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Abstract The nature of the bonding between lithium atoms,
in low-spin and maximum-spin Lin(n=2–6) clusters, was
investigated using the topological electron localization func-
tion (ELF) approach. The maximum-spin clusters are espe-
cially intriguing since their bonding is sustained without
having even a single electron pair! Hence this type of bonding
had been called “no-pair ferromagnetic-bonding” [Danovich,
Wu, Shaik J Am Chem Soc 121:3165 (1999); Glokhovtsev,
Schleyer Isr J Chem 33:455 (1993); de Visser, Danovich,
Wu, Shaik J Phys Chem A 106:4961 (2002)]. The follow-
ing conclusions were reached in the study: (a) In the ground
state of Lin , covalent bonding between Li atoms is accounted
by the presence of the disynaptic valence basins, which ex-
hibit a significant degree of inter-basin delocalization. (b)
Except for the 3Li2 case, the valence basins of all maxi-
mum-spin clusters are populated by unpaired electrons. The
valence basins are located off Li–Li axis (or Li–Li–Li plane),
so that their spatial distribution minimizes the mutual Pau-
li repulsion and screens the electrostatic repulsion between
the Li cores. The inter-basin delocalization is rather high,
thereby indicating that the unpaired electrons are virtually
delocalized over all the valence basins. (c) The ELF analysis
shows that Li atoms in the low-spin clusters are bonded by
“two-center two-electron” and “three-center two-electron”
bonds. (d) In the maximum-spin species, bonding is sus-
tained by “two-center one-electron” and “three-center one-
electron” bonds. The latter picture is complementary to the
valence bond picture [Danovich, Wu, Shaik J Am Chem Soc
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121:3165 (1999); de Visser, Danovich, Wu, Shaik J Phys
Chem A 106:4961 (2002)], in which the bicentric ferromag-
netic-bonding is delocalized over all the short Li–Li contacts,
by the mixing of the ionic structures and other nonredun-
dant structures into the repulsive high-spin covalent structure
in which all the electrons populate the 2s atomic orbitals,
i.e., the 2s1

a 2s1
b 2s1

i · · · 2s1
n configuration. In such a manner

bonding can be sustained from “purely ferromagnetic inter-
actions” without electron pairing.

1 Introduction

According to both molecular orbital (MO) and valence bond
(VB) theories, singlet electron-pairing is a fundamental form
of bonding in the ground state of closed-shell molecules,
whereas triplet coupling is associated with a repulsive anti-
bonding interaction. This paradigm seems, however, to break-
down as we move away from H2 to bonding in alkali dimers
and higher clusters. Thus, in contrast with the triplet 3�+

u
state of H2, the same state of Li2 is bound, albeit by a small
amount (see Ref. [1] and references therein). This small bond-
ing energy rises however quite steeply as the high-spin n+1Lin
cluster increases in size, reaching 0.5 eV/atom for 13Li12,
despite the lack of any electron pairs between the atoms [2,3].
Accordingly, this bonding was called either “no-pair bond-
ing” [2,3] or “ferromagnetic bonding” [1,3]. The theoreti-
cal studies further showed that the ferromagnetically bonded
species assume highly symmetric geometries in which each
Li atom maximizes its coordination number; these geome-
tries are unstable in the ground state low-spin situations [3].
Such clusters are not merely theoretical curiosities, but are
observed by spectroscopic techniques [4–10]. Owing to the
novelty of this no-pair ferromagnetic-bonding, and its occur-
rence in alkali clusters, it was deemed necessary to probe the
nature of this bonding by theoretical means alternative to VB
or MO theories.

A VB study of the lithium dimer revealed that the dom-
inant configuration of the singlet and triplet state wave
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Scheme 1 Geometries of the ground states (upper series) and high-spin states (lower series) of the studied Li2–6 clusters. Distances are given in
Å and angles in degrees; BDE bond dissociation energy per atom (in kcal/mol), at the B3PW91/6-311G(2d) level

functions is the covalent structure in the appropriate spin
state, 1,3�. As expected, in the singlet state the covalent
structure is bound and the bonding is further augmented by
the mixing in of ionic structures. However, in the triplet no-
pair state the covalent structure is repulsive, and the entire
bonding arises from the perturbative mixing of triplet ionic
structures and other nonredundant covalent structures into
the principal structure. Particularly, it has been shown that the
resonance stabilization of the ferromagnetic no-pair bond due
to VB mixing is cumulative and increases with the coordina-
tion number of the Li atom in the cluster [1,3]. Thus, accord-
ing to VB theory ferromagnetic bonding is highly delocalized
among all close neighbors of a given atom in the cluster.

