe—Si bond is stronger in the diatomic molecule (bond order of 2.03) than
in the cluster (0.93). Because the iron atom in the cluster is surrounded by seven
silicon atoms, and because the attraction between d electrons and the silicon
nuclei is an important factor affecting the system’s stability, a redistribution of
the electron density on the d orbitals toward the positions of the silicon atoms is
favored. Thus, we have the following d-orbital occupations: 4. (1.33e7),
d.(1.24e"), d,,(1.67e7), d,>_,2(1.23e~) and d,,(1.53e~). This type of elec-
tronic redistribution cannot occur in the case of the FeSi diatomic molecule since
much of the d-orbital density is far from the Si nucleus and it is more favorable
to transfer d electrons to s and p orbitals by the mechanism of hybridization,
increasing the electronic density in the internuclear zone.

3.4. Density of states

The total densities of states (DOS) for the Fe,Si,, Si;Fe, and Fe,s clusters
calculated using the method mentioned in Sect. 2 are presented in Fig. 4.
Comparison of Fe,Si; and Si;Fe, DOS indicates that they are quite similar
except for the presence of some small sp-peaks in Si,Fe, which are displaced to
lower energies. The displacement at lower energies is larger in Si;Fe, than in
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Fe,Si, which correlates well with the DE values presented in Table 3, and with
the fact that the sp-sp MBO’s are larger for Si;Fe, than for Fe,Si;. However,
there is a noticeable DOS difference in the position of the peaks between the iron
and iron silicide clulsters. For the purpose of clarifying the meaning of these
peaks, the DOS of Fe,Si,, Si,Fe,, Fe,s and Si,, for d and for sp electrons are
presented in Figs. S and 6, respectively. The d-DOS suggest that the d orbitals
are localized in both the iron and the iron silicide clusters. In fact, a check on the
d molecular orbitals confirms that most of the energy levels are associated with
a few atoms and in many cases with a single atom with very small spd
hybridization. The d band width of iron, measured as the width of the peak at
half its maximum in Fig. 5, equals 3.98 eV. This is comparable with the 5.0 eV

a a
b b
[ C
1 N | 1 1 1 |
-850 -40 -30 -20 -0 0 -50 -40 -30 -20 -0 o]
Energy(eV) Energy (eV)
4 5
Fig. 4. Total density of state. a Fe,Si;;
a E b Si;Fe,; ¢ Fe,s
b E
Fig. 5. Density of state for d electrons.
a Fe,Si;; b Si;Fe;; ¢ Fe
c
d Fig. 6. Density of state for sp electrons.
] 1 a Fe;Si;; b Si;Fe,; ¢ Siy,;; d Fe,s
-50 -40 -30 -20 -10 0

Energy(eV)
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value obtained in band theory calculations for Fe bulk [36]) and with the 4.4
value from MINDO/SR calculations on a Fe,, cluster [14].

A significant change in the position of the d band is observed in iron with
respect to iron silicide. The FeSi d band moves toward lower energy (more
negative) with respect to the Fermi level. This result is qualitatively in agreement
with experimental X-ray photoemission valence-band spectra [1]. In fact, experi-
mental results in which the valence band of clean iron has been subtracted from
those of iron silicides clearly show that the binding energy of d electrons increases
with the silicon content so that a portion of the d-intensity is displaced from a
region close to the Fermi energy to regions of lower energy. The explanation of
the energy-lowering of the d orbitals (which do not overlap with the atomic
orbitals of neighboring atoms) is given by the electrostatic nuclear-electron
interaction. As we pointed out above, the DE analysis of the Fe—Si bond (in the
FeSi cluster) reveals a considerable attractive interaction between the 4 electrons
and the Si nucleus; this is enhanced by the facts that Si atoms are positively
charged and are located at distances less than the nearest neighbors distance in
the iron cluster.

