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Electronic and geometrical structures of iiMny 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, far-Mim,o, respectively. Thus,

there is a transition from a ferromagnetic ground state to a ferrimagnetic ground state. athdrenergy
difference between ferrimagnetic and ferromagnetic states ingvtiws rapidly with increasing and exceeds

2 eV in Mny. The corresponding change from ferro- to ferrimagnetic ground state occurssaiaiah Mgt

in the anionic and cationic series, respectively. Beginning with, Ntre ion spin multiplicities differ from

that of the neutral byt1 (i.e., they obey the empiricall rule”). We found that the energy required to
remove an Mn atom is nearly independent of the charge state of arlister and the number of atoms in

the cluster, except for Min 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 states with the spin multiplicities 28l = 4 and 2S$-1 = 9,
respectively; these spin multiplicities correspond to the same
The most stable polymorph of Mn under normal temperature 45| magnetic moments as obtained by Bobadova-Parvanova
and pressurey-Mn, exhibits an exotic crystalline structure with o -6 (under a commonly accepted assumption that 2S is the
58 atoms per a cubic unit cell and is antiferromagnetic. Although value of the total magnetic moment expressegdgh A DFT-
the nett tot?:hma?neth nl\)lomen;l IS tﬁero’b thle tloca: m?gnetlc GGA study of Mn- found its ground state to be ferrimagnetic
moments at the atoms wrvin vary”in the absolute value Irom =, iy, e spin multiplicity 2S-1 = 6, which corresponds to the
0 to ~3 Bohr magnetorys), depending on the site symmetry. total magnetic moment of /&, as obtained by Bobadova-
On the contrary, the Mycluster was found to have 25 unpaired Parvanova et & The larger M@’Mng Mn,, and Mns clusters

electrons in electron-spin-resonance (ESR) stutfieshich .
yields the total magnetic moment of 25 Such a difference were recently fountito have the total magnetic moments of
between the bulk and cluster magnetic properties leads to a4/‘Bv Ous, 12us, ar_1d 3B, respectlvel_y. However, some of these
question: which Mpclusters possess high-spin ferromagnetic values were obtained from calculations that considered only total
ground states and at what size do the clusters transition to Iow-.Spins that were consi;;tent with the experimental value ?ncluding
spin ferrimagnetic states? Early calculatibnsing density Its upcertamty’.Aprewous DFT-GGA study of Mny; predicted

the icosahedral geometry for the lowest total energy state as

functional theory with generalized gradient corrections for the . Y .
exchange-correlation functional (DFT-GGA) found that the;Mn well but obtained a significantly larger total magnetic moment

Mns, Mn4, and Mrs ground states are ferromagnetic and possess of 33ue.
the total magnetic moments of 4§ 15g, 2Qus, and 25ig, Kawazoe et at! used a plane-wave method, employing ultra
respectively. Another DFT-GGA studywhich appeared shortly ~ soft pseudopotentials and a GGA for the exchange-correlation
after, extended the series of clusters possessing ferromagnetigotential, to optimize the geometrical structures ofiyiMnys,
ground states to My Mn7, and Mm, with the total magnetic ~ Mnig, and Mnps and estimated the local magnetic moments by
moments of 26g, 2%g, and 32ug, respectively. integrating the spin density over Voronoi cells. They also
However, the results of recent DFT-GGA calculations Obtained a total magnetic moment ofigfor the lowest-energy
suggest that the antiferromagnetic ordering is preferable begin-icosahedral state of Mg which is somewhat smaller than the
ning with Mns, whose lowest-energy ferrimagnetic state (with experimental valué of 7.28 + 1.69 ug.

a total magnetic moment ofu3) is below the lowest ferro- Deviations in the symmetry of the electronic densities from
magnetic state (with the total magnetic moment ofig)3by the symmetry imposed by the corresponding crystal lattices
0.05 eV. It was also found that the energy gap between the found in some ferro- and ferrimagnetic states led to the notion
ferri- and ferromagnetic states grows from 0.03 eV ingNim of noncollinear magnetism (NCM) and modifications of the

0.63 eV in Mry and 2.42 eV in Mis. A subsequent studyof existing band structure computation codék! In the NCM

