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Electronic and geometrical structures of Mn3-Mn10 together with their singly negatively and positively charged
ions are computed using density functional theory with generalized gradient approximation. The ground-state
spin multiplicities in the neutral series are 16, 21, 4, 9, 6, 5, 2, and 5, for Mn3-Mn10, respectively. Thus,
there is a transition from a ferromagnetic ground state to a ferrimagnetic ground state at Mn5. The energy
difference between ferrimagnetic and ferromagnetic states in Mnn grows rapidly with increasingn and exceeds
2 eV in Mn10. The corresponding change from ferro- to ferrimagnetic ground state occurs at Mn6

- and Mn3
+

in the anionic and cationic series, respectively. Beginning with Mn6, the ion spin multiplicities differ from
that of the neutral by(1 (i.e., they obey the empirical “(1 rule”). We found that the energy required to
remove an Mn atom is nearly independent of the charge state of an Mnn cluster and the number of atoms in
the cluster, except for Mn3. The results of our calculations are in reasonable agreement with experiment,
except for the experimental data on the magnetic moments per atom, where, in general, we predict smaller
values than the experiment.

I. Introduction

The most stable polymorph of Mn under normal temperature
and pressure,R-Mn, exhibits an exotic crystalline structure with
58 atoms per a cubic unit cell and is antiferromagnetic. Although
the net total magnetic moment is zero, the local magnetic
moments at the atoms inR-Mn vary1 in the absolute value from
0 to ∼3 Bohr magneton (µB), depending on the site symmetry.
On the contrary, the Mn5 cluster was found to have 25 unpaired
electrons in electron-spin-resonance (ESR) studies,2,3 which
yields the total magnetic moment of 25µB. Such a difference
between the bulk and cluster magnetic properties leads to a
question: which Mnn clusters possess high-spin ferromagnetic
ground states and at what size do the clusters transition to low-
spin ferrimagnetic states? Early calculations4 using density
functional theory with generalized gradient corrections for the
exchange-correlation functional (DFT-GGA) found that the Mn2,
Mn3, Mn4, and Mn5 ground states are ferromagnetic and possess
the total magnetic moments of 10µB, 15µB, 20µB, and 25µB,
respectively. Another DFT-GGA study,5 which appeared shortly
after, extended the series of clusters possessing ferromagnetic
ground states to Mn6, Mn7, and Mn8, with the total magnetic
moments of 26µB, 29µB, and 32µB, respectively.

However, the results of recent DFT-GGA calculations6

suggest that the antiferromagnetic ordering is preferable begin-
ning with Mn5, whose lowest-energy ferrimagnetic state (with
a total magnetic moment of 3µB) is below the lowest ferro-
magnetic state (with the total magnetic moment of 23µB) by
0.05 eV. It was also found that the energy gap between the
ferri- and ferromagnetic states grows from 0.03 eV in Mn6 to
0.63 eV in Mn7 and 2.42 eV in Mn13. A subsequent study7 of
Mn5 and Mn6 supported this view, finding ferrimagnetic ground

states with the spin multiplicities 2S+1 ) 4 and 2S+1 ) 9,
respectively; these spin multiplicities correspond to the same
total magnetic moments as obtained by Bobadova-Parvanova
et al.6 (under a commonly accepted assumption that 2S is the
value of the total magnetic moment expressed inµB). A DFT-
GGA study8 of Mn7 found its ground state to be ferrimagnetic
with the spin multiplicity 2S+1 ) 6, which corresponds to the
total magnetic moment of 5µB, as obtained by Bobadova-
Parvanova et al.6 The larger Mn8, Mn9, Mn12, and Mn13 clusters
were recently found9 to have the total magnetic moments of
4µB, 9µB, 12µB, and 3µB, respectively. However, some of these
values were obtained from calculations that considered only total
spins that were consistent with the experimental value including
its uncertainty.9 A previous DFT-GGA study10 of Mn13 predicted
the icosahedral geometry for the lowest total energy state as
well but obtained a significantly larger total magnetic moment
of 33µB.

Kawazoe et al.11 used a plane-wave method, employing ultra
soft pseudopotentials and a GGA for the exchange-correlation
potential, to optimize the geometrical structures of Mn13, Mn15,
Mn19, and Mn23 and estimated the local magnetic moments by
integrating the spin density over Voronoi cells. They also
obtained a total magnetic moment of 3µB for the lowest-energy
icosahedral state of Mn13, which is somewhat smaller than the
experimental value12 of 7.28 ( 1.69 µB.

Deviations in the symmetry of the electronic densities from
the symmetry imposed by the corresponding crystal lattices
found in some ferro- and ferrimagnetic states led to the notion
of noncollinear magnetism (NCM) and modifications of the
existing band structure computation codes.13,14 In the NCM
approach, the valence electrons are not only separated into the
spin-up and spin-down moieties but also the excess spin
densities, resulting in the local magnetic moments at the atoms,* Corresponding author. E-mail: gennady.gutsev@famu.edu.
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which may have orientation axes that are not parallel to each
other. Computations using a NCM local-spin density ap-
proximation (LSDA) band-structure code were performed, on
super-cells containing Mn615 and Mn2-Mn7.16 These computa-
tions predicted the existence of “magnetically noncollinear
isomers that are more stable than the collinear structures.”16

