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Abstract: The equilibrium geometries, binding energies, electronic structure, and magnetic properties of small
stoichiometric MnO clusters are presented for the first time. The results are based on first-principles self-
consistent calculations performed within the framework of density functional theory and the generalized gradient
approximation. The nature of bonding between manganese and oxygen atoms is partly ionic. The charge transfer
between Mn and O atoms, as well as the average-®rbond distance, remains insensitive to cluster size.
However, the magnetic properties of these clusters exhibit very unusual characteristics. In contrast to their
bulk behavior, the small clusters of MnO are ferromagnetic with magnetic moments per MnO molecule varying
between 4 and &g. Almost all of these moments are localized at the Mn site. The (Mr@ister exhibits
magnetic bistability, with ferromagnetic and antiferromagnetic configurations being nearly degenerate. The
structural growth of these clusters also differs substantially from those of alkaline earth-metid clusters

in that hexagonal packing and cubic packing compete for stability. (Ma@j (MnO) clusters show unusual
stability, making them the skeletal structures for further growth. The results agree very well with available
experimental data.

Introduction clusters'o-14 While clusters of silicon oxidé&} antimony oxide'?
Recently, there has been considerable interest in the studyand. magnesium oxidéhaving th(_e same st0|ch|o_rr_1etr|c com-
of metal oxides in the bulk phase as they represent a class Ofposmon asim the bulk phase PTXh'b't marked stablllty,_tran3|t|on
technologically important materialsThey play major roles in 2%12232;;?% \(ﬁ]gntt;]riy(ﬁ/'lfrfg;rﬁ/ggéﬁ%ﬂp?’§ |e6m %nn
high-temperature superconductivity, catalysis, corrosion, and o . . oo
high-temperature applications. In general, metal oxides are and 12 exhibit conspicuous peaks in the mass spectra, indicating
bonded by ionic interactions between metal and oxygen atoms,that these may be unusually _stable. on th‘? other hand, (MgO)
and they are insulatosThe presence of defects, such as clusters show no such behawor for these sizes. It was suggested
oxygen, can substantially affect the electronic properties of theseLhu?;[Jirr‘]Z (g/llggka glfu;[reg;ehragl'gsgté?: ﬁ;?g;ugeré)vzaazeﬁggggéﬁéns
materials as is evidenced by the onset of hlgh-temperaturestacked rings (see Figure la). Note that, in the bulk phase, MnO

superconductivity in oxide materials. It has been well as a cubic structute(see Figure Ib). Under certain conditions
documented that materials at the nano- or sub-nano scale posse{ﬁ ( 9 ): . ’
e authors also observed the (MaOpeak to be as high as

nusual structural, electronic, optical, and magnetic properti ) ;
unusual structural, electronic, optical, and magnetic prope testhe (MnO}* peak, leading them to conclude that in larger

that are very different from their behavior in the bulk phase clusters the (MnG) hexagonal rings are probably joined b
and that these properties can be easily modified by changing(MnO) square units 9 9 P vl y
2 .

the size and structure of the particfeEhe critical length scales ] . L .
where novel electronic, magnetic, and optical properties mani- This sgg.gestlon appears to conflict with the recent experiment
fest, however, depend on the propéttyis, therefore, surprising by Chertihin and Andrew® These authors have measured the

that little attention has been paid to an understanding of oxide infrared spectra of laser-ablated manganese atoms interacting
materials at reduced sizes and in low dimensions. with dioxygen. They conclude that the (MnOgluster is a

Experiments on clusters and_ nanoparticles of metal oxides (7)Li. 3. Wang, Y. J.. Zou, B. S Wu, X. C.. Lin, J. G.. Guo, L. Li,
are few and far between!! It is only recently that some Q. s Appl. Phys. Lett1997, 70, 3047.
attention has been paid to studying the stability of oxide  (8)Persson, J. L.; Anderson, M.; Holmgren, L.; Aklint, T.; Rosen, A.
Chem. Phys. Lettl997 271, 61.
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(b)

Figure 1. Schematic representation of (a) hexagonal and (b) cubic
structures of (MnQ)clusters. Large spheres represent Mn atoms, and
small spheres represent O atoms.

rhombus with an estimated-@Mn—0O angle of 101, Mn—O
bond length of 2.0 A, and MaMn bond length of 2.6 A. The
latter bond is significantly shorter than the 3.4 A bond length
of the Mn, dimer, suggesting significant metahetal interaction

in (MnO),.

Transition metat-oxide clusters are also expected to exhibit
different electronic, magnetic, and optical properfié3ue to
their multiple-valence structures, transition metals can form
oxide clusters NOy in a variety of compositions whepe= y
while in the bulk phase usually=y = 15811 Thus clusters
rich in either transition metal or oxygen content can exist and,
more importantly, show unusual behawdn addition, transition
metal clusters, due to their d electrons, can exhibit unique
magnetic properties in their oxide pha8é&ecent experiments
on nanoparticles of Ni®and MnCO indicate that these are
ferromagnetic although in the bulk phase they order antiferro-

magnetically. While no experiments on the magnetic properties

of free clusters of these oxides are available, ligated M
clusters were recently found to have high spins and exhibit
magnetic bistability” Here four M+ (S = 9/,) ions form a
central tetrahedron surrounded by eight¥S= 2) ions. The
spins at MA" sites point up while the spins at Mihsites point
down. The net magnetic moment of M@, is therefore 20
us.t” No experiments on the magnetic moment of free (MnO)
clusters are available in the literature. We are also not aware o

any theoretical studies of the structure and properties of free

(i.e., nonligated) (MnQ)clusters, although density functional
calculations on Mr-oxo and cubane complexes are available
in the literature'®

