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Topological analysis of the electron localization function (ELF) in the ground-state Fe4 cluster reveals different
regions of valence electron localization in terms of monosynaptic V(Fei), disynaptic V(Fei,Fej), trisynaptic
V(Fei,Fej,Fek), and tetrasynaptic V(Fe1,Fe2,Fe3,Fe4) bonding valence attractors and basins. The degree of electron
localization is found to be smaller than in a homogeneous electron gas withη(r ) e 0.490. A relative fluctuation
of the electron density in the valence basins ranges between 0.83 and 0.96, which indicates a rather substantial
delocalization of the electron density. Approximately three valenceR-electrons are localized at each iron
core C(Fei)1,4) while two R-electrons, i.e., 0.5 e per one atom, are delocalized over the cluster. The valence
electrons show a trend toward localization between iron sites and in the proximity of triangular faces of the
cluster with the basin population of one electron. Metallic bonds in Fe4 may be characterized as partially
covalent and highly delocalized both spatially and electronically, which is reflected by a large number of
local maxima and relatively large fluctuations, respectively.

1. Introduction

Iron clusters have been the subject of numerous experimental1

and theoretical2,3 studies. The results of computations4 performed
using density function theory with the generalized gradient ap-
proximation (DFT-GGA) for the exchange-correlation potential
appear to be rather reliable. The most recent study5 of Fen, Fen

-,
and Fen+ (n ) 2-6) have shown the DFT-GGA results to be in
rather good agreement with experimentally obtained electron
affinities, ionization energies, and thermodynamic data.

Yet, the understanding of chemical bonding in iron clusters
is apparently lacking. Traditional methods such as natural bond
analysis (NBO)6 met difficulties in describing the chemical
bonding in complexes containing a single 3d-metal atom.7 Iron
clusters are anticipated to possess a strong 4s-3d hybridization
and, therefore, to be intractable for the NBO analysis. Thus,
one needs to resort to a method that does not rely on a
localization scheme in terms of transformations of molecular
orbitals composed of atomic orbitals (a traditional MO-LCAO
scheme). The latter is justifiable if the classic bond description
is valid, e.g., in 3d-metal dimers.8

A promising approach for analyzing the chemical bonding
was introduced by Becke and Edgecombe9 and presents a
topological analysis of the electron localization function. This
analysis is based on the previous suggestion of Bader et al.10 to
use the Laplacian of the electronic density for characterizing
atomic interactions. We choose Fe4 as a representative of
magnetic materials, since this tetramer possesses a three-
dimensional nuclear frame.

The paper is organized as follows. First we describe the
principles of topological analysis of scalar fields and properties
of the electron localization function. Next, brief details of
computations are presented followed by the discussion of the
results obtained. The last section summarizes our findings.

2. Methods of Topological Analysis
Topological analysis of the electron localization function

(ELF)9,11-12 presents a mathematical model of Lewis’s valence
theory13,14 and provides a partition of the molecular space into
basins of attractors that are in a one-to-one correspondence with
expected chemical properties. Several interpretations of the ELF
chemical meaning have been proposed.9,15-19 Originally, this
function was designed by Becke and Edgecombe9 in order to
provide an orbital-independent description of electron localiza-
tion. Their expression for the ELF is

whereDσ and Dσ
0 represent the curvature of the electron pair

density of the same spinσ for a real system (the Fermi hole
curvature) and the homogeneous electron gas of the same den-
sity, respectively. By definition, the ELF values are confined
between 0 and 1. The original derivation was based on the La-
placian of conditional Hartree-Fock probability of finding a
σ-spin electron atr2 when anotherσ-spin electron is located at
r1, namely:
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is expressed in terms of orbital contributions.Dσ
0(r ) is the

Thomas-Fermi kinetic energy for the homogeneous electron gas
of the same electronic density:

whereCF is the Fermi constant. In regions dominated by the
antiparallel spin coupling, the ELF is close to 1. In the vicinity
of boundaries between two such regions, electrons of the same
spin may approach closer to each other, and the ELF has smaller
values.