However, it was previously found17 in computations of small
Cr and Fe clusters that “gradient corrections are absolutely
essential in predicting the correct magnetic ground states of
small clusters.”17 After adding the GGA corrections, only “some
very slight distortion of the density in the noncollinear Fe5

ground-state structure” was found.17

Our experience on transition metal clusters suggests that a
description that allows localized 3d orbitals is superior to one
that imposes the point-group symmetry of the nuclear frame
and thus forces a delocalized description. Hence, imposing no
symmetry constraints is critical in obtaining the best description
of many transition metal clusters. The results of recent computa-
tions18 of collinear magnetism in iron clusters lend support to
this point of view. It was concluded18 that “the full relaxation
of the atoms without imposing any symmetry constraints leads
to unsymmetrical arrangements of the atoms (distorted clusters)
and restores collinearity of the magnetic moments of all clusters
considered so far”.

Mn is considered19 as a prospective dopant of semiconductor
materials for their conversion into a ferromagnetic phase. One
of the most actively studied systems is a Ga1-xMnxAs diluted
magnetic semiconductor, which becomes ferromagnetic20-22 at
110 K for x ≈ 0.05. Recently, it was found23 that dopant Mn
atoms may form clusters, which can seriously influence the
magnetic properties with respect to those samples that possess
a uniform Mn monomer distribution. Mn clusters in semicon-
ductors may be in charged states because the experimental data24

on ionization energies (IE) of Mnn clusters,n ) 7-64, show
that the IE values do not exceed 5.44 eV in this series. Our
preliminary computations show that Mn3 carries a charge of
+0.5 e in a (GaAs)4Mn3 cluster.

Ionized Mnn clusters are less studied than the neutrals. Among
the Mnn ions, the dimers Mn2- and Mn2

+, whose ground states
were found to be10Σg

- and10Πu, respectively, have received25

the most attention. The ground states of Mn5
- and Mn6

- were
computed7 to have 2S+1 ) 23 and 2S+1 ) 8, respectively.
Optical spectra were measured26 for the Mn3

+ trimer, and
dissociation energies were measured27,28 for Mn2

+-Mn7
+.

This work is aimed at the search of the ground and lowest
excited states of the Mnn

- and Mnn
+ clusters,n ) 3-10, and

estimating their thermodynamic stability. Simultaneously, we
performed extensive optimizations of the neutral Mnn clusters
to obtain their ground-state total energies and compute the
electron affinities, ionization energies, and dissociation energies
in the neutral series. Natural atomic populations on atoms are
used to gain insight in the antiferromagnetic coupling in
ferrimagnetic states. As with the neutrals, it is very interesting
to compare the high- and low-spin states as a function of cluster
size for the ions.

II. Computational Details

Computations were performed using the Gaussian 9829 and
Gaussian 0330 program systems. We used the 6-311+G* basis
set31-34 of Mn (15s11p6d1f)/[10s7p4d1f]. As in our previous
work, we choose the BPW91 method, where the exchange-
correlation functional is comprised of the Becke’s exchange35

and Perdew-Wang’s correlation,36 because, although similar
results are obtained with many of the functionals, the BPW91

vibrational frequencies of the Fen clusters are found37 to be less
sensitive to the grid used in the numerical integration than those
computed by some of the other functionals incorporated into
Gaussian 98 and 03. Therefore, smaller integration grids can
be used for the BPW91 approach, which makes this method
computationally less demanding.

Geometry optimizations of ferrimagnetic states are rather
complicated. In many cases, optimizations started with the
default electronic densities did not converge. While switching
from Gaussian 98 to Gaussian 03 improved the convergence of
the ferrimagnetic states, we found it superior to avoid using
the default guess except for the high spin states. Usually, the
optimal strategy is to first optimize a high-spin state where each
atom contributes 5 unpaired electrons, then to decrease the
number of unpaired electrons by two and converge that state,
and repeat the process of decreasing the number of unpaired
electrons until a singlet (even-n Mnn clusters) or doublet state
is reached. We used this process for the neutrals, cations, and
anions. Several additional tests were performed to ensure than
we have found the lowest state for each spin. These include
new optimizations starting from a converged solution and
increasing the number of unpaired electrons by two. This is
essentially the reverse of the first process, but sometimes allows
one to find a lower-energy solution. Another test is to take the
orbitals from a cluster with a different charge and change the
number of unpaired electrons by one. For example, to take an
anion solution with 2S+1 ) m and use it as a starting point for
an optimization of the neutral with 2S+1 ) m+1 orm-1. When
this switching between “neighbor series” finds a new solution,
one naturally uses this as a starting point for increasing and
decreasing the number of unpaired electrons. This procedure is
followed until it appears that one has found the lowest energy
state for each spin.

All optimizations, except some for the Mn3 series, were
performed without imposing any symmetry constraints. Each
geometry optimization was followed by an analytical second
derivatives calculation of the harmonic vibrational frequencies
to confirm that the optimized geometry corresponds to a
minimum. Rather often, the optimizations arrived at transition
states, and the vibrational modes of the corresponding imaginary
frequencies were used for the generation of a guess geometry
used in the subsequent reoptimizations.