Mns and Mny supported this view, finding ferrimagnetic ground  approach, the valence electrons are not only separated into the
spin-up and spin-down moieties but also the excess spin
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which may have orientation axes that are not parallel to each vibrational frequencies of the Felusters are fouridto be less
other. Computations using a NCM local-spin density ap- sensitive to the grid used in the numerical integration than those
proximation (LSDA) band-structure code were performau computed by some of the other functionals incorporated into
super-cells containing M#® and Mnp—Mn7.2 These computa- ~ Gaussian 98 and 03. Therefore, smaller integration grids can
tions predicted the existence of “magnetically noncollinear be used for the BPW91 approach, which makes this method
isomers that are more stable than the collinear structdfes.” computationally less demanding.
However, it was previously fouddin computations of small Geometry optimizations of ferrimagnetic states are rather
Cr and Fe clusters that “gradient corrections are absolutely complicated. In many cases, optimizations started with the
essential in predicting the correct magnetic ground states of default electronic densities did not converge. While switching
small clusters?” After adding the GGA corrections, only “some  from Gaussian 98 to Gaussian 03 improved the convergence of
very slight distortion of the density in the noncollinearsFe the ferrimagnetic states, we found it superior to avoid using
ground-state structure” was fourhtl. the default guess except for the high spin states. Usually, the
Our experience on transition metal clusters suggests that aoptimal strategy is to first optimize a high-spin state where each
description that allows localized 3d orbitals is superior to one atom contributes 5 unpaired electrons, then to decrease the
that imposes the point-group symmetry of the nuclear frame number of unpaired electrons by two and converge that state,
and thus forces a delocalized description. Hence, imposing noand repeat the process of decreasing the number of unpaired
symmetry constraints is critical in obtaining the best description electrons until a singlet (evemMn, clusters) or doublet state
of many transition metal clusters. The results of recent computa-is reached. We used this process for the neutrals, cations, and
tions!® of collinear magnetism in iron clusters lend support to anions. Several additional tests were performed to ensure than
this point of view. It was concludééthat “the full relaxation we have found the lowest state for each spin. These include
of the atoms without imposing any symmetry constraints leads new optimizations starting from a converged solution and
to unsymmetrical arrangements of the atoms (distorted clusters)increasing the number of unpaired electrons by two. This is
and restores collinearity of the magnetic moments of all clusters essentially the reverse of the first process, but sometimes allows
considered so far”. one to find a lower-energy solution. Another test is to take the
Mn is consideretf as a prospective dopant of semiconductor orbitals from a cluster with a different charge and change the
materials for their conversion into a ferromagnetic phase. One number of unpaired electrons by one. For example, to take an
of the most actively studied systems is a; G#n,As diluted anion solution with 281 = mand use it as a starting point for
magnetic semiconductor, which becomes ferromagtfetitat an optimization of the neutral with 28L = m+1 orm—1. When
110 K for x ~ 0.05. Recently, it was fouréithat dopant Mn this switching between “neighbor series” finds a new solution,
atoms may form clusters, which can seriously influence the one naturally uses this as a starting point for increasing and
magnetic properties with respect to those samples that possesgecreasing the number of unpaired electrons. This procedure is
a uniform Mn monomer distribution. Mn clusters in semicon- followed until it appears that one has found the lowest energy
ductors may be in charged states because the experimentél datastate for each spin.
on ionization energies (IE) of Mnclusters,n = 7—64, show All optimizations, except some for the Mrseries, were
that the IE values do not exceed 5.44 eV in this series. Our performed without imposing any symmetry constraints. Each
preliminary computations show that Mwarries a charge of  geometry optimization was followed by an analytical second
+0.5 e in a (GaAsMns cluster. derivatives calculation of the harmonic vibrational frequencies
lonized Mn, clusters are less studied than the neutrals. Among to confirm that the optimized geometry corresponds to a
the Mny, ions, the dimers Mgt and My, whose ground states ~ minimum. Rather often, the optimizations arrived at transition
were found to bé®%%;~ and1I1,, respectively, have receiv&d states, and the vibrational modes of the corresponding imaginary

the most attention. The ground states ofsMiand Mry~ were frequencies were used for the generation of a guess geometry
computed to have 23-1 = 23 and 251 = 8, respectively. used in the subsequent reoptimizations.

Optical spectra were measufédor the Mngt trimer, and Our reported electron affinities and ionization energies are
dissociation energies were measudfedfor Mn,™—Mn7 ™, computed as the differences in total electronic energies corrected