In this paper, we present such calculations for the first time.
We show that (MnQ)is indeed a magic cluster and the preferred
structure is a hexagonal ring. However, we also find (MnO)
to be an equally strongly bound cluster. Its geometry is a
rhombus with MR-O and Mn—Mn bond distances in good
agreement with the results of Chertihin and André®Ene most
important result of our study, however, is that (MRQ) < 9)
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for (MnO)y, the hexagonal packing is preferred. Magnetically,
however, these structures are very differethte magnetic
moment of the cubic structure of (Mngis 14 ug larger than
that of the hexagonal stacked structure, while the hexagonal-
ring structure of (MnQj has a magnetic moment 14 higher
than that of the cubic structure.

Computation

Our results are based on first-principles molecular-orbital calculations
using the density functional theory. The exchange-correlation contribu-
tion to the potential is treated in the generalized gradient approximation
(GGA) involving both electron spin densities and their gradients using
the Becke-Perdew-Wang (BPW91) prescriptiotf. The geometries
were optimized by calculating the forces at each atomic site and
allowing the atoms to relax until the forces vanish. We have used
different starting geometries for each cluster to locate not only the global
equilibrium configuration but also the geometries of the isomers. These
will be pointed out as we discuss each cluster separately. To ensure
the accuracy of our calculations, two different basis sets along with
two different computer codes (Gaussiarf®@nd DMoPY) were used.

In both codes, one solves the density functional equation for the total
energy and the wave functions are taken to be antisymmetrized products
of molecular orbitals. In the Gaussian 94 softw&rhe atomic orbitals

are represented by the use of linear combinations of Gaussian functions.
In particular, we have used 6-311G* basis functions which contain
4s3p1d/11s5pld contracted/uncontracted Gaussians for O and 9s5p3d1f/
14s9p5d1f contracted/uncontracted Gaussians for Mn. In the DMol
code?! the basis functions are represented numerically on an atomic-
centered spherical polar mesh rather than analytical functions (e.g.,
Gaussian functions). The angular portion of each function is given by
spherical harmonic¥in(6, ¢). The radial portion is obtained by solving

the atomic density functional equation numerically. We have used
double-numerical basis functions (DNP) to which a polarization function
was added by solving the atomic equation for the excited state. Although
both DMol and Gaussian 94 codes employed here use the same
approximation for exchange and correlation contributions, the two
methods have their merits and limitations. In the Gaussian 94 code,
the atomic functions are fitted to Gaussian type orbitals and the accuracy
of the fitting depends on the number of Gaussians used. On the other
hand, the use of the Gaussian basis enables an analytical evaluation of
the energy integrals, thus minimizing errors associated with numerical

fmesh size. In DMol, on the other hand, no errors are introduced in the

fitting of the atomic functions as one uses numerical bases. But one
pays the price for having to integrate matrix elements numerically. It
is for these reasons that a comparison of results using the two methods
can give added confidence. We should further point out that, in the
DMol calculations, the energy levels of those isomers having lower
symmetry were initially smeared in a self-consistent manner by 0.001
au to facilitate convergence. Once self-consistency was achieved, the
total energy and optimized geometry were recalculated with the latest
configuration as the starting point and without smearing the energy
levels. The only exception to this rule was the (MaC@luster. As will

be discussed in the next section, (Me@as three isomers which are
energetically nearly degenerate. Convergence of the total energy was
possible only when a small smearing (0.001 au) of the energy levels

clusters are ferromagnetic. The moments are primarily localized \as allowed. The accuracy of the basis function is established by

at the Mn sites and vary from &g/Mn atom in MnO to 4.1
us/Mn atom in (MnO}) clusters. For (MnQ) both ferromagnetic

comparing the computed binding energy ofddd ionization potentials
of Mn and O atoms with experiment. Using Gaussian 94 and 6-311G*

and antiferromagnetic solutions are possible. The bonding in basis functions, the ionization potential of Mn and O atoms are 6.89

these clusters is partly ionic, and the MiIn bond is shorter
than the G-O bond. As clusters grow, two structures compete
with each other for stability: cubic stacking and hexagonal
stacking. For (MnQy, the cubic structure is preferred, while

(17) Friedman, J. R.; Sarachik, M. P.; Tajeda, J.; ZioloPRys. Re.
Lett. 1996 76, 3830.

(18) Zhao, X. G.; Richardson, W. H.; Chien, J. L.; Li, J.; Noodlemann,
L.; Tsai, H. L.; Hendrickson, D. NInorg. Chem1997, 36, 1198. Schmitt,
E. A.; Noodleman, L.; Berends, E. J.; Hendrickson, D.JNAmM. Chem.
So0c.1992 114, 6109.

and 13.94 eV, respectively. The corresponding values obtained from

(19) Becke, A. DPhys. Re. A1988 38, 3098. Perdew, J. P.; Wang, Y.
Phys. Re. B 1992 45, 13244. Other forms of the exchange-correlation
functional such as B3LYP are also available in the literature. In an earlier
paper3* we reported studies of Mf using both BPW91 and B3LYP and
the results were in good agreement with each other. Our experience has
been that, in clusters that are well bound, the two forms of exchange
correlation provide similar results.

(20) Frisch, M. J., et alGaussian 94 Revision B.1; Gaussian Inc.:
Pittsburgh, PA, 1995.