Our reported electron affinities and ionization energies are
computed as the differences in total electronic energies corrected
for the zero-point vibrational energies (ZPVE) and correspond
to adiabatic values. Fragmentation energies, computed as the
differences in total energies of the species and their decay
constituents, are corrected for the ZPVEs. We compute atomic
spin densities using both Mulliken38 and natural atomic orbital
(NAO)39 approaches. Generally, the values obtained in the both
approaches are nearly the same.

III. Results and Discussion

A. Geometries and Chemical Bonding.In this section, we
discuss the results of geometry optimizations of the neutral and
charged series. The nature of the chemical bonding is described
using the NAO analysis. The influence of symmetry constraints
was considered for the Mn3 series, whereas we use only
symmetry-unconstrained computations for Mn4-Mn10.

We first consider Mn2, which has been published previ-
ously.25,40The Mn ground state is6S(3d54s2). Thus, if the ground
state of Mn2 were derived from two ground-state Mn atoms, it
would be a van der Waals molecule with a11Σ+

g or 1Σ+
g ground

state. Promotion from the 4s orbital to a vacant 3d orbital allows
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some 4s-4s covalent bonding, but the experimental41 3d54s2

f 3d64s1 excitation energy for Mn is 2.15 eV, the highest in
the 3d-atom series. Given this large promotion energy, it is clear
that both Mn atoms will not have a 3d64s1 occupation, and we
found a11Πu ground state, where only one Mn has promoted a
4s electron to the 3d orbital. In this state, the two 3dR-shells
are filled and are nonbonding. There are two electrons in the
4sR-orbitals, which are also nonbonding. The 3d and 4s orbitals
in the R-spin representation of Mn2 produce no net bonding
because all the bonding and antibondingR-orbitals are occupied.
In the NAO view, they are classified as nonbonding localized
spin-orbitals (LSOs). Two bonds are formed in theâ-spin
representation, namely, one 4s+4s and one 3dπ+3dπ bond.
Unlike DFT, some traditional methods, such as second-order
perturbation theory, do not predict42 a 4s to 3d promotion for
the ground state of Mn2. Although it is possible that the DFT
prediction of such a promotion for Mn2 is incorrect, it is clear
that more and more 4s to 3d promotions should occur as the
Mnn cluster size increases, and we monitor this promotion as a
function of the cluster size in our analysis of the bonding in
these clusters.

1. Mn3, Mn3
-, and Mn3+. We performed first an extensive

search of the lowest energy states for each spin multiplicity of
Mn3, Mn3

-, and Mn3+ without imposing any symmetry con-
straints. Next, we imposed the symmetry constraints according
to the symmetry of the nuclear framework and reoptimized the
corresponding states. In those cases where the reoptimization
led to the same geometrical structures and total energy as found
in the calculations with no symmetry constraints, the states are
identified using the higher symmetry notation. Optimized
structures of the ground and two lowest excited states of Mn3,
Mn3

-, and Mn3+ are presented in Figure 1. In agreement with
the previous work,4-6,43the ground state of Mn3 is ferromagnetic
and has the spin multiplicity 2S+1 ) 16, which corresponds to
the total magnetic moment of 15µB. The lowest excited states
of Mn3, with 2S+1 ) 4 and 2S+1 ) 6, are ferrimagnetic, and
their reduced symmetry reflects the antiparallel spin coupling
in these states.

Attachment of an extra electron to an a2′′ orbital results in
the 15A1′′ ground state of Mn3-, whereas the detachment of an

electron leads to a rather surprising result. The5B1 ground state
of Mn3

+ is ferrimagnetic, whereas the lowest ferromagnetic state
15B2 is 0.28 eV above the ground state, see Figure 1. Using a
hybrid functional26 yields a ferromagnetic17B2 ground state of
Mn3

+ with the bond length of 3.03 Å and an apex angle of
144°. Starting with this geometry, we optimized a17B2 state
using our BPW91/6-311+G* approach and found that it
converged to a17B2 state with the bond length of 2.83 Å and
the apex angle of 70.6°. This17B2 state is above the5B1 ground
state by 0.41 eV. Generally, it is not recommended37,44 to use
hybrid methods in transition-metal cluster computations, as they
do not appear to describe metal-metal bonds as accurately as
pure functionals.

Let us consider the changes in the atomic populations of the
Mn3 ground state due to the attachment and detachment of an
electron. The total valence NAO populations in the neutral
ground state (neglecting contributions of 4p states that are less
than 0.1 e) are 3d5.544s1.39 on each atom and consist of the
3d5.004s0.97and 3d0.544s0.42contributions from theR- andâ-spin
representations, respectively. Note that the spin-orbitals that
are completely occupied are given in bold. One can see the
promotion of about a half of a 4s-electron per Mn atom to vacant
3d orbitals, which is similar to the promotion found for Mn2.
Such NAO populations correspond to the formation of three
3d-4s hybrid bonding orbitals in theâ-spin representation,
whereas all valenceR-electrons occupy nonbonding LSOs, as
in Mn2. Attachment of an extra electron does not affect the
R-population whereas theâ-population becomes 3d0.674s0.56.
That is, the extra electron contributes nearly equally to the 3d
and 4sâ-populations, and the number ofâ-bonds increases by
one.