This work is aimed at the search of the ground and lowest for the zero-point vibrational energies (ZPVE) and correspond
excited states of the Min and Mn,t clusters,n = 3—10, and to adiabatic values. Fragmentation energies, computed as the
estimating their thermodynamic stability. Simultaneously, we differences in total energies of the species and their decay
performed extensive optimizations of the neutral Mtusters constituents, are corrected for the ZPVEs. We compute atomic
to obtain their ground-state total energies and compute thespin densities using both Mullikéhand natural atomic orbital
electron affinities, ionization energies, and dissociation energies (NAO)3°® approaches. Generally, the values obtained in the both
in the neutral series. Natural atomic populations on atoms areapproaches are nearly the same.
used to gain insight in the antiferromagnetic coupling in
ferrimagnetic states. As with the neutrals, it is very interesting Ill. Results and Discussion
to compare the high- and low-spin states as a function of cluster

size for the ions. A. Geometries and Chemical Bondingln 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
Computations were performed using the Gaussia &8d was considered for the Mnseries, whereas we use only
Gaussian 0% program systems. We used the 6-313* basis symmetry-unconstrained computations for /in;.
sefl=34 of Mn (15s11p6d1f)/[10s7p4d1f]. As in our previous We first consider Mp, which has been published previ-
work, we choose the BPW91 method, where the exchange-ously2549The Mn ground state RS(3cP4<?). Thus, if the ground
correlation functional is comprised of the Becke’s exchdhge state of Mn were derived from two ground-state Mn atoms, it
and PerdewWang's correlatiorf® because, although similar ~ would be a van der Waals molecule with'&*g or 1=*4 ground
results are obtained with many of the functionals, the BPW91 state. Promotion from the 4s orbital to a vacant 3d orbital allows

II. Computational Details
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Figure 1. Optimized ferro- and ferri-magnetic states of H/ivins~,
and Mns*. Bond lengths are in A, excess spin densities in electrons.

some 4s-4s covalent bonding, but the experimefita8d4s’

— 3dP4s! 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 8" occupation, and we
found a1, ground state, where only one Mn has promoted a
4s electron to the 3d orbital. In this state, the twoddhells

are filled and are nonbonding. There are two electrons in the
4so-orbitals, which are also nonbonding. The 3d and 4s orbitals
in the a-spin representation of Mnproduce no net bonding
because all the bonding and antibondirgrbitals are occupied.

In the NAO view, they are classified as nonbonding localized
spin—orbitals (LSOs). Two bonds are formed in tlffespin
representation, namely, one-+#4s and one 3d+3dr bond.
Unlike DFT, some traditional methods, such as second-order
perturbation theory, do not prediéta 4s to 3d promotion for
the ground state of M Although it is possible that the DFT
prediction of such a promotion for Mns incorrect, it is clear

that more and more 4s to 3d promotions should occur as the
Mnj, 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. Mg, Mnz~, and My*™. We performed first an extensive
search of the lowest energy states for each spin multiplicity of
Mnz, Mn3~, and My™ 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 reoptimizatio
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electron leads to a rather surprising result. ¥Beground state

of Mnz* is ferrimagnetic, whereas the lowest ferromagnetic state
15B, is 0.28 eV above the ground state, see Figure 1. Using a
hybrid functionat® yields a ferromagneti¢’B, ground state of
Mns* with the bond length of 3.03 A and an apex angle of
144 . Starting with this geometry, we optimized'&B, state
using our BPW91/6-31tG* approach and found that it
converged to &7B, state with the bond length of 2.83 A and
the apex angle of 70°6This1’B; state is above th#@; ground
state by 0.41 eV. Generally, it is not recommeridéfito use
hybrid methods in transition-metal cluster computations, as they
do not appear to describe metahetal 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 34sh3° on each atom and consist of the
3d>0UL97 and 3d@-54<>42 contributions from thex- andj-spin
representations, respectively. Note that the spirbitals 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 Mn
Such NAO populations correspond to the formation of three
3d—4s hybrid bonding orbitals in thg-spin representation,
whereas all valencea-electrons occupy nonbonding LSOs, as
in Mny. Attachment of an extra electron does not affect the
a-population whereas thg-population becomes 88456,

That is, the extra electron contributes nearly equally to the 3d
and 4s3-populations, and the number gfbonds increases by

A NAO analysis of the Mg" B, 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 théB; state are 3tP%4<>1 and 3¢ 7%UL% on
the apex and basal atoms, respectively. Tdeeontribu-
tion consists of one atom with a 884521 occupation and
two with 3d*94<62 and thep-contribution consists of one
atom with a3d*9%4<>70 occupation and two with 3d4<-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;:h,”, where n; is the
number of atoms possessing the excess spin densities of one
sign andn; 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 ¥Bg state has
the 1:2 ordering. The antiferromagnetic coupling in this 1:2 state
allows the formation of 4gser-3dapext4Sase2 a-bonds and

r?%aseﬁ4sapex+3%ase2ﬂ-b0ndS.