Savin et al.15 expressed the ELF in terms of the local kinetic
energy density, which increases due to the Pauli repulsionTS-
(r ) - TvW(r ):

whereTS(r ) is the local positive kinetic energy of a system of
noninteracting fermions having the same density as the real
system,TvW(r ) is the von Weizsa¨cker kinetic energy functional,
andTTF(r ) is the local kinetic energy of a homogeneous electron
gas. TheTS(r ) - TvW(r ) term corresponds to an excessive local
kinetic energy due to the Pauli repulsion. Dobson16,17proposed
two different interpretations for the Fermi hole curvatureDσ
that provides a useful measure of both the number of the same
spin electrons in the vicinity of an electron atr and the density
of relative kinetic energy of electron pairs of the same spinσ
nearr .

Burdett and McCormick18 proposed an interpretation that
relates the ELF and the nodal properties of the occupied orbitals.
High values of the ELF correspond to points where the electron
density is high, but only few or no nodes pass through the points.
On the contrary, the ELF values are small in points where the
electron density is low or if there are enough nodes to overcome
contributions from the electron density. Kohout19 emphasized
the lacking direct relationship between small values of the ELF
calculated for regions with low electron densities. He also
noticed that regions of large ELF values might be formed outside
the core regions in compounds where inner-shell electrons may
participate in the bonding.

Recently, Silvi20 described the electronic cloud in terms of a
“chemical electron gas” characterized by scalar fields of the
electron density and the spin-pair compositioncπ, which is
defined by

where Nh V
RR (r ), Nh V

ââ(r ), and Nh V
Râ(r ) are the pair functions

integrated over the volumeV centered at the reference point
with populationq. Actually, cπ(r ) is the concentration ratio of
parallel and antiparallel spin pairs at a given point. For a closed-
shell single determinant wave function,cπ(r ) can be ap-
proximated within a constant by theDσ/Dσ

0 ratio used in eq 1 in
the definition of the electron localization functionη(r ).

Theη(r ) function depends on a set of parameters{R}, such
as nuclear coordinates, electronic state of the system, etc., and
is characterized by critical pointsrC where

The number of positive eigenvalues of the Hessian matrix of
η(r ) at a particularrC is referred to as the indexI(P), which

ranges from 0 to 3 inR3. The local maxima ofη(r ) are critical
points with I(P) ) 0. If a critical point corresponds to a
maximum, then it acts as an attractor to a multitude of gradient
paths that form a basin. Separatrices, represented by bounding
surfaces, lines, or single points that separate the basins, are stable
manifolds of critical points possessing at least one strictly
positive index. There are typically two kinds of basins: core
basins C(A) encompassing nuclei A withZ > 2 and valence
basins V(A,B). The synaptic order of a valence basin is
defined21,22as the number of core basins with which the valence
basin shares common boundaries. A valence basin encompassing
a proton is considered as a formal core basin. Monosynaptic,
disynaptic, and polysynaptic basins are associated with lone
pairs, two-center bonds, and multicenter bonds, respectively.
The population of a basin is obtained by integrating the electron
density over the basin volumeΩi:

A useful quantity is the variance of a basin population defined
as

where π(r1,r2) is the spin-independent pair function. The
variance is a measure of quantum mechanical uncertainty of a
basin population and can be rewritten in terms of contributions
from other basins as

where the productNh (Ωi)Nh (Ωj) represents the number of electron
pairs classically expected from the basin populations, and
Nh (Ωi,Ωj) is the actual number of pairs obtained by integration
of the pair function over the basinsΩi and Ωj. The pair
covariance function cov(Ωi,Ωj) indicates the extent in which
population fluctuations of two basins are correlated. Following
Bader and Stevens23 who introduced the concept of fluctuation
Λ(Nh ,Ω) around the basin population over the regionΩ, one
may define a relative fluctuation of theΩi basin population as

It is positive and is expected to be smaller than 1.0 in majority
of cases.