A NAO analysis of the Mn3+ 5B1 state shows that the excess
spin density on the apex atom is antiferromagnetically coupled
to the excess spin densities of two basal atoms. The total atomic
populations in the5B1 state are 3d5.524s0.91 and 3d5.704s0.93 on
the apex and basal atoms, respectively. TheR-contribu-
tion consists of one atom with a 3d0.614s0.21 occupation and
two with 3d4.934s0.62, and theâ-contribution consists of one
atom with a3d4.914s0.70 occupation and two with 3d0.784s0.31.
Comparing these populations with those in the neutral, one can
see that flipping the spin of electrons in the half-filled 3d-shell
of the apex atom results in the excess spin density of this atom
being antiparallel to the excess spin densities of the basal atoms.
We label the ferrimagnetic states as “n1:n2”, where n1 is the
number of atoms possessing the excess spin densities of one
sign andn2 is the number of atoms possessing the excess spin
densities of the opposite sign; clearly the two sets are antifer-
romagnetically coupled to each other. Thus the5B1 state has
the 1:2 ordering. The antiferromagnetic coupling in this 1:2 state
allows the formation of 4sbase1+3dapex+4sbase2 R-bonds and
3dbase1+4sapex+3dbase2â-bonds.

Relative to the ground state of Mn3, the high-spin ferromag-
netic state15B2 of the Mn3

+ cation is formed by detaching an
electron from anR-4s LSO of the neutral. Theâ-contribution
of the cation NAO has someC2V distortion, but, like the neutral,
there are three 3d4s hybrid bonds. TheR-contribution consists
of one atom with3d4.994s0.45 and two with 3d4.994s0.77. An
inspection of the orbitals shows that 3d orbitals are nonbonding
and there are two occupied 4s derived orbitals, namely a
delocalized 4s+4s+4s bond and an antibonding 4sbasal1-4sbasal2

orbital. Thus, the bonding in the 1:2 ferrimagnetic5B1 state is
energetically preferable since there are twoR-bonds.

2. Mn4, Mn4
-, and Mn4+. Consistent with the previous

work,4-6 the ground state of neutral Mn4 is ferromagnetic with

Figure 1. Optimized ferro- and ferri-magnetic states of Mn3, Mn3
-,

and Mn3
+. Bond lengths are in Å, excess spin densities in electrons.
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a spin multiplicity of 21. The ground-state geometry is
tetrahedral, see Figure 2, and the total atomic populations for
the four equivalent atoms are 3d5.554s1.33, which are similar to
those in Mn3. Attachment of an extra electron results in the
ferromagnetic ground state with 2S+1 ) 20, a tetrahedral
geometry, and the total atomic populations of 3d5.664s1.46.
Detachment of an electron leads to the 1:3 ferrimagnetic ground
state with a spin multiplicity of 10. Note that the distance
between the spin-up atoms is 2.75 Å whereas the distance
between the spin-up and spin-down atoms is 2.57 Å. A 2:2
ferrimagnetic state is only 0.05 eV higher in total energy,
whereas the lowest ferromagnetic state with 2S+1 ) 20 is
higher by 0.42 eV, see Figure 2.

The bonding in the ground ferromagnetic states of Mn4 and
Mn4

- is similar to that in the ferromagnetic states of the Mn3

series; i.e., there are no bonds in theR-spin representation, which
is presented by 6 LSOs per atom (3d54s1) and four and five
â-3d4s-bonds in Mn4 and Mn4

-, respectively. In the ground 1:3
state of the Mn4+ cation, theR populations are: one atom with
3d0.714s0.18 and three atoms with3d4.944s0.71, whereas theâ
populations are: one atom with3d4.874s0.63and three with 3d0.66-
4s0.41. There are four chemically inert half-filled 3d shells, three
with R spin and one withâ spin. The remaining 3d and 4s
electrons form three one-electron bonds withR spin and four
with â spin. For the 2:2 state, theR populations are: two atoms
with a 3d0.704s0.54occputation and two with3d4.914s0.66, whereas
theâ populations are: two atoms with3d4.904s0.65and two with
3d0.63 4s0.24. Again, each atom possesses an inert 3d-subshell,
and there are seven one-electron bonds, four withR spin and
three withâ spin. That is, these two nearly degenerate states
possess the same number of bonds.

3. Mn5, Mn5
-, and Mn5+. The lowest energy state of Mn5 is

a 2:3 ferrimagnetic state with 2S+1 ) 4 in agreement with
previous computations.4-6 The total magnetic moment per atom
in this state is 0.6µb, which agrees with the experimental value12

of 0.79 ( 0.25 µb to within its error bars. We find that the
lowest ferromagnetic state is 0.09 eV higher in energy, see
Figure 3. In the ground state, the excess spin density of the

apex atom at the bottom of the cluster is parallel to the excess
spin density of one of the atoms in the basal plane, and they
both are antiferromagnetically coupled to the three others. A
2:3 2S+1 ) 4 isomer, in which the two apex atoms and one of
basal plane atoms are high-spin coupled, is 0.48 eV above the
ground state.