led to the same geometrical structures and total energy as found Relative to the ground state of Mrthe high-spin ferromag-
in the calculations with no symmetry constraints, the states are Netic state'*B, of the Mng* cation is formed by detaching an

identified using the higher symmetry notation. Optimized
structures of the ground and two lowest excited states of, Mn
Mnz~, and My* are presented in Figure 1. In agreement with
the previous work, 643the ground state of Myis ferromagnetic
and has the spin multiplicity 2581 = 16, which corresponds to
the total magnetic moment of 1ks. The lowest excited states
of Mn3, with 25+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 ag'arbital results in
the A" ground state of Mg, whereas the detachment of an

electron from aru-4s LSO of the neutral. Thg-contribution
of the cation NAO has sonte,, distortion, but, like the neutral,
there are three 3d4s hybrid bonds. Tdreontribution consists
of one atom with3d*9%4<>45 and two with 3d*9%<77. An
inspection of the orbitals shows that 3d orbitals are nonbonding
and there are two occupied 4s derived orbitals, namely a
delocalized 4$-4st+4s bond and an antibondingusur4Sasalz
orbital. Thus, the bonding in the 1:2 ferrimagn€et®; state is
energetically preferable since there are twbonds.

2. Mrny, Mns~, and Mn*. Consistent with the previous
work,*~% the ground state of neutral Mis ferromagnetic with
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Figure 2. Optimized states of M Mn,~, and Mn*.

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 8#4s!-33 which are similar to
those in Mn. Attachment of an extra electron results in the
ferromagnetic ground state with 23 = 20, a tetrahedral
geometry, and the total atomic populations of>%&ds46

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 A whereas the distance

between the spin-up and spin-down atoms is 2.57 A. A 2:2
ferrimagnetic state is only 0.05 eV higher in total energy,
whereas the lowest ferromagnetic state with+2S= 20 is
higher by 0.42 eV, see Figure 2.

The bonding in the ground ferromagnetic states of, ind
Mny~ is similar to that in the ferromagnetic states of thesMn
series; i.e., there are no bonds in thepin representation, which
is presented by 6 LSOs per atom {8¢) and four and five
p-3d4s-bonds in Mpand Mny~, respectively. In the ground 1:3
state of the Mg" cation, thea. populations are: one atom with
3d°714<18 and three atoms witl8d*94< 7% whereas the3
populations are: one atom wigu*84<>-63and three with 3%&
4841 There are four chemically inert half-filled 3d shells, three
with o spin and one with3 spin. The remaining 3d and 4s
electrons form three one-electron bonds wittspin and four
with 3 spin. For the 2:2 state, thepopulations are: two atoms
with a 3d7%4<>54occputation and two witBd*94<-66 whereas
the 8 populations are: two atoms wid*9%U<-65and two with

3d°-63 49924 Again, each atom possesses an inert 3d-subshell,

and there are seven one-electron bonds, four wigpin and
three with spin. That is, these two nearly degenerate states
possess the same number of bonds.

3. Mns, Mns~, and Mry*. The lowest energy state of Mis
a 2:3 ferrimagnetic state with 29 = 4 in agreement with
previous computatiors:® The total magnetic moment per atom
in this state is 0.6, which agrees with the experimental vaitie
of 0.79 + 0.25 up to within its error bars. We find that the
lowest ferromagnetic state is 0.09 eV higher in energy, see

J. Phys. Chem. A, Vol. 110, No. 31, 20086761
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Figure 3. Optimized states of My Mns~, and Mry™".

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 2St+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
a-bonds and 43-bonds in the ground state of Mnwhereas
the isomer has one fewgtbond. Similar isomers are found
for the cation and anion states with-25 = 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 Mclusters, 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 Mns~ ground state is ferromagnetic and is below the

Figure 3. In the ground state, the excess spin density of thelowest ferrimagnetic state by 0.11 eV. Its NAO populations are
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similar to that of the'*B, state of M™: promotion of two 4s
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Figure 5. Optimized states of My Mn;~, and Mnr/".
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clusters, there is a chemically inert half-filled 3d shell on each
atom. The remaining electrons form five bondsoco§pin and
seven ofs spin. In the ferromagnetic 281 = 26 state, the total
atomic populations are: four atoms with53&#s"-% and two
with 384509 thus, there is also a significant 4s to 3d

electrons into vacant 3d orbitals allows the formation of six promotion. There are 4- and 8 -bonds; that is, the total
p-3d4s bonds that appears to be more favorable than thenumber of bonding orbitals in the 29 = 9 and 25-1 = 26
formation of fewer 3d4s bonds, but divided between the two states is the same, and these two states are separated by only

spin representation, in a ferrimagnetic state.
4. Mns, Mng~, and Mrs*. In agreement with the previous
work .87 the ground state of Myis ferrimagnetic with 2$1 =