An alternative approach to the MO and VB methods for
studying the nature of chemical bonding and its evolution
is provided by the topological analysis of bonding. In this
approach, the spatial distribution of the electron density is
investigated in the real space of the molecule using a local
function for a gradient field vector. The most popular topo-
logical analyses are the “atoms in molecules (AIM)” theory
proposed by Bader [11], based on the electron density [ρ(r)]
as the local function, and the electron localization function
(ELF) analysis proposed by Silvi and Savin [12], based on
the ELF of Becke and Edgecombe [13]. The ELF approach
provides the spatial distribution of the electron pairing within
a molecule, and thereby enables to propose a global scheme
of the bonding. Accordingly, the present work investigates
topological properties of the bonding between Li atoms in
the low- and high-spin clusters (Lin with n=2–6) using ELF
to interrogate bonding.

2 Computational details

All calculations have been performed with the Gaussian 03
quantum chemical package [14] using density functional the-
ory (DFT) approach. As shown previously [3], for the Li
clusters, the DFT approach provides reasonable structural
and bond energy results, close to those obtained at the cou-
pled-cluster [CCSD(T)] level of theory. Thus, the DFT calcu-
lations were carried out with Becke’s [15] three parameters
hybrid method using the Perdew–Wang [16] gradient-cor-
rected correlation functional (denoted as B3PW91). The stan-
dard 6-311G basis set [17–19] augmented by 2d polarization
functions, hence 6-311G(2d), was used for Li. The full opti-
mization of the studied clusters with B3PW91/6-311G(2d)
has been performed using the point group symmetry pro-
posed in the Refs. [20,21] for low-spin clusters and in the
Ref. [22] for maximum-spin ones. The optimized geome-
tries, at the B3PW91/6-311G(2d) level of theory, for the two
species types are given in Scheme 1. For each molecule, the
electronic state and bond dissociation energy per atom (BDE)
have been also reported in Scheme 1.

The bonding characteristics of the studied species have
been investigated using TopMoD package [23].

3 Topological analysis of the ELF function

3.1 A brief review of ELF

The topological description of the chemical bond proposed by
Silvi and Savin [12] relies upon the gradient field analysis of
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Fig. 1 Electron localization function (ELF) isosurface basins of the high- and low-spin of Li2 dimer. Here and elsewhere, the Sz values, which
appear for the high-spin states, correspond to the integrated expectation value of the spin quantum number in the basin. The valence basins are
given for the ELF values η=0.89 (left) and 0.98 (right)

the ELF of Becke and Edgecombe [13]. The original expres-
sion of the ELF is given by Eq. (1) and by construction is
allowed to have values in the range between η = 0 and η = 1:

η(r) = 1

1 + (
Dσ /D0

σ

)2 (1)

Here Dσ represents the curvature of the electron pair den-
sity for electrons of identical σ spins (the Fermi hole) for the
actual system, and D0

σ for a homogeneous electron gas with
the same density as the real system. Dσ which is a positive
quantity is also a measure of the excess local kinetic energy
due to Pauli repulsion; it is small in regions of space where
the electrons do not experience Pauli repulsion, namely either
where an electron is alone or when electrons form pairs of
antiparallel spins, or still, where the electrons possessing par-
allel spins are far from one another. The original derivation
of the ELF considers the Laplacian of the Hartree–Fock con-
ditional probability of finding a σ -spin electron at position
r2, when a first σ -spin electron is located at r1.

Dσ = [∇2
2 Pσσ

cond(1, 2)
]

1=2

=
∑

i

|∇ϕ i | 2 − 1

4

∣
∣∇ρσ (1 )|2

ρσ (1)
(2)

In a rigorous sense, this expression of the ELF (i.e., η), based
on Eqs. (1) and (2), is valid for closed-shell systems described
by a single determinant. However, acceptable results have
been obtained for open-shell systems, yielding similar atomic
shell populations compared to those obtained with a spin-
polarized formula [24]. Therefore, most applications on rad-
icals can be carried out with the standard ELF equation.