An analysis of the NAO populations shows that there are 4
R-bonds and 4â-bonds in the ground state of Mn5, whereas
the isomer has one fewerâ-bond. Similar isomers are found
for the cation and anion states with 2S+1 ) 5. The existence
of isomers with the same spin multiplicity but with different
couplings of the inert open-shell 3d electrons on different Mn
atoms complicates a search for the ground state. We found no
2:3 ferrimagnetic states where the excess spin density of the
two pyramidal atoms is antiferromagnetically coupled to the
excess spin density of the basal atoms. This is in line with our
results for the other Mnn clusters, where atoms with the parallel
excess spin densities are bonded, or, in other words, they form
a connected set. Such a partitioning into two connected sets of
atoms, with parallel excess spin densities on atoms in each set,
reflects the specific chemical bonding in ferrimagnetic states;
namely, there is 3d4s bonding within each set and a delocalized
4s-bonding between the two sets.

The Mn5
- ground state is ferromagnetic and is below the

lowest ferrimagnetic state by 0.11 eV. Its NAO populations are

Figure 2. Optimized states of Mn4, Mn4
-, and Mn4

+.

Figure 3. Optimized states of Mn5, Mn5
-, and Mn5

+.
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similar to that of the15B2 state of Mn3+: promotion of two 4s
electrons into vacant 3d orbitals allows the formation of six
â-3d4s bonds that appears to be more favorable than the
formation of fewer 3d4s bonds, but divided between the two
spin representation, in a ferrimagnetic state.

4. Mn6, Mn6
-, and Mn6+. In agreement with the previous

work,6,7 the ground state of Mn6 is ferrimagnetic with 2S+1 )
9 that corresponds to the total magnetic moment per atom of
1.33 µb, which is significantly larger than the experimental
value12 of 0.55( 0.10µb. The lowest energy isomers of Mn6

and Mn6
-, shown in Figure 4, have the same ordering in total

energy as found by Jones et al.7 except for the reversal of the
Mn6(2S+1 ) 27) and Mn6(2S+1 ) 3) states. Jones et al.7 used
an integration of excess densities in spheres around atoms;
therefore, their corresponding excess spin densities are somewhat
different from those shown in Figure 4.

Contrary to the Mn3, Mn4, and Mn5 series, the ground-state
multiplicities of Mn6

- and Mn6
+ obey the usual rule that the

ground-state spin multiplicity of a singly charged ion differs
from the ground-state multiplicity of the corresponding neutral
by (1, which is usually an indication of a single-electron
character of the detachment/attachment process. Mn6 is not
unique in this regard, as the(1 rule holds also for the series
Mn7-Mn10. Thus, it appears that the(1 rule is violated only
for the small clusters.

The ground state of Mn6 possesses three pairs of atoms that
have different excess spin densities. The total NAO populations
(neglecting populations of 4p and higher AOs) are 3d5.784s1.15,
3d5.684s1.02, and 3d5.884s1.12, yielding the excess spin densities
of 4.4, 4.6, and 4.2, respectively. The 3d population for all three
pairs is closer to six, showing that most of the atoms have
promoted a 4s electron into the 3d orbital. As for the previous

clusters, there is a chemically inert half-filled 3d shell on each
atom. The remaining electrons form five bonds ofR spin and
seven ofâ spin. In the ferromagnetic 2S+1 ) 26 state, the total
atomic populations are: four atoms with 3d5.804s1.06 and two
with 3d5.864s1.09; thus, there is also a significant 4s to 3d
promotion. There are 4R- and 8 â-bonds; that is, the total
number of bonding orbitals in the 2S+1 ) 9 and 2S+1 ) 26
states is the same, and these two states are separated by only
0.14 eV.

5. Mn7, Mn7
-, and Mn7+. The ferrimagnetic (2S+1 ) 6)

ground state of Mn7 is a pentagonal bipyramid (see Figure 5),
in agreement with the previous results;8,9 however, the spin-
down excess spin densities are located on different atoms in all
three works. This appears to be due to small energy changes
between isomers with 3:4 couplings. Unfortunately, it is not
straightforward to obtain all possible isomers with a 3:4 coupling
because we can do it only indirectly by changing the bond
lengths, as it is not possible to create starting densities by
flipping the excess spin densities on specific atoms. Note that
the magnetic moment per atom for the ground state is 0.71µb,
which compares favorably with the experimental value12 of 0.72
( 0.42 µb.

There are several low-lying excited states with the spin
multiplicities of 8 (+0.08 eV), 10 (+0.15 eV), and 14 (+0.17
eV) that have the geometries similar to that of the ground state.
These low-lying states are not shown in Figure 5, but rather
we jump to some states with larger spin multiplicities, for
example, a 2S+1 ) 20 state that has the lowest total energy
among the 1:6 isomers. Beginning with 2S+1 ) 26, the
electronic states are ferromagnetic, and the lowest ferromagnetic
isomer found (2S+1 ) 30) is shown in Figure 5. Unlike the
low-lying ferrimagnetic states, the lowest ferromagnetic state
is a capped octahedron.

The ground states of Mn7
- and Mn7

+ are pentagonal
bipyramids as found for the neutral, and they obey the “(1
rule”. The ferromagnetic states of the ions are significantly above

Figure 4. Optimized states of Mn6, Mn6
-, and Mn6

+.

Figure 5. Optimized states of Mn7, Mn7
-, and Mn7

+.

9762 J. Phys. Chem. A, Vol. 110, No. 31, 2006 Gutsev et al.



the ferrimagnetic states, and they are also capped octahedrons,
as in the neutral.