0.14 eV.
5. My, Mn;~, and Mnr". The ferrimagnetic (2$1 = 6)
ground state of Mpis a pentagonal bipyramid (see Figure 5),

9 that corresponds to the total magnetic moment per atom ofin agreement with the previous resuitshowever, the spin-

1.33 up, which is significantly larger than the experimental
valuéet? of 0.554 0.10up. The lowest energy isomers of Mn
and Mny~, shown in Figure 4, have the same ordering in total
energy as found by Jones et’axcept for the reversal of the
Mng(2S+1 = 27) and M(2S+1 = 3) states. Jones et Alised

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

an integration of excess densities in spheres around atomsjengths, as it is not possible to create starting densities by
therefore, their corresponding excess spin densities are somewhéflipping the excess spin densities on specific atoms. Note that

different from those shown in Figure 4.

Contrary to the Mg, Mns, and Mny series, the ground-state
multiplicities of Mng~ and Mrs* 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 iSmot
unique in this regard, as thel rule holds also for the series
Mn;—Mnio. Thus, it appears that thel rule is violated only
for the small clusters.

the magnetic moment per atom for the ground state is @71
which compares favorably with the experimental védad 0.72
+ 0.42 up,.

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 2$1 = 20 state that has the lowest total energy
among the 1:6 isomers. Beginning with 26 = 26, the

The ground state of Mypossesses three pairs of atoms that electronic states are ferromagnetic, and the lowest ferromagnetic
have different excess spin densities. The total NAO populations isomer found (2%1 = 30) is shown in Figure 5. Unlike the

(neglecting populations of 4p and higher AOs) aré 3ds' 15,
3cP-6%492 and 3§8%4<12 yielding the excess spin densities

of 4.4, 4.6, and 4.2, respectively. The 3d population for all three

low-lying ferrimagnetic states, the lowest ferromagnetic state
is a capped octahedron.
The ground states of Mn and Mn* are pentagonal

pairs is closer to six, showing that most of the atoms have bipyramids as found for the neutral, and they obey thd “
promoted a 4s electron into the 3d orbital. As for the previous rule”. The ferromagnetic states of the ions are significantly above
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the ferrimagnetic states, and they are also capped octahedron%igure 7. Optimized ground states of the MrMing- and Mn ions.

as in the neutral.

6. Mng, Mng~, and Mrg*. For Mng, we present, in Figure 6, Mng
the lowest-energy ferrimagnetic 4:4. 2:6, and 1:7 states, as well
as the lowest-energy ferromagnetic state. The ground state ha:
the spin multiplicity of 25-1 = 5 and possesses a strongly
distorted capped pentagonal bipyramid geometry. The computed
magnetic moment per atom for the ground state i, Shich 2 &
is smaller than the experimental valgief 1.044 0.14up. Our ezl g Gzl il 2657
excess spin-down spin densities are located on the same atom 5% - S¥ash agh -43¥ 464 4.44 4.3
as found in the previous wofkThe 2S+-1 = 5 isomers shown M=8 +0.36 eV M=16 +0.50 eV M=30 +0.89 eV
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 spir b s a¥ |
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 +3f\.
ferromagnetic 2%1 = 33 state and an antiferromagnetic singlet. REaANT
Both Mng~ and Mny™ have a ground-state multiplicity of 4, i.e.,
they obey the %1 rule”. The ground states of the ions are shown

"F-_-'-:'_'.'._
44h 42y o
M=6 +0.29 eV M=4 +0.25 eV

in Figure 7, and for both ions, their structures are more open asf 2y rash 4_5,,#_'4_'85 é-_“.’?af
than for the neutral ground state. el Bl B K B AER

7. Mng, Mng~, and Mry". We find Mng to have a doublet
ground state. The magnetic moment per atom for the ground
state is 0.11up, which is much smaller than the experimental
value? of 1.01 £ 0.10u,. Our value is in disagreement with  bipyramid. The “hub” atom has the shortest distances to all other
the previous theoretical wotkhat predicts a 261 = 10 state atoms and carries very little excess density in the ground state.
to be the lowest one. However, it should be noted that their We find the ground states of Mn and Mny* to be the
search was restricted to spin states that were consistent withsinglets, which is consistent with thetd rule”. Their first
experiment. We find the 261 = 10 and 251 = 12 states to excited states are triplets, which are above the ground states by
be 0.22 eV above the ground state. The low-energy isomers0.24 and 0.11 eV, respectively. The ground-state geometries of
presented in Figure 8 have geometries that might be best viewedhe neutral in Figure 8, and the ions in Figure 7 have similar
as arising by adding two Mn atoms to a distorted pentagonal shapes.