3. Computational Details

The electronic density used for the ELF analysis was obtained
from optimizations of the ground state of Fe4, which has4,5

fourteen unpaired electrons. The standard approach where linear
combinations of atomic orbitals centered at iron sites constitute
Kohn-Sham24 one-electron orbitals was used. Optimizations
are performed using the Gaussian 98 program25 and the
6-311+G* (15s11p6d1f)/[10s7p4d1f] basis set.26-28 The ex-
change-correlation functional presents a combination of the
gradient corrected exchange due to Becke29 and correlation due
to Perdew and Wang.30 No symmetry constraint was imposed
and optimizations arrived at an actualD2d configuration: R1,2

) R3,4 ) 2.55 Å, all other Rij ) 2.26 Å. The local magnetic
moments derived from the conventional Mulliken analysis yields
values of 3.5µB at each atom site.

Nh (Ωi) ) ∫Ωi
F(r ) dr ) Nh a(Ωi) + Nh â(Ωi) (7)
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A topological analysis of the electron localization function
was performed using the TopMod software,31,32 and the ELF
function was visualized using the SciAn program.32 The electron
density integrations over localization basins were carried out
using a rectangular parallelepiped grid (200× 200× 185) with
a step of 0.07 Bohr. Critical points of the electron density
gradient field were localized using the module Extreme from
the AIMPAC suit.34

4. Results and Discussion

An analysis of the ELF gradient field of Fe4 reveals twenty-
one attractors (local maxima), four of which are associated with
the core electron densities. The attractors are presented in Figure
1 while the ELF (η) values and distances (R) from the atomic
nuclei are given in Table 1. The electron densities of core
regions are characterized by point attractors C(Fei)1,4) whose
positions coincide with the positions of the Fe nuclei.

It is rather common to consider the electronic shell structure
in metal clusters as corresponding to a free-electron-like
distribution which yieldsη ) 0.5.35 However, all the valence
attractors of Fe4 are found at the ELF values that are smaller
than 0.5. This means that electron localization in Fe4 is greatly
reduced due the Pauli repulsion exerted by the electron density
concentrated in core regions. Silvi and Gatti36 observed a similar

behavior for the fcc lattice of Cu, where some attractors exhibit
the ELF values of 0.38 and 0.20.

Attractors may be classified21,22 according to properties of
their basins. The concept of “synaptic order” is based on the
number of core basins with which a valence basin shares
common surfaces. Four valence monosynaptic attractors V(Fei)1,4)
are found in Fe4, which are displaced by 1.98 Å from the
corresponding Fe nuclei. These attractors are related to regions
where the valence electron density is highly delocalized and
the ELF value is 0.279. Monosynaptic attractors11 are usually
associated with lone electron pairs or basins that emerge37 during
formation or cleavage of a chemical bond in sp compounds.
For Fe4, it is more appropriate to consider the V(Fei) basins as
regions where the nearest core basin C(Fei) exerts the predomi-
nant influence on the distribution of electron density, in
correspondence with the dominating C(Fei) S V(Fei) covari-
ance.38 Llusar et al.39 observed similar monosynaptic V(In)
attractors located outside a K8In11 cluster and noticed that the
V(In) attractors are connected by pathways similar to those
found in metals.