6. Mn8, Mn8
-, and Mn8+. For Mn8, we present, in Figure 6,

the lowest-energy ferrimagnetic 4:4. 2:6, and 1:7 states, as well
as the lowest-energy ferromagnetic state. The ground state has
the spin multiplicity of 2S+1 ) 5 and possesses a strongly
distorted capped pentagonal bipyramid geometry. The computed
magnetic moment per atom for the ground state is 0.5µb, which
is smaller than the experimental value12 of 1.04( 0.14µb. Our
excess spin-down spin densities are located on the same atoms
as found in the previous work.9 The 2S+1 ) 5 isomers shown
in Figure 6 have similar geometries, but they differ in the
location and the value of the excess spin-down densities. As is
seen, the changes in total energy due to different excess spin
density couplings are small. This shows once more the difficul-
ties associated with the study of ferrimagnetic states, namely, a
large number of states with similar geometries and similar
energies that differ only in the distribution of the excess spin
densities.

As shown in Figure 6, many of the higher-energy structures
are bicapped octahedrons. Interestingly, these include the
ferromagnetic 2S+1 ) 33 state and an antiferromagnetic singlet.
Both Mn8

- and Mn8
+ have a ground-state multiplicity of 4, i.e.,

they obey the “(1 rule”. The ground states of the ions are shown
in Figure 7, and for both ions, their structures are more open
than for the neutral ground state.

7. Mn9, Mn9
-, and Mn9+. We find Mn9 to have a doublet

ground state. The magnetic moment per atom for the ground
state is 0.11µb, which is much smaller than the experimental
value12 of 1.01 ( 0.10 µb. Our value is in disagreement with
the previous theoretical work9 that predicts a 2S+1 ) 10 state
to be the lowest one. However, it should be noted that their
search was restricted to spin states that were consistent with
experiment. We find the 2S+1 ) 10 and 2S+1 ) 12 states to
be 0.22 eV above the ground state. The low-energy isomers
presented in Figure 8 have geometries that might be best viewed
as arising by adding two Mn atoms to a distorted pentagonal

bipyramid. The “hub” atom has the shortest distances to all other
atoms and carries very little excess density in the ground state.

We find the ground states of Mn9
- and Mn9

+ to be the
singlets, which is consistent with the “(1 rule”. Their first
excited states are triplets, which are above the ground states by
0.24 and 0.11 eV, respectively. The ground-state geometries of
the neutral in Figure 8, and the ions in Figure 7 have similar
shapes.

Figure 6. Optimized states of Mn8.

Figure 7. Optimized ground states of the Mn8, Mn9
- and Mn10 ions.

Figure 8. Optimized states of Mn9.
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8. Mn10, Mn10
-, and Mn10

+. The geometrical structure of Mn10

is a distorted pentagonal bipyramid with a triangle of atoms
attached, see Figure 9. The ground state has the spin multiplicity
of 5 that corresponds to the total magnetic moment per atom of
0.4 µB, which is substantially smaller than the experimentally
deduced12 value of 1.34( 0.09 µB. The experimental value
corresponds to states with 2S+1 ) 11, 13, or 15. Our intensive
search found only one low-lying 4:5 state with 2S+1 ) 7 that
is 0.07 eV above the ground state; the spin coupling in this
excited state is similar to that in the ground state except that
the excess spin density (0.7e) on the hub atom is larger for the
excited state. Figure 9 shows selected optimized states that
correspond to the lowest energy ferrimagnetic states with
different excess spin density orderings, a 2S+1 ) 5 isomer,
and the lowest-energy ferromagnetic state. There is a strong
dependence of the geometry on the change in the excess spin
density ordering, which resulted in a number of transition states
during the geometry optimization process, again demonstrating
the complexity of studying ferrimagnetic states. The geometry
of the ferromagnetic state is a tetra-capped octahedron; this state
is 2.28 eV above the ground state.

We find the ground states of both the cation and anion to
have a spin multiplicity of 6. Thus, Mn10

- and Mn10
+ follow

the “(1 rule”. Both Mn10
- and Mn10

+ have very low-lying states
with a spin multiplicity of 4; these are 0.01 and 0.04 eV above
the ground states, respectively.

A common feature of the structures shown in Figures 3-9
is that the atoms with excess spin-up and excess spin-down spin
densities form two interconnected graphs. This connectivity is
related to a specific chemical bonding, as was mentioned above.
Consider the case of the excess spin-up density atoms. Their
chemically inert 3d-subshells contribute to the excess spin-up
densities and the bonding is due to 4s spin-up and hybrid 3d4s
spin-down densities. The opposite is true for the atoms with
the excess spin-down densities. Thus the atoms with parallel
excess spin density are adjacent to maximize the bonding. The
central or “hub” atom plays a dual role and bonds to both types

of atoms. All of its 3d and 4s electrons participate in the
bonding, which leaves the hub atom with nearly no excess spin
density. A similar separation of the spin-up and spin down
densities into connected sets was found11 for Mn15, Mn19, and
Mn23.