Figure 8. Optimized states of Mn
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Mn;q TABLE 1. Harmonic Vibrational Frequencies of the
soh @ A Ground-State Mn,, Clusters
STE 4 5.
AT ‘fvt » Egrs n frequencies (cmt)
R < 3 137,137,201
SIS ANV 4 139, 139, 169, 1609, 169, 229
VP 74y W' 5 71,101,141, 142, 148, 154, 170, 212, 231
9_‘}"*94@5 6  82,88,95,6120,131, 152, 167, 169, 187, 194, 216, 234
474 a2y 434 7 80, 83, 112, 118, 123, 128, 135, 140, 154, 165, 168, 175,
M=25 +0.94eV 210, 211, 227

o]

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

94.6T
D

of atoms. All of its 3d and 4s electrons participate in the
bonding, which leaves the hub atom with nearly no excess spin

M=5 +0.65 eV M=21 +0.62 eV M=1 +0.33eV ! ~n ' _ C

Side view Top view e dens!ty. A similar separation of the spin-up and spin down

47 g__;\‘;.w densities into connected sets was folrfdr Mnys, Mnye, and
4.4 LB P sy Mnas.
L% *f“%"goi © B. Frequencies and Electronic PropertiesHarmonic vi-

548 :ﬁ-.}' fa.34 brational frequencies of the ground states of the neutral Mn
7oy clusters are presented in Table 1. The resonance Raman
——% spectrum was measurédor Mns trapped in argon and krypton

481 a0t matrices, withw, reported as 130 cmt and ws — 2xs as 197
M=5 0.0 eV M=9 +0.18 eV

cm L. Unfortunately independent values®§ andxs could not
be obtained. However, despite these limitations, there appears
. to be reasonable agreement between theogy= 131 andws
8. Mo, Mmo~, and Mngt. The geometrical structure of Mg = 201 cnm?) and experiment.
is a distorted pentagonal bipyramid with a triangle of atoms |1 g interesting to compare the frequencies of theiMifuster
attached, see Figure 9. The ground state has the spin multiplicity;q those of the Fe ground state, which has the spin multiplicity
of 5 that corresponds to the total magnetic moment per atom of of 31. The Fey frequencies are fouriito be: 39, 56, 74, 83,
0.4 ug, which is substantially smaller than the experimentally 1252 140 153 155. 159. 160. 180. 187. 188. 195. 203. 209
deduceé? value of 1.34+ 0.09 ug. The experimental value 216: 241,' 245,'251,'259, ’299, ’331, and 336-En®ne can see
corresponds to states with %Sf_: =11,13,or 15. Ourintensive  ihat the largest frequencies are nearly the same for Mind
search found only one low-lying 4:5 state with25=7that g | whereas the lowest frequency ofifis almost twice that
is 0.07 eV above the ground state; the spin coupling in this ¢ Mn1o (24 cnml), probably reflecting the greater thermody-
excited state !s similgr to that in the ground.state except that 5 mic stability of Fep.
the excess spin density (Ggfon the hub atom is larger for the Our computed adiabatic electron affinities (see Table 2) reach
excited state. Figure 9 shows selected optimized states thatpa maximum at M#(1.64 eV) and the minimum at M(L.27
correspond to the lowest energy ferrimagnetic states with eV). The EA for n = 5-10 are rather similar, and the
different excess spin density orderings, at2S= 5 isomer, difference between them does not exceed 0.1 eV. The positions
and the lowest-energy ferromagnetic state. There is a strongy peaks in the photoelectron speéiraf Mns and Mn; are at
dependence of the geometry on the change in the excess Spifigher values of 1.5 and 1.7 eV, respectively, which are similar
density ordering, which resulted in a number of transition states o~ ,r adiabatic values. Our computed adiabatic ionization
during the geometry optimization process, again demonstratingenergies decrease gradually with increasingeginning with
the complexity of studying ferrimagnetic states. The geometry Mns, see Table 2. The corresponding vertical detachment
of the ferromagnetic state is a tetra-capped octahedron; this Stateenergies are in good agreement with the experimental data,
is 2.28 eV above the ground state. except for Mm, where our adiabatic value is closer to the
We find the ground states of both the cation and anion to experimenta| value. The I of Mng and Mngare getting close
have a spin multiplicity of 6. Thus, Mg~ and Mn," follow to the photoelectric work functidfiof 4.1+ 0.2 eV measured
the “+1 rule”. Both Mnig~ and Mng" have very low-lying states  for the bulk Mn.
with a spin muItIpI|C|ty of 4; these are 0.01 and 0.04 eV above C. Thermodynamic Stab|||ty Detachment of a Sing|e Mn
the ground states, respectively. atom corresponds to the lowest-energy dissociation channel for
A common feature of the structures shown in Figure®3 all neutral and charged Melusters as shown in Table 3. Except
is that the atoms with excess spin-up and excess spin-down spirfor the smaller clusters with = 3—5, these energies are similar
densities form two interconnected graphs. This connectivity is and do not depend significantly on the cluster charge. For
related to a specific chemical bonding, as was mentioned above.example, in the My series, the difference in the Mn dissociation
Consider the case of the excess spin-up density atoms. Theirenergy differs by 0.03 eV only. The near independence of the
chemically inert 3d-subshells contribute to the excess spin-up Mn dissociation energies on the cluster size may be related to
densities and the bonding is due to 4s spin-up and hybrid 3d4sthe specific chemical bonding in the Muoluster, namely the
spin-down densities. The opposite is true for the atoms with addition of one Mn atom to a Mncluster generally leads to
the excess spin-down densities. Thus the atoms with parallelformation of 2 bonds because the effective atomic configuration
excess spin density are adjacent to maximize the bonding. Theof the Mn atom in the cluster is close to®d!. Experimental
central or “hub” atom plays a dual role and bonds to both types data are availab#é?28 for the Mn,"—Mn channels withn =