Disynaptic attractors Vi)1,2(Fe1,Fe3), Vi)1,2(Fe1,Fe4), Vi)1,2-
(Fe2,Fe3), and Vi)1,2(Fe2,Fe4) correspond to the basins which
share common surfaces with two core basins C(Fei). These
attractors are located along the C2 and C2′ symmetry axes at
positions corresponding to the shorter edges of the distorted
Fe4 tetrahedron. For each edge, there are two pairs of attractors
V1(Fei)1,2,Fej)3,4) and V2(Fei)1,2,Fej)3,4) placed at 1.424 Å at
1.971 Å from the corresponding nuclei, respectively. The V1-
(Fei)1,2,Fej)3,4) attractors, which are localized closer to the core
basins, deliver a smaller ELF value of 0.438 due to a stronger
Pauli repulsion than the attractors V2(Fei)1,2,Fej)3,4), where the
ELF value is 0.490. Because the presence of two attractors along
a line connecting two nuclei is rather unusual, it is instructive
to consider the ELF topology between the V1(Fei)1,2,Fej)3,4)
and V2(Fei)1,2,Fej)3,4) attractors in more detail. Our searching
a critical saddle point of index 1 resulted in a point with the
ELF value of 0.437, which is close to that of the V1(Fei)1,2,-
Fej)3,4) attractors. This means that both V1(Fei)1,2,Fej)3,4) and
V2(Fei)1,2,Fej)3,4) basins form actually one extended valence
basin V1∪2(Fei)1,2,Fej)3,4) with the local maxima at the V2-
(Fei)1,2,Fej)3,4) positions. For simplicity, Figure 1 presents only
the V1(Fei)1,2,Fej)3,4) attractors in order to visualize that these
disynaptic basins correspond to four covalent two-center Fe-
Fe bonds.

Four trisynaptic V(Fe1,Fe2,Fe3), V(Fe1,Fe2,Fe4), V(Fe2,Fe3,-
Fe4), and V(Fe1,Fe3,Fe4) attractors are found on the tops of
triangular faces of the cluster, see Figure 1, at the distances of
1.803 Å from the corresponding Fe nuclei. The ELF value of
0.469 of these attractors is larger than that of V1(Fei)1,2,Fej)3,4)
but smaller than that of V2(Fei)1,2,Fej)3,4). The presence of
trisynaptic attractors reflects a trend for electron localization
not only between the Fe-Fe pairs but also on the cluster faces.
Thus, one may conclude that the Fe4 cluster has four three-

TABLE 1: Topological Data Calculated for the Fe4 Cluster

no attractor/basinΩi
a η R [Å] Nh [e] 〈Sz〉[e] σ2(Nh ) λ ) σ2/Nh

1 C(Fei)1,4) 1.000 23.78 1.47 1.92 0.08
2 V(Fei)1,4) 0.279 1.979 0.26 0.09 0.24 0.92
3 V1(Fe1,Fe3) 0.490 1.971 (both Fe1 and Fe3) 0.66 0.15 0.57 0.87
4 V2(Fe1,F3) 0.438 1.424 (both Fe1 and Fe3) 0.33 0.01 0.30 0.91
5 V(Fe1,Fe2,Fe3) 0.469 1.803 (Fe1 and Fe2), 1.825(Fe3) 0.94 0.03 0.78 0.83
6 V(Fe1,Fe2,Fe3,Fe4) 0.341 1.450 (for each Fe) 0.14 0.00 0.13 0.96

a Some exemplary attractors/basins are chosen.η is the value of a local maximum found in the ELF gradient field.R is the distance between a
given attractor and Fe nucleus.Nh is the mean electron population of theΩi basin,Nh (Ωi) ) Nh (Ω) + Nh â(Ωi). 〈Sz〉 is the integrated spin density
defined as SZ(Ωi) ) 1/2 ∫Ωi (FR(r ) - Fâ(r )) dr . σ2(Nh ) is the variance of the basin population.λ ) σ2/Nh is the relative fluctuation.

Figure 1. Three-dimensional representation of the Fe4 cluster attractors.
The longer Fe1-Fe2 and Fe3-Fe4 distances are shown by the thin lines.
The dotted lines connecting the valence trisynaptic V(Fei,Fej,Fek)
attractors with the core attractors C(Fei) reflect the “synaptic order” of
localization basins associated with them. For the disynaptic attractors
V(Fei)1,2,Fej)3,4), only the V1(Fei)1,2,Fej)3,4) attractors are shown, see
text.
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center covalent bonds. Feliz et al.40 observed disynaptic Vi(Moi,-
Moj) and trisynaptic V(Mo1,Mo2,Mo3) attractors in the Mo3
subunit of the [Mo3S4Cl3(PH3)6]+ cluster. They found the value
of ELF of 0.37 for the trisynaptic attractor.