The topological analysis of the ELF quantity provides a
partition scheme of the molecular space into basins of attrac-
tors that have clear chemical significance [25]. These basins
are either core basins surrounding nuclei or valence basins.
Accordingly, monosynaptic basins correspond to lone pair re-
gions [labeled as V(X ) where X is atom label] whereas disy-
naptic ones correspond to bicentric bonding regions
[labeled as V(X, Y ) where X and Y are atom labels], etc.
The partition into basins allows the calculation of related

properties by integration of the respective property density
over a desired basin [26].

In particular, the average population for a basin, labeled
�A, is given as:

N (�A) =
∫

�A

ρ(r)dr (3)

A measure of delocalization [27] is provided by the quantum
mechanical uncertainty, in N (�α), that is represented by its
variance or fluctuation σ 2 (�A), defined by:

σ 2(�A)=
∫

�A

dr1

∫

�A

dr2π(r1, r2) + N (�A) − [N (�A)]2

(4)

where π(r1, r2) is the spinless pair function [28]. Following
Bader’s [29] definition in the case of atomic basins (in ρ) the
relative fluctuation is simply defined as:

λ (�A) = σ 2(�A)

N
(5)

This quantity gauges the delocalization within a basin �A. A
value of 0.45 has been quoted before [30] to be a significant
delocalization from a basin.

Topological properties of ELF also enable to construct
the molecular graph, thereby providing a complete represen-
tation of the bonding in a molecule, with bonds and lone pairs
and their organization around the core basins. Evolution of
the number of the valence basins along the reaction pathway
allows one to rationalize the formation (or breaking) of a
bond (see Refs. [31–34] for a detailed discussion).

3.2 Results and discussion

The ELF isosurfaces of Li2, in the ground state and in the
no-pair triplet state, are displayed in Fig. 1. We note that the
Li–Li bonding in the ground state, 1�+

g , is characterized by
one disynaptic basin, located in the middle of the Li–Li bond.
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The population of V(Li, Li) is 1.96 e with a variance being
equal to 0.16. The calculated relative fluctuation λ(0.08) is
very low indicating that the valence electron pairing is mostly
localized in the disynaptic V(Li, Li) valence basin. By con-
trast, in the triplet state, we find four attractors corresponding
to four valence basins (labeled in Fig. 1 as V11, V12, V21, and
V22). Here in Li2(3�+

u ), we clearly have two monosynaptic
basins (labeled as V11 and V21, in Fig. 1), which are located
on the molecular axis and point away from the Li core basins
[C(Li)]. The two valence basins V12 and V22 that are located
between two Li core basins and characterized by two distinct
attractors should be globally considered as disynaptic basins
carrying a part of unpaired electrons of the triplet state.

Figure 2 displays the corresponding molecular graphs
along the Li–Li interatomic distance in the triplet state 3�+

u .
The total energy (in Hartree) is reported on the y axis and
the Li–Li distance (in Å) on the x axis. As the Li atoms ap-
proach one another, a topological catastrophe occurs around
R ≈ 4.8 Å. To the right side of this point, the molecular graph
is characterized by four attractors [two core, C(Li), and two
valence, V(Li)] and the two unpaired electrons are lodged in
the two monosynaptic V(Li) basins; namely the electrons are
localized on the atoms and keep away from each other so as
to minimize the Pauli repulsion. By contrast, to the left side
of R ≈ 4.8 Å, each of the V(Li) basins splits into two basins
producing four valence attractors, now indicating that part of
the electron density of the triplet participates in bonding of
the two cores.

Table 1 reports the evolution of the geometrical parame-
ters and of the valence basin populations of the 3Li2 triplet
state, for the region of ferromagnetic bonding in Fig. 2 (corre-
sponding to the left of R≈4.8 Å). We note that the distances r1
and r2 slightly increase when the Li–Li distance [R(Li–Li)]
decreases. These changes lead to the reduction of the r3 dis-
tance, so that the difference between two r1 and r2 distances
is minimized (0.093 Å) and the quadrupole moment is maxi-
mized (�Z Z = −20.4 D Å) at the equilibrium structure. As
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Fig. 2 Topological evolution of the Li32�
+
u state along the Li–Li dis-

tance

Table 1 Evolution of the geometrical parameters (in Å) and of the
valence basin populations (in e) as a function of the Li–Li distance, in
the left side of Fig. 2