(21) DMol Code Biosym Technologies, Inc.: San Diego, CA, 1995.
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Table 1: Comparison between Binding Energi&s, Interatomic 2.0 44
DistancesR., Magnetic Momenty, and Mulliken ChargesZ, in A 142
the MnO Cluster Obtained Using Gaussian 94 and DMol Codes e la0
1.9 |- e
-~ 4

E, = E(Mn) + E(O) — E(MnO) R T :: s

ns A h ! ~—

18 - ] 5

Gaussian 94 DMol expt § //// | Z: §’

Ep, €V 4.25 5.65 3.83 0.08 3 ol la0 ®

Re, A 1.65 1.65 1.65 s 128 E

Z(Mn) 0.65 0.69 a 156 @
Z(O) —0.65 —0.69 16| i
u(Mn), ug 4.66 4.66 P 124
u(O), us 0.34 0.34 122
u(total), ug 5.0 5.0 5.0 15— s . p s P

Spin Multiplicity
DMol calculations are 7.08 and 13.6 eV. These results agree well with Figure 2. Bond length and binding energy of the MnO molecule for
the experimental results of 7.43 eV for the Mn atom and 13.62 eV for yarious spin multiplicities calculated using Gaussian 94 software.
the O aton?? Both levels of theory predict the ground state of MnO to
be a sextet in accordance with the available experimental data for calculated the total energies corresponding to spin multiplicities
MnO.? The binding energy and bond length of the @olecule (2S+ 1 whereSis the spin of the cluster) of 2, 4, 6, and 8. The
obtaineq using the Gaussian' 94 code are 2.97 eV(atom and 1.22 A'binding energies and bond lengths corresponding to these spin
respectively. The corr_espondlng_ value_s obtained using DMol are 2.56 multiplicities are plotted in Figure 2. Note that the ground-state
eV/atom and 1.21 A in comparison with the experimental values of configuration corresponds to a sextet with a bond length of 1.65
2556 eViatom and 1.21 A A, which compares well with the experimental bond distance
Results of 1.65 A in the MnO dime? The corresponding distance in
) ) o ) bulk manganese oxide is 2.25"AWe also note from Figure 2
In the following, we discuss the equilibrium geometries, the hat the Mr-O distance increases with increasing spin multi-
average interatomic distances, the charge distributions, thepicity. This is to be expected, as increasing bond distance leads
binding energies, and the magnetic moments corresponding 0y decreasing overlap between atomic orbitals, which in turn
the ground states and low-lying isomers of (Mp@Justers. gives rise to increasing magnetic moment. In the:s.thagnetic
The binding energy per MnO molecule is determined as the moment of the MnO molecule, more than 90% is localized at
energy needed to dissociate the cluster into individual atoms, tne Mn site. The bonding between Mn and O is strong, namely
namely 4.25 eV, and it is partly ionic in character. This is evidenced
by a net charge transfer of 0.65 e from the Mn to the O atom.
E, = E(Mn) + E(O) — E(MnO),)/x (1) The results using the DMol software are also listed in Table
1. Here, instead of energies evaluated for all possible spin

To determine the relative stability of the clusters, it is often multiplicities, the preferred spin multiplicities determined by
more meaningful to compare the energy differerd, between  the Aufbau principle are given. It is gratifying to note that the

(MnO), and the preceding cluster, (MnQ), namely ground state magnetic configuration obtained in the DMol code
agrees perfectly with that obtained in the Gaussian 94 code.
AE = E(MnO),_,) — E(Mn0),) 2) The charge transfer and the bond lengths calculated using both

codes are also in good agreement.

In Figure 3a we plot the total density of states (top panel) as
well as those arising from the Mn 4s and 3d electrons and O
2p electrons. At the Fermi energy, the states consist of
hybridized Mn 4s and 3d states as well as O 2p states. The
bonding, however, is dominated by the overlap between Mn
3d and O 2p states. The distribution of O 2p levels is broader
compared to that of the Mn 3d electrons. The relative localiza-
tion of d electrons and delocalization of p electrons can also be
seen from the deformed charge density (molecular charge
" density minus superimposed atomic charge density) in Figure
4a. Electrons are transferred from Mn (region marked by orange)
to O (region marked by blue). Note that the distribution around
Mn is more localized than that around-@onsistent with the
density of states in Figure 3a.

(b) (MnO),. The equilibrium geometry of (MnQ)is given
in Figure 5. The resulting binding energies, interatomic dis-
tances, Mulliken charges, and magnetic moments calculated
using both Gaussian 94 and DMol codes are given in Table 2.
Both DMol and Gaussian 94 codes yield the same equilibrium

eometry as well as the bond distances. Unlike that suggested
y Ziemann and Castlemafithe preferred structure of (Mn@)

Note thatE((MnO),), E(Mn), andE(O) are the total energies

of the (MnO) cluster, Mn atom, and O atom, respectively. The
sign convention is such that a positive energy corresponds to
energy gain. The average interatomic distaRgbetween Mn

and O atoms in (MnQ)clusters was calculated by taking an
average over all MRO bonds. In a similar vein, the average
Mulliken charges on the Mn and O atoms were also calculated.
We discuss these properties individually.

