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Giant Magnetic Moments and Magnetic Bistability of Stoichiomatric MnO Clusters
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Ab initio calculations based on density functional theory and generalized gradient approximation
reveal many unusual features of stoichiometricsMnOdx sx # 9d clusters that contrast with their bulk
behavior. The clusters are ferromagnetic and carry atomiclike magnetic moments ranging from4mB to
5mB per MnO unit, and the moments are localized at the Mn sites. ThesMnOd8 cluster, in particular,
exhibits nearly degenerate ferromagnetic and atypical antiferromagnetic solutions with the ferromagneti
structure carrying a moment of40mB. The structures ofsMnOdx clusters are also unique with cubic
and hexagonal forms competing for stability.sMnOd2 and sMnOd3 are unusually stable and form the
foundation for further growth. [S0031-9007(98)07121-X]

PACS numbers: 71.24.+q, 71.15.Mb, 75.50.Cc
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The current interest in atomic clusters stems from th
main observation that their properties are very differe
from the bulk [1]. One of these properties is associate
with the unusual stability of clusters of a certain size an
is evidenced by conspicuous peaks in the mass spectra
5]. The origin of these peaks, commonly referred to a
magic numbers, depends on the chemistry of the eleme
[6]. For example, for weakly interacting species, such
rare-gas atoms, close packing of atoms gives rise to ma
numbers as 13, 55, 143, . . . (icosahedric shell closing) [
while, for simple alkali metals, magic numbers at 2, 8, 2
. . . are brought about by electronic shell closure [2]. Fo
ionically bonded clusters such as alkali halidessNaCldx

[4] and alkaline-earth oxidessMgOdx [5], the magic
numbers atx ­ 4, 13, 22, 37, . . . can be understood a
originating from the fcc structure of the bulk system
and by realizing that ultrastable clusters are fragments
their bulk. Transition metal-oxide clusters, on the othe
hand, not only exhibit different magic numbers [7] bu
also exist in compositions that differ from their bulk
behavior. In particular, substoichiometric composition o
these clusters, whether rich in metal or oxygen conte
can render these oxide clusters unusual properties.

In this Letter we show that transition metal-oxide
clusters having even the same composition as their bu
possess unusual structural, electronic, and magnetic pr
erties. Their growth pattern is also unique, and structur
isomers have rather markedly different magnetic prope
ties. We illustrate this by carrying our first principles
state-of-the-art calculations (with predictive capability) o
small sMnOdx sx # 9d clusters. These calculations, car
ried out for the first time, reveal thatsMnOd3 is a magic
cluster with sMnOd2 not too far behind, and that these
two structures form the building blocks for the growth o
larger clusters. The bonding between Mn and O is par
ionic, and the amount of charge transfer remains ess
tially the same in all clusters from the very beginning
namely, from the MnO molecule. The relative stability
of the structural isomers is dictated by their underly
ing magnetic configuration. Isomers with a larger mag
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netic moment lie lower in energy than their counterpa
with a smaller magnetic moment. All clusters, exce
sMnOd8, are ferromagnetic even though the bulk MnO
antiferromagnetic. ThesMnOd8 cluster possesses nearl
degenerate ferromagnetic and atypical antiferromagne
solutions. The moments per MnO molecule in all of the
clusters range between4mB and5mB, and most of these
moments are localized at the Mn site. The relative stab
ity of the sMnOdx clusters, as well as the bond distance
and bond angles of smaller clusters, agree well with rec
experiments. The predicted magnetic properties of the
clusters, on the other hand, await experimental confirm
tion which should be relatively easy to perform.

We first discuss the available experimental resu
on sMnOdx clusters. Ziemann and Castleman [7] hav
measured the mass spectra of these clusters forx # 12
and foundsMnOdx for x ­ 3, 6, 9, and 12 to be unusually
stable. They suggested that the most likely structure
sMnOd3 is a hexagon and that subsequent stable clust
such asx ­ 6, 9, and 12 form by stacking thesMnOd3
hexagons on top of each other. They also observed th
under certain experimental conditions, the peak in t
mass spectra corresponding tosMnOd2 is as intense as
that of sMnOd3. They concluded that the larger cluster
of sMnOdx are formed by stackingsMnOd3 units in
such a way that they are joined by a squaresMnOd2
unit. Recently, Chertihin and Andrews [8] measured th
infrared spectra of MnO andsMnOd2 clusters. Their
suggested structure ofsMnOd2 is, however, a rhombus
with an estimated Mn-O and Mn-Mn bond distance o
2.0 and2.6 Å, respectively, and the O-Mn-O bond angl
of 99± [8]. No theoretical calculations on the geometrie
of sMnOdx clusters are yet available to explain thes
apparently contradictory results.