r1 r2 r3 R(Li–Li) V11 V12

1.566 1.457 1.703 4.629 0.88 0.10
1.567 1.459 1.510 4.429 0.80 0.18
1.568 1.463 1.304 4.229 0.73 0.25
1.570 1.475 1.078 4.029 0.71 0.27
1.571 1.485 0.958 3.929 0.70 0.28
1.572 1.522 0.685 3.729 0.68 0.30

further shown in Table 1, the populations of V12 and V22 (the
two are identical by symmetry) increase and reach a maxi-
mum value (0.30 e), as the internuclear distance decreases.
At the equilibrium geometry [R(Li–Li)=3.729 Å] the pop-
ulation of V11 (or the identical by symmetry V21) is nearly
twice that of V12 (or V22), and the delocalization between the
latter basins is high, involving most of the respective popula-
tion (λ=0.7). This indicates significant delocalization of the
valence basins by charge transfer from one Li to the other,
in accord with the results of the VB study [1,3]. In addition,
the split of Li valence basin around of each Li core could be
understood as an outcome of the screening of the electrostatic
repulsion between two Li cores (Li+), which helps creating
a bounded no-pair state.

As shown in Fig. 3, the Li trimer has a C2v symmetry in
the low-spin state (2 B2) and a D3h symmetry in the high-spin
state (4 A′

1). In both ground and excited states, three valence
basins were found in the valence regions. In the ground state,
one of the three valence basins is a disynaptic one and its
attractor is located in the middle of Li–Li bond. The popu-
lation of this basin is 1.15 e with an integrated spin density
equal to 0.0 indicating that we have “a half of an electron-
pair” in this basin. The variance of the disynaptic basin pop-
ulation is 0.57 (λ=0.5). Analysis of the covariance shows
that the cross-exchange between the disynaptic and mono-
synaptic basins is rather high (48% of the disynaptic basin
populations), indicating a strong symmetric delocalization
with two monosynaptic basins. These monosynaptic basins
are symmetrically located on the sides of the Li atom that lies
on the C2v axis and contain 1.8 e. As shown in Fig. 4, for 2 B2,
each of these two monosynaptic basins is characterized by
one attractor that lies off the Li–Li axis (with an angle close
to 99◦) and close to the Li atom on the C2v axis. The disynap-
tic attractor for 2 B2 is a little off the Li–Li axis (162◦), thus
minimizing the Pauli repulsion between the electron densi-
ties in the valence basins. The integrated spin density over
each of the two monosynaptic basins is calculated to be 0.27 e
(Fig. 3). The symmetric distribution of the unpaired electron
on the Li atoms is consistent with the structural symmetry of
the ground state trimer (2 B2).
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Fig. 3 ELF isosurface basins of the high- and low-spin states of the Li3 trimer. The valence basins are given for the ELF values η=0.88 (left) and
0.98 (right)
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Fig. 4 Molecular graphs of Li3 clusters in the high- and low-spin states

Consider now the high-spin structure of Li3 displayed
in Fig. 3. Here, three unpaired electrons are located in three
valence basins. Attractors corresponding to each basin are
symmetrically located outwardly off the Li–Li axis with
� (Li–Attractor–Li)≈110◦ (see Fig. 4). The variance calcu-
lated for the population of each valence basin results in an
important symmetric delocalization between three valence
basins (with the cross- exchange being ca. 40%). In addi-
tion, these valence basins serve to minimize the electrostatic
repulsion between each Li+ −Li+ pair [C(Li)–C(Li)]. Thus,
the ELF picture describes a highly delocalized electronic
structure, much as deduced from the VB analysis [1,3] and
identical to the GVB results [35]. In the VB model [1,3], this
delocalization is imparted on the quartet spin covalent
structure primarily by mixing of the triplet charge transfer
structures, where an electron is shifted from the 2s orbital of
one Li to any one of the 2p orbitals of the other Li.