_ (@) MnO. In Table 1 we compare the interatomic distances
Re, binding energies;,, magnetic momentg;, and charge<,

on each of the atoms in MnO obtained using both the Gaussian
94 and DMol codes. While the structure of MnO is a trivial
one, namely, linear, its electronic configuration is fairly
complicated. This arises because Mn is a transition metal atom.
It has five unpaired d electrons and a closed disell. The
ground-state spin multiplicities of the Mn and O atoms are 6
and 3, respectively. In the MnO molecule, one has to evaluate
the energies for a number of spin multiplet structures and
determine the appropriate magnetic configuration of the ground
state. For example, using the Gaussian 94 code, we hav

(22) Molecular Spectra and Molecular Structytéuber, K. P., Herzberg, is a rhombus with the MarMn bond distance (2.56 A) shorter
G., Eds.; Van Nostrand Reinhold: New York, 1974; Vol. IV.
(23) Ryan, M. F.; Fielder, A.; Schder, D.; Schwartz, HJ. Am. Chem. (24) Bauschlicher, C. W., Jr.; Maitre, Fheor. Chim. Actal995 90,

Soc.1995 117, 2033. 189.



Properties of Small MnO Clusters J. Am. Chem. Soc., Vol. 121, No. 4, 1®9P

MnO (MnO)2 (MnO)3 (MnO)4
Total h Total 4 A Total A Total
oy [ i Ir |
i AN IS AT A \;"1\‘ S

) |
AT PR e
arny JVW NG | T | A

J -
Mn (d) A l,’l1 Mn (d) }'\ Mn (d) I,‘\ I{\‘ Mn (d) ﬁ
i ;”u I , J’"\ }\\ /,\ N
j \ / ,’! i " \\ \ N / f\ \/\V\
JV W VR j\w v Vo o\ v N P \b
'\ Mn (s)

o @ Pl o /\ o) [\‘
- i

i
N /
J VI LT Ao, T A », o ]
-10.00 -5.00 0.00 5.00 -10.00 -5.00 0.00 5.00 -10.00 -5.00 0.00 5.00 -10.00 -5.00 0.00 5.00
(a) Energy (eV) (b) Energy (eV) (¢) Energy (eV) (d) Energy (eV)
(MnO)6 (MnO)8 (MnQ)8 (MnO)8

Total ‘ /\ Total ,/'\ Total , , Total[\j ,
NN Al

Mn (d) /\\ Mn (d) f\ Mn (d) /\’\ Mn (d) !\ /JW\
J\/% \| N J/k / /\ -/ ™ AW

Mn (s) Mn (s) Mn (s) Mn (s)
X | |

: )
o p) f\ o) f}\ o) f om

Y
J J e J O // A J AN SV

10.00 _5.00 0.00 5.00 ~10.00 ~5.00 0.00 5.00" -10.00 -5.00 0.00 5.00 —10.00 -5.00 0.00 5.00

( e) Energy (eV) (f) Energy (eV) (g) Energy (eV) (h)  Energy (eV)

Figure 3. Total densities of states (top panels) as well as those arising from the Mn 4s and 3d electrons and the O 2p electrons (not normalized)
of (MnO) clusters corresponding to their ground state geometries. The eigenvalues are broadened with a Lorentzian by a factor of 0.2. The densities
of states are given in arbitrary units. The energy scale is shifted so that the zero (vertical line)xaxiheorresponds to the highest occupied
molecular orbital (HOMO) and the positive energies correspond to the unoccupied levels.

\\&__

than the O-O distance (2.75 A). It is important to note that the with a partially filled 4s shell. Thus, the two Mn atoms in
O—0 bond in (MnO} is broken since the bond length of the (MnO), could come closer together without suffering from Pauli
Oz molecule is 1.21 A. In contrast, the metahetal bondingis  repulsion. As we shall see later, this characteristic of the Mn
enhanced since the bond length in free,Ni3.4 A. This arises atom remains the same as (Mp@)usters grow in size. The
because Mn as a free atom has a half-filled d and closed s shellcontraction of the Ma-Mn bond in (MnO} is consistent with
(3 4¢) configuration. Thus Mpis weakly bonded, and the  he pond length of Mzt which has been measured in a rare-
bond strength is characterized by the van der Waals inter&étion. gas matrix. The removal of the electron from the antibonding s
In MnO, the charge transfer from Mn to O leaves the Mn atom orbital of neutral Mn leads to a shortening of the Mnbond,

(25) Morse, M. D.Chem. Re. 1986 86, 1049. which is 3.0 A.
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Figure 4. Deformed charge densities (molecular charge densities minus

atomic charge densities) of (MnOg¥lusters corresponding to their
ground state geometries. Partsgacorrespond respectively to= 1,
2, 3,4, 6, 8, and 9. Part f corresponds to the geometry of (MiO)

Figure 9a. The deformed density marked by orange corresponds to the

region from which charge has been transferred (Mn sites) while that

©
Figure 6. (a) Starting geometry of (Mn@)(b) Geometry correspond-
ing to a metastable minimum. (c) Global equilibrium geometry. See
the caption to Figure 5 for the remaining information.

marked by blue corresponds to region that contains excess electrondVhich is the same as that found in the DMol code. As is the
(O sites). The open lobes arise because of the cutoff used in plotting €as€ with the MnO molecule, most of the moment (97%) is

the graph.

g 165

e
s S
.

Figure 5. Equilibrium geometries of (MnO) and (Mn&glusters. The
bond lengths (A) noted in the digrams are computed in the DMol code.
The arrows indicate the direction of the magnetic moments at Mn sites.