We have calculated the equilibrium geometries, bin
ing energies, electronic structure, and magnetic propert
of sMnOdx sx # 9d clusters using the molecular orbita
theory. The atomic functions forming the molecu
lar orbitals are taken as a double numerical basis w
added polarization functions. The exchange-correlati
© 1998 The American Physical Society
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contribution to the potential is treated using the gene
alized gradient approximation prescribed by Perdew a
Wang and Becke (BPW 91) within the framework of th
density functional theory [9]. The calculations were ca
ried out using theDMOL code [10]. This method yields
the ionization potential of the Mn and O atoms to be 7.0
and 13.60 eV, respectively, which agree well with the co
responding experimental value of 7.43 and 13.62 eV [1
The computed binding energy of 2.56 eVyatom and the
bond length of 1.21 Å of the O2 molecule also agree very
well with the experimental value of 2.56 eVyatom and
1.21 Å [11]. The geometries of clusters up tosMnOd3
are optimized without the use of any symmetry con
straint. Different starting configurations were used
locate structures corresponding to both local and glob
minimum. The threshold for the forces at atomic site
was set to1026 a.u.yBohr. The geometries of smaller
sMnOdx sx # 3d clusters were used as an initial guess fo
optimizing the structures of larger clusters. ForsMnOd4
both planar and three-dimensional structures were prob
by usingC2h andD2d symmetry constraints, respectively
For sMnOd6, we optimized the geometries by starting wit
two structures: a hexagonal-stacked structure (D3d sym-
metry) with two sMnOd3 hexagons joined together and
cubic structure (C2h symmetry) consisting of three plane
of sMnOd2 units. The structure ofsMnOd8 was optimized
with respect toC2 symmetry. We explored the relative
stability of both cuboid and hexagonal-stacked structur
for sMnOd9 subjected toC4y and D3h symmetry con-
straints. While optimizing the geometries, we found th
there are isomers of these clusters that lie 0.5 to 2
above the lowest energy structure. In Fig. 1 we give on
the geometries ofsMnOdx clusters corresponding to the
lowest energy configuration. Details concerning low
lying isomers will be published elsewhere. In Table
we summarize the results of the binding-energyyMnO
molecule, the average Mn-O bond distance, the avera
charge transfer from Mn to O and spin on the Mn an
O atoms, and the total magnetic moment of thesMnOdx

clusters. The binding-energyyMnO molecule is defined
as Ex

b ­ EsMnd 1 EsOd 2 EsMnOdxyx. Here EsMnd,
EsOd, andEsMnOdx are the total energies of the Mn atom
O atom, andsMnOdx cluster, respectively. In the fol-
lowing we discuss the evolution of various properties
manganese-oxide clusters.

Atomic structure.—We begin with the equilibrium
geometries ofsMnOdx clusters in Fig. 1. The calculated
Mn-O distance in a MnO molecule of 1.65 Å agree
well with the experimental value of 1.78 Å [11]. The
structure ofsMnOd2 is a rhombus with a Mn-Mn distance
of 2.56 Å, O-O distance of 2.75 Å, and Mn-O distance o
1.88 Å. This is in agreement with the experimental resu
of Chertihin and Andrews [8] who estimated the Mn-M
and Mn-O distances to be 2.6 and 2.0 Å, respectively.
is interesting to note that the bond distances of Mn2 and
O2 are, respectively, 3.4 and 1.21 Å. Thus, insMnOd2
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FIG. 1. Equilibrium geometries ofsMnOdx clusters sx ­
1 4, 6, 8, 9d. The Mn(O) atoms are represented by lar
(small) spheres. The arrows indicate the orientation of
electronic spin. ForsMnOd8 we give geometries correspondin
to ferromagnetic and two antiferromagnetic configurations.

the metal-metal bond is stronger while the O-O bond
weaker than their homonuclear counterparts. The ori
of this change is due to the electronic structure of Mn
and will be discussed in the following. The structu
of sMnOd3 is hexagonal, as suggested by Ziemann a
Castleman [7], and differs from what might have be
ordinarily expected (namely, rectangular) based on
analogy with the bulk structure. The Mn-Mn bond is si
nificantly smaller than the O-O bond, and, consequen
the structure ofsMnOd3 is not a perfect hexagon. Th
Mn-O bond insMnOd3 essentially remains the same as th
in sMnOd2. The geometry ofsMnOd4 still remains planar,
but the Mn-O bond lengths vary from 1.84 to 2.28 Å. W
recall that, in manganese acetate that consists of liga
Mn12O12 cluster, the Mn-O bonds have been measured
vary from 1.86 to 2.2 Å [12]. The Mn-O distance in bul
manganese oxide is 2.25 Å. Thus, the Mn-O bond leng
in free MnO clusters containing as few as four molecu
units exhibit the crystalline behavior. Equally importa
is the observation that the ligands in manganese ace
do not seem to affect the Mn-O bond length. We will s
in the following that this is due to the partly ionic natur
of the Mn-O bond which makes binding in these cluste
2971
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TABLE I. Summary of the average Mn-O bond distanceRe,
charge transfer from Mn to O,Z spin moments at Mn and O
sites,m, and the binding energyyMnO, Eb in sMnOdx clusters.