The singlet ground state of Li4 has a planar rhomboidal
structure (D2h group; see Scheme 1). The ELF analysis, in
Fig. 5, reveals that the bonding in this cluster could be con-
sidered as four half-pair bonds on the edges of the rhombus.
As shown in Fig. 6, four attractors related to four disynaptic
basins are found in the molecular plane of Li4(1 Ag), with an
angle of around 140◦ that reveals the Pauli repulsion between
the electron densities in the valence basins. It is interesting to
note that there is a saddle point for each pair of the disynap-
tic basins (denoted as V1–V2 and V3–V4, in Fig. 5) with a

Fig. 5 ELF isosurface basins of the high- and low-spin of Li4 tetramer.
The valence basins are given for the ELF values η=0.77 (left) and 0.99
(right)
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Fig. 6 Molecular graphs of Li4 complexes

high ELF value (0.944), very close to the ELF value of each
attractor (0.996). Therefore, in accord with previous theoret-
ical work [35], one may consider each pair of the disynaptic
basins as a trisynaptic basin. In other words, the electrons are
localized within the centers of the two triangles in Li4(1 Ag)
thereby forming two three-center two-electron (3c-2e) bonds.
The population of each basin presents a high delocalization
(σ 2=0.57 and λ=0.58). This is a perfectly delocalized elec-
tronic structure in the sense of VB theory [36–38]. For a VB
description of Li clusters, see [32].

There are also four valence basins in the high-spin tetra-
mer (in Td symmetry; see Scheme 1). As displayed in Fig. 5,
each of the four valence basins is characterized by three
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Fig. 7 ELF isosurface basins of the high- and low-spin of Li5 pentamer. The valence basins are given for the ELF values η=0.80 (left) and 0.987
(right)
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attractors for each face of Li4(5 A1). Every C(Li)–C(Li) pair
is connected by one of the three attractors. We note that the
set of three attractors (of index zero) could be represented
by one saddle point of index 2. This means that the electro-
static repulsion between three Li cores of each face of the
molecule is minimized due to the valence basin in the saddle
point, and at the same time, the Pauli repulsion between four
valence basins is minimized by distributing these basins on
the different faces. Therefore, each valence basin is actually a
trisynaptic basin corresponding to three-center one-electron
(3c-1e) bonding. As can be seen, each basin carries mostly
one unpaired electron (Sz=0.48) with a strong delocalization
with two other basins (λ≈0.74 and a large cross-exchange
value). Thus, once again, we find a complementary descrip-
tion to the VB analysis, in which the ferromagnetic no-pair
bonding is due to significant delocalization effected by the
mixing of the various ionic structures into the maximal spin
covalent structure, which by itself is repulsive [1,3].

The ELF isosurfaces for the Li5 are presented in Fig. 7;
the geometries of the ground- and high-spin states are dis-
played in Scheme 1. The ground state of the cluster (2 B2)
has a bipyramidal structure in the C2v symmetry. The bipyr-
amid’s base is shown in Fig. 7 by the Li1, Li2, and Li3 set.
There are four valence basins containing 1.22 e per basin. The
delocalization between each pair of valence basins located in
each pyramid is calculated to be high (σ 2=0.64 and λ=0.52).
The unpaired electron density is delocalized over four valence
basins (Sz=0.12 per basin). As shown in Fig. 8, the � (C(Li)–
Attractor– C(Li)) value is calculated to be 125◦. We note

that the value of this angle decreases when the cluster size
increases from 3 to 5, indicating the increase of the Pauli
repulsion between the valence basins.

The maximum-spin cluster (6 B1) has a pyramidal struc-
ture in the C4v symmetry (see Scheme 1). As displayed in
Fig. 7, this no-pair state has five unpaired electrons that reside
in four valence basins. The molecular graph of this cluster is
illustrated in Fig. 8. Four attractors corresponding to the four
valence basins are located in the plane of the four Li cores, in
the base of the pyramid, so that the angle � (Li–Attractor–Li)
≈120◦ (see Fig. 8). Each valence basin is shared between two
Li cores, thus forming a local bicentric bonding interaction.
In addition, the five unpaired electrons are symmetrically dis-
tributed within the four valence basins with an integrated spin
density slightly larger than 0.5. The variance of the popula-
tion of each basin indicates a moderate symmetric delocal-
ization between four valence basins (σ 2=0.50, λ=0.41, and
cross-exchange of 30%). By analogy to the VB picture [1,3],
this bonding picture corresponds to bicentric ferromagnetic-
bonds that fluctuate between the various Li–Li linkages. As
such, the electrostatic repulsions between two neighboring
Li+ cores (in the base of the pyramid) is overcome by the
presence of a valence basin, while the fifth Li+, on the top
of the pyramid is attracted by the four valence basins of the
pyramid base.