Table 2: Comparison between Binding Energi€s, Interatomic
DistancesR., Magnetic Momentsy, and Mulliken ChargesZ, in
the (MnO} Cluster Obtained Using the Gaussian 94 and DMol
Codes

E, = E(Mn) + E(O) — E(MnO),/x

Gaussian 94 DMol expt
Ey/MnO, eV 5.88 6.91
R{(Mn—Mn), A 2.34 2.56 2.60
R(0-0), A 2.75 2.75
R(Mn—0), A 1.80 1.88 2.0
O—Mn—0 angle, deg 99 94 100
Z(Mn) 0.81 0.75
Z(0) -0.81 -0.75
u(Mn), s 3.85 3.89
u(O), us 0.15 0.11
u(total), ug 8.0 8.0

The Mn—0 distance of 1.88 A in (MnQ)is only slightly
larger than the corresponding value of 1.65 A in MnO. This
indicates that the nature of bonding between Mn and O in
(MnO), does not change qualitatively from that in MnO. This
can be further seen from the Mulliken charge transfer given in
Table 2. The MA-Mn and O-0O bond distances, as well as the
O—Mn—0 bond angle, in Figure 2 are in good agreement with
the experimental data of Chertihin and Andre\fs.

localized at the Mn sites. All the moments in (MnCare
coupled ferromagnetically, and the total moment of (Mnid)
8 ug while it is 5 ug in the MnO molecule.

In Figure 3b, we plot the total density of states, as well as
the density of states arising due to Mn 4s and 3d electrons and
O 2p electrons. The d states of Mn are broader than those in
MnO cluster. The bonding between Mn and O is governed by
the overlap of Mn 4s and O 2p electrons, in contrast to the
behavior in MnO. However, as in the case with MnO, the width
of the p states is broader than that of the Mn 3d electrons. This
leads to the diffused character of the electron density associated
with the p orbitals. This is reflected in the deformed charge
density plotted in Figure 4b. We have used the same color
scheme as that in MnO to describe the deformed density. The
charge distribution around Mn sites (orange) is more localized
than that around O (blue). Consequently, the magnetic character
of the (MnO) cluster is governed primarily by the Mn 3d
electrons.

We now discuss the binding energies of MnO and (MnO)
as computed in both computer codes. We note that the binding
energies do not agree as well as the charge transfers and the
magnetic moments do. The Gaussian 94 code underestimates
the binding energy of MnO by 1.40 eV and that of (Mn®y
1.03 eV compared to those calculated in the DMol code. Since
this difference is systematic, we believe that the relative stability
of a (MnO) cluster as a function of size, can be reliably
predicted in any one of these approaches. Since computation
of the preferred spin multiplicity of a cluster in the Gaussian
94 code is computer intensive, we have used the DMol software
for the remainder of the calculations.

(c) (MnO)3. The geometry of (MnQ)cluster was optimized
by starting with a chair structure (see Figure 6a) and varying
the bond lengths and angles without any symmetry constraint.
The two wings of the chair quickly assumed a rhombus structure
in analogy with the geometry of (Mn@) but no three-

We have repeated the above calculations using the Gaussiamimensional structure was found that could even exist in a

94 code. As mentioned earlier, unlike in the DMol code, where
the ground state spin multiplicity is determined by the Aufbau
principle, in the Gaussian 94 code, one has to explicitly optimize
the geometry for a specified spin multiplicity. For (MnOye

have calculated the total energies corresponding to the equilib-

rium geometries with spin multiplicities ranging from 1 to 11.
The preferred spin multiplicity in the Gaussian 94 code is 9,

metastable configuration. We obtained two planar structures
where the forces at the atomic sites vanished. The threshold
for these forces was set to I® au/bohr. Figure 6b is a

metastable configuration where two rhombuses are joined by a
common axis. This structure lies 0.84 eV higher than the ground
state structure (Figure 6c¢), which is a hexagon. We should
remind the reader that Ziemann and Castlefhad suggested
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Table 3: Binding Energies/MnO MoleculeEp,, Average Bond Distance&., Average Mulliken Charges, and Average Magnetic Moments,
u, at Mn and O Sites in (MnQ)Cluster Isomers

cluster Ey/MnO, eV R(Mn—0), A Z(Mn) Z(0) a(Mn), ug u(0), us u(total), us
(MnO)s

Figure 6b 7.50 1.89 0.77 —0.77 2.00 0.01 6.0

Figure 6¢ 7.83 1.84 0.77 —0.77 4.16 0.18 13.0
(MnO)4

Figure 7a 7.47 1.99 0.79 —0.79 3.88 0.12 16.0

Figure 7b 7.88 1.95 0.81 —0.81 4.73 0.27 20.0
(MnO)6

Figure 8a 7.90 1.93 0.72 —0.72 2.32 0.02 14.0

Figure 8b 8.14 2.04 0.82 —0.82 4.46 0.31 28.0
(MnO)g

Figure 9a 8.43 2.07 0.84 —0.84 4.71 0.29 40.0

Figure 9b 8.49 2.07 0.82 —0.82 0.00 0.00 0.00

Figure 9c 8.52 2.07 0.82 —0.82 0.00 0.00 0.00
(MnO)g

Figure 11a 8.45 1.93 0.74 —0.74 2.50 0.06 23.0

Figure 11b 8.61 1.99 0.79 —0.79 3.98 0.13 37.0

the structure of (MnQ)to be hexagonal. Unlike that idealized
in Figure 1a, the hexagon in Figure 6c is not regular; i.e., the
O—Mn—0 and Mn-O—Mn angles are not 60each. This is I S B :
because the MAMn distances are shorter than the-O I 84 §2.28
distances, as was found for (MnQ) )
In Table 3 we list the binding energies, the average Mulliken
charges on Mn and O atoms, the average@bond distances,
and the magnetic moments of the (Mr@Juster isomers. Note ®
that, in both the structures, the amount of charge transfer is theFigure 7. (a) Geometry of the metastable isomer of (MaQ(b)
same and most of the moments are localized at the Mn sites.Geometry of the equilibrium structure of (MnO)see the caption of
However, the magnetic moment corresponding to the ground T9ure 5 for the remaining information.
state structure is #g larger than that of its low-lying isomer. ) ) )
This is partly brought about by the antiferromagnetic coupling The distorted cubic structure lies 1.64 eV above the ground
of moments in Figure 6b. The moments at the Mn sites in Figure St planar structure. However, the average-Krbond lengths