B. Frequencies and Electronic Properties.Harmonic vi-
brational frequencies of the ground states of the neutral Mnn

clusters are presented in Table 1. The resonance Raman
spectrum was measured45 for Mn3 trapped in argon and krypton
matrices, withωa reported as 130 cm-1 and ωs - 2xs as 197
cm-1. Unfortunately independent values ofωs andxs could not
be obtained. However, despite these limitations, there appears
to be reasonable agreement between theory (ωa ) 131 andωs

) 201 cm-1) and experiment.
It is interesting to compare the frequencies of the Mn10 cluster

to those of the Fe10 ground state, which has the spin multiplicity
of 31. The Fe10 frequencies are found46 to be: 39, 56, 74, 83,
122, 140, 153, 155, 159, 160, 180, 187, 188, 195, 203, 209,
216, 241, 245, 251, 259, 299, 331, and 336 cm-1. One can see
that the largest frequencies are nearly the same for Mn10 and
Fe10, whereas the lowest frequency of Fe10 is almost twice that
of Mn10 (24 cm-1), probably reflecting the greater thermody-
namic stability of Fe10.

Our computed adiabatic electron affinities (see Table 2) reach
the maximum at Mn4(1.64 eV) and the minimum at Mn3(1.27
eV). The EAads for n ) 5-10 are rather similar, and the
difference between them does not exceed 0.1 eV. The positions
of peaks in the photoelectron spectra47 of Mn5 and Mn6 are at
higher values of 1.5 and 1.7 eV, respectively, which are similar
to our adiabatic values. Our computed adiabatic ionization
energies decrease gradually with increasingn, beginning with
Mn6, see Table 2. The corresponding vertical detachment
energies are in good agreement with the experimental data,
except for Mn8, where our adiabatic value is closer to the
experimental value. The IEads of Mn9 and Mn10 are getting close
to the photoelectric work function48 of 4.1 ( 0.2 eV measured
for the bulk Mn.

C. Thermodynamic Stability. Detachment of a single Mn
atom corresponds to the lowest-energy dissociation channel for
all neutral and charged Mnn clusters as shown in Table 3. Except
for the smaller clusters withn ) 3-5, these energies are similar
and do not depend significantly on the cluster charge. For
example, in the Mn10 series, the difference in the Mn dissociation
energy differs by 0.03 eV only. The near independence of the
Mn dissociation energies on the cluster size may be related to
the specific chemical bonding in the Mnn cluster, namely the
addition of one Mn atom to a Mnn cluster generally leads to
formation of 2 bonds because the effective atomic configuration
of the Mn atom in the cluster is close to 3d64s1. Experimental
data are available27,28 for the Mnn

+-Mn channels withn )

Figure 9. Optimized states of Mn10.

TABLE 1: Harmonic Vibrational Frequencies of the
Ground-State Mnn Clusters

n frequencies (cm-1)

3 137, 137, 201
4 139, 139, 169, 169, 169, 229
5 71, 101, 141, 142, 148, 154, 170, 212, 231
6 82, 88, 95, 120, 131, 152, 167, 169, 187, 194, 216, 234
7 80, 83, 112, 118, 123, 128, 135, 140, 154, 165, 168, 175,

210, 211, 227
8 32, 56, 85, 89, 97, 104, 115, 132, 142, 152, 159, 184, 190,

196, 226, 272, 310, 351
9 24, 48, 55, 76, 103, 109, 111, 121, 124, 130, 141, 145, 159,

171, 183, 189, 204, 215, 279, 289, 331
10 24, 47, 58, 78, 87, 91, 94, 100, 113, 121, 128, 134, 140, 158,

161, 167, 179, 188, 196, 204, 223, 281, 311, 337
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2-7, and as is rather usual, the DFT values are overestimated
by about 1 eV. One may anticipate that the computational error
is systematic and the trends in relative stability in the neutral
and charged Mnn clusters are reproduced correctly. The
fragmentation energies involving the loss of Mn2 and Mn3 are
appreciably larger and show less uniformity than the loss of a
single Mn atom.

IV. Summary and Conclusions

In the present work, we performed DFT-GGA optimizations
of the Mnn, Mnn

-, and Mnn
+ series forn ) 3-10 considering

all possible spin states for all three series. The optimization
process was rather complete, starting from the highest spin state
possible and lowering the spin of the states in steps. Tests were
performed where the spin was increased or where the lowest
total energy states obtained in each series were used as the
guesses for additional searches of the lowest energy states in
the two other series. However, even such a time-consuming
strategy does not guarantee that the lowest energy states found
correspond to the global minima of the corresponding species.
The problem is that there are many different spin couplings of
the nonbonding 3d orbitals (excess spin density coupling
schemes) for ferrimagnetic states. Their search is complicated

because we cannot flip excess spin densities on a specific atom
directly, but instead must search indirectly for different solutions
by increasing or decreasing the distances between atoms of
existing solutions.