There is a single tetrasynaptic attractor V(Fe1,Fe2,Fe3,Fe4)
in the center of the cluster which characterizes the electron
density between four core basins C(Fei)1,4). This attractor is
placed at the distance of 1.45 Å from each Fe nuclei. Its ELF
value of 0.341 is larger than that of the monosynaptic V(Fei)1,4)
attractor but smaller than the values of the Vi)1,2(Fei,Fej) and
V(Fei,Fej,Fek) attractors. This tetrasynaptic V(Fe1,Fe2,Fe3,Fe4)
attractor may be interpreted as a four-center bond. Similar
tetrasynaptic attractors may not be common in metal clusters
because Wang et al.41 did not find them in Sr4, Yb4, and Zn4.
On the other hand, Sun et al.35 observed increased electron
localization in the center of a distorted Al6 octahedron corre-
sponding to an ELF value of 0.5.

Another insight into the bonding properties of Fe4 might be
gained using Bader’s concept10 of atoms in molecules (AIM),
where the molecular space is partitioned according to peculiari-
ties of the one-electron density gradient field. The bonding
interaction between a pair of atoms is indicated by the presence
of a critical pointr c of index 1 that gives rise to a unique pair
of trajectories of∇(F(r )) originating at the critical point and
terminating at two nuclei. According to Bader:42 “the presence
of a bond path provides a universal indicator of bonding between
the atoms so connected”.

All the critical points (CP) found in the gradient field ofF(r )
are shown in Figure 2 where standard (r,s) designation is used;
namely, the rank (r) of a CP refers to the number of nonzero
eigenvalues and the signature (s) refers to the sum of signs of
the Hessian eigenvalues. There are four local maxima corre-
sponding to the Fe nuclei connected through six saddle critical
points (3,-1) which indicate that there are six chemical bonds
in the cluster. These bonds may be schematically visualized as
the edges of the distorted tetrahedron. Furthermore, there are
four saddle critical points (3,+1) and one local minimum (3,+3)
positioned at the center of the cluster. The minimum in the
gradient field coincides with the local maximum of the ELF
field that corresponds to the V(Fe1,Fe2,Fe3,Fe4) attractor.

One should anticipate that the bonding in Fe4 has a metallic
type. The energetic criteria for such a bonding as suggested by
Bianchi et al.43 are: (1) the potential energy density V(r c) < 0
in the bond critical point (BCP)rc, (2) the kinetic energy density
G(r c) = |V(r c)|, (3) the local electronic energy density E(r c) <
0 with |E(r c)| = 0. The value of the electron densityF(r c)
obtained for the longer Fe1-Fe2 and Fe3-Fe4 bonds is 0.052
e/Bohr3, which is smaller than the value of 0.076 e/Bohr3

calculated for the shorter Fei)1,2-Fe3 and Fe4-Fei)1,2 bonds.
For both types of bonds, the Laplacian∇2F(r c) is positive with
the values of 0.055 and 0.014 e/Bohr,5 respectively. The kinetic
energy values are 0.030 and 0.061 Hartree/Bohr3 while the
potential energy density values are-0.048 and-0.087 Hartree/
Bohr3, respectively. This indicates a rather essential delocal-
ization of the electron density around the BCPs. The metallic
character of bonding is further confirmed by values of-0.018
and-0.026 Hartree/Bohr3 of the local electronic energy density
Ee(r c) for the longer and shorter Fe-Fe bonds, respectively.

The Fe4 ELF is presented in Figure 3 for twoη values of
0.17 and 0.33. The core basins C(Fei)1,4) are shown in green,
the valence electron density regions are in violet, the monosyn-
aptic basins V(Fei)1,4) are in blue, and the tetrasynaptic V(Fe1,-
Fe2,Fe3,Fe4) basin is in red. Forη ) 0.17, there is a large domain
whose boundary possesses holes around the core basins. These
holes may be attributed to the participation of inner-shell
electrons in the bonding as discussed by Kohout et al.19 Namely,
the maxima associated with the inner- and outer-core regions
are separated by smaller ELF values. At larger ELF values, one
can see the V(Fe1,Fe2,Fe3,Fe4) basin and the delocalized valence
electron density V1∪2(Fei)1,2,Fej)3,4)∪V(Fei,Fej,Fek) basins flow-
ing between the core basins. The existence of such a delocalized
electron density may be attributed to the exchange (Pauli) and

Figure 2. Electron density critical points of the order I) 0, 1, 2, and
3 in the Fe4 cluster. Schematic lines joining attractors and bond critical
points correspond to two-center bonds.