6b are respectively 4.65:3.26, and 4.65t, while those in and the Mulliken charges on the atoms are nearly the same for
Figure 6c are 4.1 at each of the Mn sites. The antiferro- POth structures. Analogous to that of the (Mp@uster, the
magnetic coupling between Mn atoms in Figure 6b vs ferro- ground state °f, (MnQ)is more magnetic than its low-lying
magnetic coupling in Figure 6¢ can be seen to be due to the SOMer and carries a total moment of 28 We also note fro.m
different coordinations of Mn atoms. In Figure 6b, the two Mn F19ure 7b that the central portion of (Mn{J$ a rectangle while
atoms that are ferromagnetically aligned have 2-fold oxygen the outside structures are slightly distorted, namely trapezoids.
coordination while the one carrying a moment-e8.26us has We will see in the following that this is a common feature as
3-fold oxygen coordination. The charges on these Mn atoms (MnOx clusters grow in size. _

are also different. The ferromagnetically coupled Mn atoms carry  In Figure 3d we plot the total density of states as well as
a charge of 0.76 while the antiferromagnetically coupled Mn those arising from the Mn 4s and 3d electrons and the O 2p

all the Mn atoms are equivalent and each of them has 2-fold Very broad. The widths of the O 2p states are also broad and
oxygen coordination. overlgp with the.o! states. The charaqtgr of the electrons at the

In Figure 3c, we plot the total density of states (top panel) as Fermi energy originates from the hybridization of the Mn d and
well as those arising from the Mn 4s and 3d electrons and the S States. The deformed charge density plotted in Figure 4d also
O 2p electrons corresponding to the structure in Figure 6c. The 'eveals that the charge distribution around Mn is localized while
electrons at the Fermi energy have hybridized Mn 4s and 3d that around O is delocalized.
character, and the bonding ensues due to overlap of these (€) (MnO)e. This is the smallest cluster where the relative
electrons with the O 2p states. Once again, the width of the O stability of hexagonal stacking versus cubic stacking can be
2p levels is broad, contributing to the diffused character of these evaluated. We optimized the geometries by constraining the
electrons. The deformed charge density in Figure 4c carries thiscluster to have two structural formgubic and hexagonal as
signature. The localized nature of the electron distribution indicated in Figure 1 and subjected@, andDsq Symmetries,
around Mn again illustrates the reason that most of the magneticrespectively. The resulting optimized structures are given in
moments are due to the Mn 3d electrons. Figure 8. The corresponding average Mulliken charges;-Mn

(d) (MnO)4. The structure of (MnQ)was optimized by distances, and magnetic moments at the Mn and O sites as well
allowing it to assume a three-dimensional as well as a planar as the total magnetic moments of the (Mg@Juster isomers
configuration. For the three-dimensional structure, the optimiza- are presented in Table 3.
tion was carried out usin®,q symmetry, while for the planar In contrast to the suggestion of Ziemann and Castlethan,
structure, the symmetry constraint w&y,. The resulting we find the cubic-stacked structure to be lower in energy by
structures are given in Figure 7. The corresponding binding 1.43 eV compared to the hexagonal-stacked structure. However,
energies, average Mulliken charges, MD distances, and the average MinO bond distances and the average charges on
moments at Mn and O atoms, and total magnetic moments arethe Mn and O atoms in these two structures are fairly close to
presented in Table 3. each other. Interestingly, the two isomers have very different
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(@ (b)

Figure 8. Equilibrium geometries of (a) hexagonal-stacked and (b)
cubic-stacked structures of the (Mn@)uster. See the caption to Figure
5 for the remaining information.

magnetic configurations: The lower-energy structure (cubic-
stacked) has 14 more magnetic moment than the higher-
energy hexagonal-stacked structure. This is consistent with our
previous finding for smaller clusters; i.e., the lower-energy
structure is more magnetic than the higher-energy structure. We
also note from Figure 8a that the two MnO units corresponding
to the top and bottom planes of the hexagon are not joined to ;

form a squares as envisioned by Ziemann and Castleman, but s 1 [ 89
are rather distorted quasi-three-dimensional units. ©

In Figure 3e V\{e.plot the total density of states (top panel), as Figure 9. Equilibrium geometries of (MnQ)corresponding to (a)
well as those arising from the Mn 4s and 3d electrons and the ferromagnetic and @bc) antiferromagnetic configurations. See the