For bimetallic and metallic clusters MINDO/SR has the tendency to produce
a sp-band which is too broad, and a sp-peak which is closer to the Fermi level
than the d-band [14, 16, 18]. These effects have been also observed in ab initio
[37] and INDOQ semiempirical calculations [38]. An explanation of this broaden-
ing, in the Fe,s cluster is obtained by a careful study of the origin of each
sp-peak. The hump closer to the Fermi level does not have any contribution
coming from the central (completely coordinated) atom; therefore, it is a direct
consequence of the unsaturated Fe atoms at the border of the small iron cluster
model used in the present work.

In what follows, we advance an explanation for the origin of the Fe,Si, (or
Si;Fe,;) peaks, shown in Fig. 6; this is done in terms of the Fe,; and Si,; DOS’s
of the isolated systems. In Fig. 6a for Fe,Si, (or Fig. 6b for Si,Fe,), in the region
of smallest binding energy, we observe three peaks marked as 4, B and C.
Comparison with Fig. 6¢ for Si;; clearly suggests that peaks A and B are
essentially the silicon peaks A’ and B’ which, in fact, are slightly stabilized by a
small Si(3p)—Fe(4s, 4p) interaction which is 70% localized on the Si atoms. A
check for the origins of the iron peaks, shown on Fig. 6d, reveals that the 4"
peak has a (4s, 4p) nature; hence, they correlate with the 4 and B peaks of iron
silicide. Peak C for Fe,Si,, in Fig. 6a, is associated mainly with the silicon peak
labeled C’ for Si,; and it is slightly stabilized by a small Si(3s)—Fe(4p) interac-
tion since it is 65% localized on Si(3p) with a very small 4p-3d hybridization.
Peak C shown in Fig. 6b has a larger participation of Fe(4p) (about 42%) which
makes it more spread out for Si;Fe, than for Fe,Si,. In accord with the nature
of the C, C’ and C” peaks, the C peaks of Figs. 6a—b stem mainly from C’ and
partly from C” (Fe(4p)).

It should be mentioned that our calculated 4, B and C peaks in Fig. 6a are
located at about 2.5, 5.5 and 11.0 ¢V with respect to the Fermi level which is
indicated by a vertical dashed line. The BIS experimental results of Oh et al. [4]
reported three peaks (labeled by B, C and D in Fig. 1 of [4]) at about 2.5,
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5.0-5.5 and 9.0-10.5eV assigned to non-bonding Fe(3d), Si(3p) and Si(3s)
states, respectively. This close agreement between the position of experimental
and theoretical DOS bands suggests that the peak B given by Lo et al. at 2.5eV
may be a consequence of overlap between the sp-band and the d-band. The other
two peaks are in agreement with the present assignment although our calcula-
tions show that they are not pure Si(3p) and Si(3s) as suggested by Oh et al. [4]
and Egert and Panzner [1], but a mixture of these with the Fe(4s) and Fe(4p)
orbitals.

Peaks D and E shown in Fig. 6a for Fe,Si, are associated with a strong
bonding interaction among the Si(3s) and the Fe(4s) and Fe(4p) orbitals. These
two peaks located at about 21.5 and 32.5 eV with respect to the Fermi level seem
to be very strongly shifted in energy. As was noted above, the MINDO/SR has
the tendency to produce a sp-band which is too wide. However, this result is not
unusual because calculations on the ab initio MgO diatomic molecule carried out
in our group with the Monster—Gauss program [39] showed a shift of 22.0 eV
between the HOMO and the most stable occupied valence orbital. On the other
hand, it is known that peaks below 10eV are not clearly observed in the
experimental UPS spectrum, probably due to a secondary electron effect which
masks the primary electron transitions. An analysis of the molecular orbitals
contributing to the D’ and E’ peaks showed that they are essentially Si(3s),
whereas D” peak is formed of Fe(4s) and Fe(4p) orbitals. These results clearly
suggest that the D and E peaks in iron silicide come from the E” and D’ peaks
in silicon and the D” peak in iron. The origin of E and D peaks in Si,Fe, (Fig.
6b) may be similarly explained.

Finally, let us mention that our present DOS and charge transfer results for
Fe,Si; and Si,Fe; clusters coincide with unpublished results for Fe,,Si;, and
Si,, Fe,, clusters used to study chemisorption of oxygen on a FeSi (100) surface
[40]. ’
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