Figure 9. Optimized states of Mn.
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TABLE 2: Adiabaitic Electron Affinities (EA aq) and lonization Energies (IEag) along with Vertical lonization Energies (IEvert)
of Mn, Clusters?

spin multiplicity

neutral anion cation EATW EAq4 ExplP IEaa TW IEver: LSP IEvers HS? IEver Exple
Mng 16 17 5 1.27 5.77 6.27 6.42
Mny 21 20 10 1.64 5.86 6.42 6.67
Mns 4 23 5 1.36 1.5 5.44 5.90 5.75
Mng 9 8 8 1.42 1.7 5.58 5.86 5.66
Mny 6 5 7 1.43 5.31 5.70 5.39 5.440.05
Mng 5 4 4 1.32 5.14 541 5.42 4.9 0.05
Mng 2 1 1 1.49 4.95 5.14 5.28 5.360.05
Mnig 5 6 6 1.46 4.94 5.06 5.08 5.260.05

aAll values are in eV. LS= 25-1 and HS= 25+3 designate the cation states formed by ionization of the corresponding ground-state neutral
with the spin multiplicity of 2S-1. ® See ref 47¢ See ref 24.

TABLE 3: Computed Fragmentation Energies (in eV) of Neutral and Charged Mn,?

neutral anion cation
channel TW channel T™W channel TW (>
Mnz — Mny+Mn 141 Mnz~ — Mnz +Mn 2.06 Mnzt — Mny"+Mn 1.85 (0.83+ 0.05p
Mng — Mnz+Mn 2.24 Mng~ — Mnz~+Mn 2.54 Mns" — Mnzt+Mn 2.08 (1.04+ 0.07)p
— 2Mn, 2.45 — Mny; +Mn; 3.50 — Mnz"+Mn; 2.84
Mns — Mns+Mn 2.14 Mns~ — Mns+Mn 1.87 Mnst — Mns +Mn 2.56 (1.70+ 0.08¥
i Mn3+Mn2 3.21 - Mn37+Mn2 3.30 i Mn3++Mn2 3.54
Mng — Mns+Mn 2.33 Mng~ — Mns~+Mn 2.30 Mng™ — Mnst+Mn 2.43 (1.04+ 0.10¥
— Mns+Mn, 3.29 — Mns +Mn; 3.06 - Mn4++Mn2 3.56
— 2Mn3 4.08 — Mnz~+Mn;3 4.22 — Mnz"+Mnj3 4.27
Mn7 — Mng+Mn 2.31 Mn7;~ — Mng +Mn 2.32 Mn7" — Mngt+Mn 2.58(1.46+ 0.11y
— Mns+Mn; 3.54 — Mns~+Mn; 3.52 — Mns™+Mn;, 3.91
i Mn4+Mn3 4.22 i Mn4’+Mn3 4.01 i MI"I4++MI']3 4.77
Mng — Mnz+Mn 2.60 Mng~ — Mn;"+Mn 2.50 Mngt — Mn7t+Mn 2.77
— Mneg+Mn, 3.81 — Mng~+Mn, 3.72 - Mn5++Mn2 4.27
— Mns+Mn3 4.76 — Mns +Mns3 4.64 i Mn5++Mn3 5.32
Mng — Mng+Mn 2.48 Mng™ — Mng~+Mn 2.64 Mng™ — Mngt+Mn 2.66
i Mn7+Mn2 3.98 e Mnf-l—an 4.04 i Mn7++Mn2 4.34
— Mng+Mng 491 — Mng~+Mng 4.98 - Mn5*+Mn3 5.54
Mnio— Mng+Mn 2.43 Mnig~ — Mng~+Mn 2.40 Mnig" — Mngt+Mn 2.43
— Mng+Mn; 3.80 — Mng~+Mn, 3.94 - Mng*-&-an 3.98
— Mn7+Mns 4.90 — Mn7; +Mns 5.05 - Mn7*+Mn3 5.39