O 2p electrons corresponding to the lower-energy structure in caption to Figure 5 for the remaining information.
Figure 8b. The density of states at the Fermi energy is dominated
by the Mn 3d electrons. The bonding between Mn and O results  |n Figure 3f,g we plot the total densities of states (top panel)
from an overlap between the Mn 3d and 4s and the O 2p as well as those arising from the Mn 4s and 3d and the O 2p
electrons. As in previous clusters, the width of the O 2p states electrons for the ferro- and antiferromagnetic configurations
is rather broad. The deformed charge densities plotted in Figure(Figure 9a,b) of (MnQj) respectively. Note that the total
4e carry the characteristic signature of localized d electrons densities of states for the two different magnetic phases are very
around Mn sites and delocalized p electrons around O sites. similar. This is also what has been found in band structure
(f) (MnO) . The structure of (MnQ)was optimized with studies of ferro- and antiferromagnetic MnO crystélg/e also
respect to theC, symmetry. Unlike any other cluster we have note that the s densities of states appear very similar to those
studied thus far, (MnQ) exists in two nearly degenerate in (MnO); and (MnO} clusters. The bonding between Mn and
magnetic configurations: a ferromagnetic and two antiferro- O again arises due to overlap betweermsybridized Mn states
magnetic structures. The corresponding geometries are givenand O 2p states. The deformed charge densities corresponding
in Figure 9. The binding energies, average-Mh bond lengths, to the structure in Figure 9a are given in Figure 4f and provide
Mulliken charges, and magnetic moments at Mn and O sites the same consistent picture as that observed in smaller clusters.
are given in Table 3. We note, once again, that the bond The deformed charge density distribution for antiferromagnetic
distances and charges at atomic sites are nearly the same asolutions given in Figure 10a does not differ from that in Figure
those found in smaller (Mn@¥lusters. What is most interesting ~ 4f.
is that the nearly degenerate isomers of (Mp€Xhibit magnetic In Figure 10b-d, we plot the spin density distributions
bistability. As in previous clusters, most of the moments are corresponding to ferromagnetic (Figure 9a) and two antiferro-
localized at the Mn sites, and these moments are abouts#.7  magnetic (Figure 9b,c) arrangements. Here the orange color

Mn atom. The free-atomic moment of Mn is /s In the indicates spirt and the blue color indicates spirlistribution.
ferromagnetic phase, all the Mi©® bond lengths in the  Note that while, in the deformed charge density plot, Mn
horizontal planes are nearly the same, namely #9203 A. occupies less phase space, the opposite is true in the spin

The central cubic structure is less distorted than the outer onesdistribution plot. This is because the majority of the contribution
This is consistent with the observation made in Figure 8b and to the moment comes from the Mn sites. We also note that the
indicates that the bulklike growth of (MnQglusters emerges  spin density distributions in Figure 10 are consistent with the
from the clusters’ center. There are two antiferromagnetic Mulliken spin populations indicated in Figure 9.
arrangements, Figure 9b,c. In Figure 9b, the magnetic moments The binding energies of (Mn@having the geometries in

in the left cube are aligned in the parallel direction as are the Figure 9a-c are respectively 8.43, 8.49, and 8.52 eV per MnO
moments in the right cube. However, these two arrangementsunit. Within the accuracy of the calculation, these can be
are antiparallel to each other. Note that the horizontaH®@n  considered to be nearly degenerate. In bulk MA@hich is
bond distance (1.89 A) in the central cube, where the coupling antiferromagnetic, the nearest neighbor Mn atoms carry mo-
is antiferromagnetic, is shorter than that (1.98 A) in the end ments that are aligned in the opposite direction. In;)a;
cubes. In Figure 9c, the moments in the central cube are acetate, on the other hand, the arrangement of the moments is
ferromagnetically aligned while the coupling in the end cubes ferrimagnetic where moments at the four Mn atoms constituting
IS antl.ferromagne“.c' Agaln’ th.e MfO distance corresponding (26) Towler, M. S.; Allan, N. L.; Harrison, N. M.; Saunders, V. R.;

to antiferromagnetic coupling is shorter (1.89 A) than that (1.95 Mackrodt, W. C.; Apra, EPhys. Re. B 1994 50, 5041.

A) corresponding to ferromagnetic coupling. (27) Cheetham, A. K.; Hope, D. A. QPhys. Re. B 1983 27, 6964.
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how the ferromagnetic coupling in small clusters could change
1

to ferrimagnetic coupling in larger clusters to antiferromagnetic
Cluster Size

coupling in the bulk.

(g) (MnO)g. The geometries of (Mn@)are optimized by Figure 12. Average Mr-O bond distance, average charge transfer
confining the cluster to hexagonal- and cubic-stacked structuresfrom Mn to O atoms, and magnetic moment per MnO molecule as
and restricting the symmetries By, andC,,, respectively. The functions of cluster size. (Mn@)has two values for the magnetic
resulting structures are given in Figure 11. Note that in Figure moments (see text).
11a the cubic structure is significantly distorted and lies 1. 44 )
eV above the hexagonal-stacked structure (Figure 11b). How-in smaller clusters, arises due to overlap of Mn 4s and 3d states
ever, as has been the case before, these two structures ar@ith O 2p states. The large width of the O 2p states is consistent
magnetically very different. Although most of the moments are With the delocalized nature of these electrons as can be clearly

localized at the Mn site, the hexagonal-stacked cluster has allS€en from the deformed density distribution in Figure 4g.
the Mn moments pointed in the same direction and carries aAlthough there is significantpd hybridization in the density

total moment of 3%. In the cubic-stacked structure, not only ~ Of states, the character of the electrons near the Fermi energy
is the moment at the Mn site reduced from nearlygAMn to is primarily d-like.

nearly 3ug/Mn but also the Mn atoms in the middle plane are
antiferromagnetically coupled. The total moment of the lower

energy structure is 14g larger than that of its higher-energy
isomer. The nature of bonding as evidenced from the Mulliken of the equilibrium geometries, binding energies, electronic