Cluster Re msMnd msOd Total m Eb

size,X Figure sÅd Z smBd smBd smBd (eV)

1 1(a) 1.65 0.65 4.66 0.34 5.0 5.6
2 1(b) 1.88 0.81 3.89 0.11 8.0 6.91
3 1(c) 1.84 0.77 4.16 0.18 13.0 7.8
4 1(d) 1.99 0.79 4.73 0.27 20.0 7.8
6 1(e) 2.04 0.82 4.46 0.31 28.0 8.1
8 1(f ) 2.07 0.84 4.71 0.29 40.0 8.43
8 1(g) 2.07 0.82 0.0 0.0 0.0 8.49
8 1(h) 2.07 0.82 0.0 0.0 0.0 8.52
9 1(i) 1.99 0.79 3.98 0.13 37.0 8.61

stronger. The geometry ofsMnOd4 [Fig. 1(d)] suggests
that sMnOd2 serves as a building block. This also carri
to the structure ofsMnOd6, where the equilibrium structure
mimics the structure of its bulk. This lies 1.4 eV lower
energy than the optimized hexagonal-stacked structure
contradiction with the suggestion of Ziemann and Cas
man [7]. The structure ofsMnOd8 is simply an extension
of the sMnOd6 geometry with the addition of asMnOd2
unit. Unlike the previous clusters,sMnOd8 has two other
nearly degenerate isomers with similar geometries
with a very different magnetic character. It is importa
to note that once again the Mn-O bond distances v
between 1.89 and 2.3 Å, as observed to be the cas
manganese acetate [12]. The structure ofsMnOd9 appears
to depart from the growth pattern discussed earlier, wh
the sMnOd2 unit is the building block. The preferred
structure ofsMnOd9 is a hexagonal-stacked structure wi
threesMnOd3 units stacked on top of each other. Its cub
counterpart lies energetically 1.44 eV above the hexago
structure. The crystal structure of manganese acetate
that consists of Mn12O12 cluster as the building block
reveals two different arrangements for MnO: a hexago
structure ofsMnOd3 and a rhombus structure ofsMnOd2.
The evolution of the structure of the gas phasesMnOdx

clusters bears this signature.
Stability and electronic structure.—The binding en-

ergy of MnO is 5.65 eV, which is significantly large
than the binding energy of Mn2 s0.1 6 0.1 eVd [13] or
O2 (5.12 eV) [11]. This arises because the Mn-O bo
is partly ionic and is characterized by a charge tra
fer of 0.69 electrons from Mn to O. We see that
larger clusters this charge transfer remains nearly cons
at 0.79 6 0.02. This indicates that the nature of bond
ing between Mn and O hardly changes from one clu
ter to another, which explains why the average Mn
bond distance is insensitive to cluster size. The bind
energyyMnO rises from 5.65 eV in MnO to 6.91, 7.83
7.88, 8.14, 8.52, and 8.61 eV insMnOdx clusters (x ­ 2,
3, 4, 6, 8, and 9), respectively. To evaluate the relat
stability of these clusters, it is more meaningful to calc
2972
5

3
8
4

es

in
, in

tle-

but
nt
ary
e in

ere

th
ic
nal
[12]

nal

r

nd
ns-
in
tant
-
s-

-O
ing
,

ive
u-

late the energy gain in adding a MnO molecule to the p
ceding cluster, namely,DEx ­ EsMnOdx21 2 EsMnOdx .
For x ­ 2, 3, 4, the DE values are 8.16, 9.68, an
6.38 eV, respectively. This illustrates thatsMnOd3 is
relatively more stable thansMnOd2 or sMnOd4. This es-
tablishessMnOd3 as a magic number and is in agre
ment with the mass spectra of Ziemann and Castlem
[7]. Note thatDE for sMnOd2 is also quite large. Thus
sMnOd2 and sMnOd3 form the building blocks for larger
clusters. This is reflected in the geometries in Fig. 1 a
in the structure of Mn12O12, as discussed earlier.