Ferrimagnetic states, i.e., the states in which the excess spin
densities at some atoms are antiferromagnetically coupled to
the excess spin densities at the other atoms, are the ground states
beginning with Mn5. The energy difference between ferrimag-
netic and ferromagnetic states grows rapidly and exceeds 2 eV
in Mn10. The switch from ferromagnetic to ferrimagnetic ground
state occurs at Mn6- and Mn3

+ in the corresponding anionic
and cationic series. This is related to a specific chemical bonding
in ferrimagnetic states that allows the formation of hybrid 3d4s
bonds in the both spin representations. The sets of atoms with
spin-up and spin-down excess spin densities form two connected
sets. These sets are bonded by delocalized orbitals that are
primarily 4s in the character in the smaller species, whereas in
the larger clusters, in addition to the delocalized 4s bonding, a
central atom forms bonds in both spin representation. This atom
carries no excess spin density because it forms theR-bonds with
one connected set and theâ-bonds with the other one.
Previously, we have found a similar bonding mechanism49 in
the ferrimagnetic (Fev - C - FeV) ground2∆ state of Fe2C,

TABLE 2: Adiabaitic Electron Affinities (EA Ad) and Ionization Energies (IEAd) along with Vertical Ionization Energies (IEVert)
of Mnn Clustersa

spin multiplicity

neutral anion cation EAad TW EAad Explb IEad TW IEvert LSb IEvert HSb IEvert Explc

Mn3 16 17 5 1.27 5.77 6.27 6.42
Mn4 21 20 10 1.64 5.86 6.42 6.67
Mn5 4 23 5 1.36 1.5 5.44 5.90 5.75
Mn6 9 8 8 1.42 1.7 5.58 5.86 5.66
Mn7 6 5 7 1.43 5.31 5.70 5.39 5.44( 0.05
Mn8 5 4 4 1.32 5.14 5.41 5.42 4.91( 0.05
Mn9 2 1 1 1.49 4.95 5.14 5.28 5.06( 0.05

Mn10 5 6 6 1.46 4.94 5.06 5.08 5.26( 0.05

a All values are in eV. LS) 2S-1 and HS) 2S+3 designate the cation states formed by ionization of the corresponding ground-state neutral
with the spin multiplicity of 2S+1. b See ref 47.c See ref 24.

TABLE 3: Computed Fragmentation Energies (in eV) of Neutral and Charged Mnn
a

neutral anion cation

channel TW channel TW channel TW (expb,c)

Mn3 f Mn2+Mn 1.41 Mn3
- f Mn2

-+Mn 2.06 Mn3
+ f Mn2

++Mn 1.85 (0.83( 0.05)b

Mn4 f Mn3+Mn 2.24 Mn4
- f Mn3

-+Mn 2.54 Mn4
+ f Mn3

++Mn 2.08 (1.04( 0.07)b
f 2Mn2 2.45 f Mn2

-+Mn2 3.50 f Mn2
++Mn2 2.84

Mn5 f Mn4+Mn 2.14 Mn5
- f Mn4

-+Mn 1.87 Mn5
+ f Mn4

++Mn 2.56 (1.70( 0.08)c
f Mn3+Mn2 3.21 f Mn3

-+Mn2 3.30 f Mn3
++Mn2 3.54

Mn6 f Mn5+Mn 2.33 Mn6
- f Mn5

-+Mn 2.30 Mn6
+ f Mn5

++Mn 2.43 (1.04( 0.10)c
f Mn4+Mn2 3.29 f Mn4

-+Mn2 3.06 f Mn4
++Mn2 3.56

f 2Mn3 4.08 f Mn3
-+Mn3 4.22 f Mn3

++Mn3 4.27

Mn7 f Mn6+Mn 2.31 Mn7
- f Mn6

-+Mn 2.32 Mn7
+ f Mn6

++Mn 2.58(1.46( 0.11)c
f Mn5+Mn2 3.54 f Mn5

-+Mn2 3.52 f Mn5
++Mn2 3.91

f Mn4+Mn3 4.22 f Mn4
-+Mn3 4.01 f Mn4

++Mn3 4.77

Mn8 f Mn7+Mn 2.60 Mn8
- f Mn7

-+Mn 2.50 Mn8
+ f Mn7

++Mn 2.77
f Mn6+Mn2 3.81 f Mn6

-+Mn2 3.72 f Mn6
++Mn2 4.27

f Mn5+Mn3 4.76 f Mn5
-+Mn3 4.64 f Mn5

++Mn3 5.32

Mn9 f Mn8+Mn 2.48 Mn9
- f Mn8

-+Mn 2.64 Mn9
+ f Mn8

++Mn 2.66
f Mn7+Mn2 3.98 f Mn7

-+Mn2 4.04 f Mn7
++Mn2 4.34

f Mn6+Mn3 4.91 f Mn6
-+Mn3 4.98 f Mn6

++Mn3 5.54

Mn10 f Mn9+Mn 2.43 Mn10
- f Mn9

-+Mn 2.40 Mn10
+ f Mn9

++Mn 2.43
f Mn8+Mn2 3.80 f Mn8

-+Mn2 3.94 f Mn8
++Mn2 3.98

f Mn7+Mn3 4.90 f Mn7
-+Mn3 5.05 f Mn7

++Mn3 5.39

a Dissociation energies of Mn2, Mn2
-, and Mn2

+ computed at the BPW91/6-311+G* level are 1.15, 1.69, and 1.91 eV, respectively, see refs 25,
39. b See ref 27.c See ref 28.
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where the carbon atom formsâ-bonds with the left-hand Fe
atom andR-bonds with the right-hand Fe atom.

The effective atomic electronic configuration of Mn in the
clusters grows from 3d5.54s1.5 in the smaller clusters to close to
3d64s1 in the larger clusters. Adding an Mn atom to a Mnn

cluster allow the formation of 2 bonds, which results in very
similar binding energies for an Mn atom that is nearly
independent of the cluster size or its charge state, except for
the smallest clusters. The neutral clusters possess similar
adiabatic electron affinities and ionization energies.
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