Summary
In conclusion, we present the first self-consistent calculations

charge distribution and average M@ bond distance in Table  structures, and magnetic properties of (M@} < 9) clusters
3 remains the same between the isomers. The total density ofusing the molecular orbital theory and the generalized gradient
states (top panel) and those arising from Mn 4s and 3d electronsapproximation to the density functional theory. The evolution
as well as O 2p electrons corresponding to the geometry in of the average interatomic distance between Mn and O, the
Figure 11b are given in Figure 3h. The electrons at the Fermi average charge transfer from Mn to O, and the magnetic
energy are mainly due to Mn 3d electrons, but the bonding, as moment/MnO unit is summarized in Figure 12.
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Table 4: Variation of Gap between Highest Occupied Molecular As cluster size increases, the energies of isomers become close

Orbital (HOMO) and Lowest Unoccupied Molecular Orbital to each other. Thus, it is possible that isomers with differing
(LUMO) as a Function of Cluster Size atomic and electronic structures can coexist. (6) The most
cluster HOMO—-LUMO cluster HOMO-LUMO surprising and important finding of the present work is the
size gap size gap anomalous magnetic properties of MnO clusters. All clusters

x=1 1.50 X=6 0.01 studied here carry substantial magnetic moments(dg per
x=2 0.28 x=8 0.61 MnO unit). Most of the moments are localized at the Mn sites,
izi 8:‘5% x=9 0.12 and they are coupled ferromagnetically. The only exception is

the (MnO} cluster, which exhibits magnetic bistability with
. . nearly degenerate solutions for ferromagnetic and antiferro-
~ The HOMG-LUMO gaps as a function of cluster size are  magnetic configurations. It is important to recall that bulk MnO
listed in Table 4. Unlike the HOMOLUMO gaps in (MgO} is antiferromagnetic and nanoparticles of MnO have been
clusters® which increase with decreasing cluster size, the energy gpserved to be ferromagnetic. (7) The isomers of (MnO)
gaps in (MnQO) exhibit no systematic pattern. This could arise ysters X = 3, 6, 9) exhibit strikingly different magnetic
due to the multiple oxidation staf8f Mn and indicates that 1 ,oments. The moments at O sites are usually smeil3 us)
one may be able to alter the HOMQUMO gaps in transition 4 are aligned ferromagnetically with Mn moments. We should
metal oxide&® by changing not only the size of the cluster but psint out here that Reynolds et#lrecently performed neutron
also its stou;hlometrlc composition. The fact that (Mpﬁ)mstgrs ~diffraction studies on a ligated Mg, cluster and found
are magnetic suggests that they could have potential applicationsignificant spin densities on oxygen and other ligand atom sites
in magnetooptic devices. _ ~_ ranging from—1.0ug at O sites to-0.5, 2.0, and-1.4 ug on

The nature of bonding between Mn and O is partly ionic in yarious C sites. It will be interesting to study the effect of ligands
all the clusters. In particular, the charge transfers from Mn to o, the magnetic behavior of bare clusters such as studied here.
O atoms and the MRO bond distances are relatively insensitive Unfortunately, no experiments on the magnetic moments of

to the cluster size. However, the properties of these clusters aregmail MnO clusters are available. However, the magnetic
not bulklike. In this context, MnO clusters do not behave the oment of Mn* in a rare-gas matrix has been measured to be
same as S0y, ShO,, or alkaline earth metaloxide clusters®13 11 g2 Similar experiments on Myyield the moment to be
They differ from their bulk behavior in many ways: (1) The »g g3 Using the same level of theory as presented here, we
equilibrium geometries are not bulklike, as there are significant pave calculate¥ the magnetic moments of Mn clusters that
distortions to the cubic structure. I.n addition, we find that, in agree with these experiments. We, thus, believe in the predictive
some cases, hexagonal-stacked ring structures can even havgapapility of our theory. It is difficult to carry out measurements
Io_wer energies than the cubic structures. (2) 'I_'h&mmbond in small Mn clusters in the gas phase, as Mwhich is the
distances in all the (MnQ)x = 2) clusters studied here range  seed for further growth, does not form easily because of its weak
between 1. 9 and 2.3 A In manganese acetate,{0ln), the van der Waals bond. Experiments in the gas phase of (MnO)
Mn—O distances measured by diffraction techniques range from ¢|ysters do not present this difficulty because the MnO molecule
1.86 to 2.2 A% (3) The binding energies/MnO are particularly is strongly bound. In view of the prediction of ferromagnetic
large for (MnOj), x = 3, 6, 9, and compared to other clusters. coypling in (MnO) clusters made here, experiments on magnetic
In particular, (MnQ), Whlch could be thought of as the smallest ,oments of (MnO) clusters will be very useful. Experiments
fragment of the bulk, is bound less strongly than (Mg6) on the magnetic moments of atomic clusters have, so far, been
The energy gains in adding MnO units to the preceding (MnO) |imited to homonuclear species. We believe that compound
cluster (see eq 2) are 8.16, 9.68, and 6.38 eV, respectively, forc|ysters especially involving transition metal atoms, oxygen,
X =2, 3, and 4. This clearly establishes (M@} a magic  pjtrogen, and carbon will yield unexpected and novel results.

cluster and is consistent with the mass spectroscopic experimentgye hope that this work will motivate experimentalists to begin
of Ziemann and CastlemafIn a similar vein, the stability of  pe\y investigations in this area.

(MnO), is also comparable to that of (Mn®J4) Larger clusters
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