As seen in Scheme 1, the Li hexamer has D4h symmetry
in the ground state (1 A1g) and a C2v symmetry in the no-pair
high-spin state (7 B2); in fact the structure of the latter state
is a distorted octahedron. In the singlet ground state of Li6,
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Fig. 9 ELF isosurface basins of the high- and low-spin of Li6 hexamer. The valence basins are given for the ELF values η=0.57 (left) and 0.98
(right)
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the bonding is characterized by four disynaptic basins cor-
responding to four attractors located between four Li atoms
(see Fig. 9). The valence basins are equally populated and
the delocalization between them is found to be of medium
range (σ 2=0.63 and λ=0.43). From the molecular graph
(Fig. 10), one can see that the attractors in the singlet struc-
ture are located in the plane of the pyramid’s base, so that
two apical Li+ cores maintain an attractive interaction with
the four valence basins; the latter can be represented by a
central critical point (saddle point of index 2). The value of
the � (Li– Attractor–Li) angle is around of 141◦, larger than
that of Li5. The latter change is due to the larger size of Li6
compared with Li5.

As shown in Fig. 9, in the high-spin structure, 7Li6, the
six unpaired electrons are asymmetrically distributed in six
valence basins (labeled as V1, V2, V3, V4, V5, and V6
in Fig. 9). The six corresponding attractors, two equatorial
attractors and four facial ones, are out of planes (see Fig. 10).
We note that the angle between an attractor and two Li cores is
again larger than the value obtained for the smaller clusters
( � (Li–Attractor–Li)≈143◦). The equatorial valence basins

are less populated than the facial ones (0.71 vs. 1.10 e). How-
ever, there is a strong delocalization between six valence
basins. Once again we see a corollary between the VB [1,
3] and ELF descriptions in terms of extensively delocalized
ferromagnetic bonding.

4 Conclusions

The ELF analysis of the small cluster of Lin(n=2–6), in both
the ground states and the corresponding no-pair maximum-
spin states, reveals the following bonding features:

(a) In the ground state of Lin , there is covalent bonding
between Li atoms and the clusters exhibit 2c-2e and 3c-2e
bonding features. This bonding is accounted by the presence
of the disynaptic and trisynaptic valence basins. The delo-
calization between valence basins is rather high, particularly
in the species with a doublet-spin ground state. Except for
the Li2 case, in all other clusters, the attractors correspond-
ing to the disynaptic basins are always located slightly out
of the Li–Li axis (125–162◦) satisfying the Pauli repulsion,
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while attractors related to the monosynaptic basins are out
of Li–Li axis and close to one of the Li atoms. (b) In the
maximum-spin clusters, the valence basins are populated by
unpaired electrons, thus having 2c-1e and 3c-1e bonds. The
basins are located off Li–Li axis (or Li–Li–Li plane), except
for the Li2 case, so that their spatial distribution minimizes
both the mutual Pauli repulsion of the electrons as well as
of the electrostatic repulsion between the Li cores. The sym-
metry of the valence attractors accords with the structural
symmetry of the high-spin cluster at the equilibrium geome-
try. The � (Li–Attractor–Li) angle increases when the cluster
size increases. The inter-basin delocalization of the valence
basins is rather high indicating that the unpaired electrons are
virtually delocalized over the valence basins.

In summary, ELF and VB lead to similar but complemen-
tary bonding pictures of no-pair ferromagnetic-bonding. In
the ELF description, the bonding picture is highly delocalized
with fluctuation between the basins. In the VB description
[1,3] the bicentric ferromagnetic-bonding is delocalized over
all the short Li– Li contacts, by the mixing of the ionic struc-
tures (locally triplet ionics) and other nonredundant struc-
tures into the repulsive high-spin covalent structure in which
all the electrons populate the 2s atomic orbitals, i.e., the
2s1

a 2s1
b · · · 2s1

i · · · 2s1
n configuration. As a complementary

aspect, VB theory adds the energy aspect and shows that
the binding energy of the no-pair cluster can be estimated
simply by summing up all the close neighbor interactions of
a given atom due to the mixing of the charge transfer and
other nonredundant maximum-spin structures into the fun-
damental repulsive covalent structure, 2s1

a 2s1
b · · · 2s1

i · · · 2s1
n .

In such a manner bonding can be sustained from “purely
ferromagnetic interactions”.
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