In addition to the partly ionic character of th
Mn-O bond, the binding in thesMnOdx cluster also has
some covalent contribution. This is realized by analyzi
the orbital character of the highest occupied molecu
orbitals (HOMO). These are characterized by an over
between O2p electrons and hybridizeds-d electrons of
Mn. This is further evidenced from an analysis of th
deformed charge density (total cluster charge dens
superimposed atomic charge density), which shows
charge is transferred from the Mn atoms to the O atom
The charge around Mn is much more localized than t
around O due to its2p character. The bonding is due t
the interaction of O2p electrons with the hybridizeds-d
electrons of Mn.

Magnetic properties.—The most exciting results in
sMnOdx clusters are, however, associated with their ma
netic character. We recall that bulk MnO is antiferroma
netic [14] while nanoparticles of MnO are found to b
ferromagnetic [15]. Clusters of Mn12O12 ligated to organic
complexes have been found to exhibit an unusual form
magnetic ordering, where the inner four Mn atoms formi
a tetrahedron exist in a Mn41 state withS ­ 3y2 and the
outer eight Mn atoms have Mn31 configuration withS ­ 2
[12]. While the spins of the inner and outer shell of M
atoms are parallel within the shell, they are antiparallel
tween the shells. The net magnetic moment of Mn12O12
acetate is20mB [12]. It is of interest to know how the
moments at the Mn and O sites are aligned and how th
coupling evolves with cluster size. Note that the magne
moments of free Mn and O atoms are, respectively,5mB
and2mB. The calculated magnetic moment of the Mn
molecule is5mB and agrees with the experimental valu
which is also5mB. Of these moments, 93% are localize
at the Mn site. We find this trend to hold as cluster siz
increase. All clusters studied here, with the exception
sMnOd8, are ferromagnetic, with moments ranging fro
s4 4.6dmB per MnO unit. More than 97% of these mo
ments are localized at the Mn sites. The moments at
Mn sites arise due to the localized nature of thed electrons.

We now focus on thesMnOd8 cluster for it is the most
interesting of all clusters we have studied here. It is
smallest cluster, where both ferromagnetic and antifer
magnetic solutions are nearly degenerate. In Figs. 1(
1(h) we have given the geometries corresponding
the ferromagnetic and two different antiferromagne
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configurations; however, the antiferromagnetic coupling
in Figs. 1(g) and 1(h) are rather unusual even though t
geometries are the same for all three configurations. T
only difference in geometry is associated with variation
in the bond lengths. In the ferromagnetic phase [Fig. 1(f
all of the Mn-O distances in thex-y plane are nearly
the same. In Fig. 1(g), the Mn atoms in the central cub
belonging to twosMnOd2 units are ordered antiferromagn-
netically and the Mn-O bond distance is slightly shor
ened. In Fig. 1(h), on the other hand, the moments
the Mn atoms belonging to twosMnOd2 units on the
outer cubes are ordered antiferromagnetically while tho
in the central cube are ferromagnetic. The Mn-O di
tance in the cube, where Mn moments are antiferroma
netically aligned, is also shortened like that observed
Fig. 1(f). Note that the magnetic coupling in manganes
acetatesMn12O12d (ferromagnetic within the shell and
antiferromagnetic between the shells) [12] is similar t
the coupling insMnOd8 in Fig. 1(h). In bulk MnO the
antiferromagnetic coupling exists between nearest neig
bor Mn atoms [14]. In this sense, the antiferromagnet
coupling insMnOd8 shown in Figs. 1(g) and 1(h) is rather
unusual. The energies of these three phases, interestin
are very nearly the same as can be seen from Table I. T
total moment of the ferromagnetic phase is40mB. Thus,
it is possible to changesMnOd8 from ferromagnetic to an-
tiferromagnetic configuration with only minor changes i
the bond distances.

The magnetic degeneracy in asMnOd8 cluster is similar
to that found in Mn clusters supported on a Ag(111
surface [16]. While the three isomers ofsMnOd8 have
very different magnetic character, the average Mn-O bo
distance and Mulliken charge distribution are the sam
for all of the clusters. Thus, even though certain featur
(bond length and charge transfer) ofsMnOdx clusters have
saturated even at small sizes, magnetically the clusters
very different from their bulk.

There are no experiments on the magnetic moments
small sMnOdx clusters. However, using the same leve
of theory as discussed here, we have been successfu
explaining the magnetic coupling in small Mn cluster
isolated in rare-gas matrices [17]. Thus, we are confide
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about the predictive capability of the theory used here
Since clusters of MnO are easily formed in the gas phas
compared to clusters of Mn, it will be very useful if
Stern-Gerlach experiments onsMnOdx clusters can be
performed to verify our prediction of ferromagnetism with
rather large magnetic moments. In particular, asMnOd8
cluster would be a particularly attractive candidate to
study as it exhibits magnetic bistability.
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