a Dissociation energies of MnMn,~, and Mt computed at the BPW91/6-3+G* level are 1.15, 1.69, and 1.91 eV, respectively, see refs 25,
39.° See ref 27¢ See ref 28.

2—7, and as is rather usual, the DFT values are overestimatedbecause we cannot flip excess spin densities on a specific atom
by about 1 eV. One may anticipate that the computational error directly, but instead must search indirectly for different solutions
is systematic and the trends in relative stability in the neutral by increasing or decreasing the distances between atoms of
and charged Mp clusters are reproduced correctly. The existing solutions.

fragmentation energies involving the loss of Mmd Mn; are Ferrimagnetic states, i.e., the states in which the excess spin
appreciably larger and show less uniformity than the loss of & yensities at some atoms are antiferromagnetically coupled to
single Mn atom. the excess spin densities at the other atoms, are the ground states
beginning with Mi. The energy difference between ferrimag-
netic and ferromagnetic states grows rapidly and exceeds 2 eV
In the present work, we performed DFT-GGA optimizations in Mnso. The switch from ferrom_agnetic to ferrimag_netic g_rou_nd
state occurs at MyT and Mgt in the corresponding anionic

of the Mn,, Mn,, = and Mn," series fom = 3—10 considering C . . o . .
all possible spin states for all three series. The optimization gnd cationic series. This is related to a specific chemical bonding

process was rather complete, starting from the highest spin statd" férrimagnetic states that allows the formation of hybrid 3d4s
possible and lowering the spin of the states in steps. Tests were?0nds in the both spin representations. The sets of atoms with
performed where the spin was increased or where the lowestSPin-up and spin-down excess spin densities form two connected
total energy states obtained in each series were used as thé€ts. These sets are bonded by delocalized orbitals that are
guesses for additional searches of the lowest energy states ifPrimarily 4s in the character in the smaller species, whereas in
the two other series. However, even such a time-consumingthe larger clusters, in addition to the delocalized 4s bonding, a
strategy does not guarantee that the lowest energy states foungentral atom forms bonds in both spin representation. This atom
correspond to the global minima of the corresponding species. carries no excess spin density because it formsithends with

The problem is that there are many different spin couplings of one connected set and thebonds with the other one.
the nonbonding 3d orbitals (excess spin density coupling Previously, we have found a similar bonding mechar?sim
schemes) for ferrimagnetic states. Their search is complicatedthe ferrimagnetic (Fe— C — Fel) ground?2A state of FgC,

IV. Summary and Conclusions
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where the carbon atom form&bonds with the left-hand Fe (25) Gutsev, G. L.; Bauschlicher, C. W., Jr. Phys. Chem. 2003
atom ando-bonds with the right-hand Fe atom. 107'2275T5- . A Briere. T. M.: Kulawik M. Minemoto. S.. T
The effective atomic electronic configuration of Mn in the (28 Terasaki, A; Briere, T. M.; Kulawik, M., Minemoto, S.; Tono,

! K.; Matsushita, A.; Kondow, TJ. Chem. Phys2003 118 2180.
clusters grows from 3cP4s-5in the smaller clusters to close to (27) Terasaki, A.; Minemoto, S.; Kondow, 7. Chem. Phy2002 117,

3P4 in the larger clusters. Adding an Mn atom to a Mn  7520.
cluster allow the formation of 2 bonds, which results in very  (28) Tono, K;; Terasaki, A.; Ohta, T.; Kondow, J. Chem. Phy2005
similar binding energies for an Mn atom that is nearly 123 174314.

. . . (29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
independent of the cluster size or its charge state, except fory A" cheeseman, J. R.; Zakrzewski, V. G.. Montgomery, J. A., Jr.;

the smallest clusters. The neutral clusters possess similarstratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

adiabatic electron affinities and ionization energies. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

. . Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
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