Figure 3. Three-dimensional representation of the Fe4 ELF for η(r )
) 0.17 and 0.33. Disynaptic Vi)1∪2(Fei,Fej) and trisynaptic V(Fei,Fej,-
Fek) valence basins are shown in blue as one super-basin.
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correlation effects that suppress random clustering of electrons.44

An additional insight into the ELF topography may be gained
from analyzing a two-dimensional cross section through an equa-
torial plane, which contains the V(Fe1,Fe2,Fe3,Fe4) attractor, as
shown in Figure 4. As is seen, the core regions are surrounded
by the holes with decreased electron localization. The Fe nuclei
are surrounded by the electron density shells with theη values
between 0.20 and 0.35. These shells are formed by the mono-
synaptic V(Fei) and outer disynaptic V1(Fei)1,2,Fej)3,4) basins.

The results of integration of the electron density over the
localization basins are presented in Table 1. As is seen, the
average populationNh of the C(Fei)1,4) basins is 23.78 e and
formally corresponds to the [Ar]3d6 electron configurations of
Fei. A small deviation from the exact value of 24 e can be
explained by ambivalent character of electrons from 3d orbit-
als.45 The mean value of the integrated spin density〈Sz〉 is 1.47
e for the core basins, which corresponds to localization of three
unpaired R-electrons. Two unpairedR-electrons are to be
considered as distributed over four valence localization basins
because the integrated spin density summed over each basin is
0.56 e, which yields two electrons for the whole cluster.
Inspecting the〈Sz〉 values in Table 1, one can see that the largest
pile-up of the unpaired electron density has to be expected inside
the V1∪2(Fei,Fej) basins. For the total basin population of 0.99
e, the integrated spin density equals 0.16 e. This result lends
support to Goddard’s interstitial-electron model,46-48 according
to which the valence electrons tend to localize into interstitial
regions. A similar behavior was found36 for the main valence
basins in the fcc Al, Ca, Sc, and Cu metals. Note that the V2-
(Fei,Fej) basins located closer to the C(Fei)1,4) cores exhibit
smaller values of〈Sz〉. The electron density inside V1(Fei,Fej)
and V2(Fei,Fej) is essentially delocalized and possesses the
relative fluctuations (λ) of 0.87 and 0.91, respectively.

Figure 5 displays theR- andâ-spin contributions to the ELF
with η ) 0.30 obtained according to the Kohout-Savin
scheme,49 which was recently applied50 to studying different
hydrocarbon radicals. From comparison of the contributions,
one may conclude that theR-spin electron density is localized
in the core regions while theâ-spin electron density has a
delocalized character along with pile-ups in the core regions.
For larger ELF values, contributions of theR-spin electron
density into the valence electron density are more noticeable.

Since the electron density is given as the sum of squared
spin orbitals, it is interesting to consider partial contributions

from different spin orbitals. Figure 6 presents contributions from
the valence spin orbitals for the V1(Fe1,Fe3) and V2(Fe1,Fe3)
basins. One may see that the largest contribution into V1(Fe1,-
Fe3) comes from twoR-spin orbitals: the highest occupied spin
orbital (HOMO) and that next to the HOMO (HOMO-1). These
two spin orbitals contribute approximately 0.1 e each, which is
consistent with associating this basin with the Fe1-Fe3 bond.
Contributions from theâ-spin orbitals are much smaller and
do not exceed 0.04 e. For the V2(Fe1,Fe3) basin, contributions
from the HOMO and HOMO-1 decrease to 0.01 e in accord
with the characterization of the basin as a region close to the
iron cores. A relatively large population (0.94 e) of the tri-
synaptic V(Fei,Fej,Fek) basin indicates that the electron density
piles up near triangular faces of the cluster. However, this den-
sity is highly delocalized according to the values of 0.78 and
0.83 for the variance and relative fluctuation, respectively. Also,
there is no essential concentration ofR-electrons since the inte-
grated spin density is 0.03 e. The largest contribution to V(Fe1,-
Fe2,Fe3) comes from the 37th highly symmetricR- andâ-spin
orbitals composed of the 3dz2 atomic orbitals, see Figure 7.

A similar behavior is observed for the V(Fe1,Fe2,Fe3,Fe4)
tetrasynaptic basin where the largest contribution of 0.04 e
comes from the 37thR- andâ-spin orbitals as well. Among all
other valence basins, this basin has the smallest population of
0.14 e, which may be attributed to its location inside of four
core basins. The integrated spin density of this basin does not
show any preference betweenR- or â-electrons. A large “Pauli
pressure” exerted by the C(Fei) basins upon the V(Fe1,Fe2,Fe3,-
Fe4) basin is reflected by a large uncertainty in attributing the
basin population because the relative fluctuation is 0.96.

Figure 4. Two-dimensional plot of the Fe4 ELF in an equatorial plane
containing the V(Fe1,Fe2,Fe3,Fe4) attractor.

Figure 5. Isosurfaces of the ELF calculated using theR-spin orbitals
for ηR(r ) ) 0.30 and theâ-spin-orbitals forηâ(r ) ) 0.30.
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As previously emphasized,51 the dominant feature of interac-
tions between transition metal atoms M and M′ is reflected by
the large values of the metal-metal covariance function cov-
(M,M ′) found for the C(M) and C(M′) core basins and the AIM
atomic basins covarianceλc(F). In the case of the Fe4 cluster,
the values of the C(Fe1)SC(Fe2) and C(Fe1)SC(Fei)3,4) cova-
riances are 0.16 and 0.26, respectively. This means that the
covariance is essentially larger for the shorter Fe-Fe bonds.
Using the AIM partitioning, the cov(Fei,Fej) values are 0.49
and 0.74 while the topological bond orders (2*λc(F)) are 0.98
and 1.48, respectively. One can surmise that delocalization of
the electron density between the C(Fe) core basins appears to
play an essential role in the metal-metal bonding.

5. Conclusions

The results of our topological analysis of the electron density
in the ground-state iron tetramer allow several conclusions: (1)
The electron localization in all valence regions of Fe4 is smaller
than 0.5, i.e., the value that corresponds to a homogeneous
electron gas of the same density. Thus, the valence electrons
are essentially delocalized in Fe4. (2) Our topological analysis
of the electron localization function revealed 21 local maxima
corresponding to the mono-, di-, tri-, and quatrosynaptic
attractors, which emphasizes a spatially delocalized character
of the multicenter bonding in Fe4. Our atom-in-molecule analysis
of the electron density yielded six two-center Fe-Fe bonds
corresponding to the classic Lewis description. (3) Localization
of the valence electrons inside interstitial regions corresponds
to ordinary two-center Fe-Fe bonds, while three-center Fe-
Fe-Fe bonds originate from the electron density piled up near

triangular faces of the slightly distorted tetrahedral nuclear
frame. Some amount of the electron density piles up between
four iron cores, which corresponds to a four-center Fe-Fe-
Fe-Fe bond. (4) The area of the most delocalized electron
density, found at the distance of∼1.97 Å around the cluster,
contains contributions from the monosynaptic V(Fei) and outer-
disynaptic V1(Fei,Fej) basins. (5) High delocalization of the
electron density inside all the valence basins is reflected in rather
large values of the relative fluctuation whose range is from 0.83
to 0.96. (6) From fourteen unpaired electrons of the ground-
state Fe4 cluster, twelve are localized at four core basin C(Fei)1,4)
and two electrons are delocalized over the valence region.
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