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Chemically Induced Oscillatory Exchange Coupling in Chromium Oxide Clusters
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Theoretical electronic structure studies of the ground state geometries, binding energies, and magnetic
coupling of Cr,0O, (n = 1-6) clusters have been carried out within a density functional scheme. It is
shown that the magnetic coupling of the Cr atoms oscillates from antiferromagnetic to ferromagnetic
and back as O atoms are added. Detailed electronic structure analysis reveals that the oscillatory
exchange coupling has a chemical origin and is induced by changes in the electronic states between Cr

and O sites close to the Fermi energy.

PACS numbers: 36.40.Cg, 61.46.+w

One of the most exciting phenomena in magnetism is
the possibility of an oscillatory exchange coupling. The
notable examples are the RKKY interaction and the oscil-
latory exchange coupling between ultrathin ferromagnetic
layers separated by ultrathin nonferromagnetic interlayers
as observed in the Fe-Cr system [1]. In the RKKY, the
interaction between localized moments is mediated by the
conduction electrons and oscillates as a function of dis-
tance with a period determined by the Fermi wave num-
ber of the electron gas. In the multilayers, the exchange
coupling between ferromagnetic layers (e.g., Fe) oscillates
with the thickness of the nonmagnetic layer (e.g., Cr).
Here we show a new kind of oscillatory exchange inter-
action where the coupling between magnetic atoms of an
otherwise nonmagnetic solid oscillates due to changes in
the chemical bonding. We show that the coupling between
two Cr atomsin Cr,O,, clusters oscillates as the number of
oxygen atoms is varied. A detailed electronic structure
analysis revedls that the oscillations are a direct conse-
guence of the changes in the electronic states between Cr
and O atoms in the vicinity of Fermi energy.

In bulk, Cr forms binary oxides CrO, and Cr,O;. CrO,,
widely used in magnetic recording tapes, has arutile struc-
ture in the bulk. The Cr atoms form a body-centered te-
tragonal lattice and each Cr is surrounded by an oxygen
octahedron which is rotated as one goes from the central
to the corner Cr site of the body-centered cube of Cr atoms.
The solid is metallic and ferromagnetic. This is unusua
since oxides are generally nonmetallic and antiferromag-
netic or ferrimagnetic as the magnetic coupling is marked
by strong antiferromagnetic contribution. The unusual be-
havior of CrO, has been the subject of intense research
[2,3]. Itis proposed [2] that the Cr d bands are divided
into two sets: a localized and weakly interacting d state
providing the local atomic moments and a set of strongly
hybridized d states closeto the Fermi energy leading to the
metallic character. The ferromagnetism in CrO, is there-
fore due to localized states and is different from the con-
ventional band ferromagnetism. The unusual behavior of
oxides is further seen as one goes to the other chromium
oxygen compound, namely, Cr,Os. In contrast to CrO,,
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solid Cr,Os [4] has a corundum structure and is an anti-
ferromagnetic insulator. This indicates that the electronic
character and the magnetic interaction between Cr mo-
ments can be significantly altered by changing the ratio be-
tween Cr and O atoms. The solid compounds exist only for
a specific ratio of the congtituents. However, small clus-
ters containing Cr and O can be formed over a wide range
of compositions and offer an ideal system to investigate
such progressions of electronic and magnetic behaviors.

In this Letter we present results of detailed electronic
structure investigations on Cr,O,, clusters containing n =
1-6 oxygen atoms. Our ground state geometries are in
agreement with recently proposed structures of Cr,0,
(n = 2—-4) clusters based on infrared spectroscopy [5].
The main focus of the current work, however, is the mag-
netic behavior. We show that the local magnetic moment
at the Cr sites decreases as the O content is increased.
What is surprising is that the change in moment is accom-
panied by achangein magnetic coupling. The Cr atomsin
clusters containing one and two oxygen atoms are antifer-
romagnetically coupled as in afree Cr, dimer. However,
the Cr sites in Cr,O3, composition at which the solid is
an antiferromagnetic insulator, become ferromagnetically
coupled. A further increasein O content to form Cr, O, re-
sultsin the reappearance of the antiferromagnetic coupling.
Finally the Cr sitesin Cr,O5 and Cr,Og have negligible lo-
cal moments. A detailed electronic structure analysis re-
vealsthat the electronic structure is marked by localized Cr
states below the Fermi energy and strongly hybridized Cr
d and O p statescloseto the Fermi energy. The successive
addition of O atomsresultsin enhanced mixing between lo-
calized and delocalized Cr states and the oxygen p states.
While the former leads to a decrease of the Cr moment,
the latter affects the nature of the magnetic coupling.

The theoretical studies were carried out using a linear
combination of the atomic orbital/molecular orbital ap-
proach within the density functional formalism. The im-
plementation used by us is called the bmoL software [6]
and is based on the discrete variational method proposed
originaly by Ellis and co-workers [7]. Here, the molecu-
lar orbitals are expressed as alinear combination of atomic
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orbitals centered at the atomic sites and taken in a numeri-
cal form. The Hamiltonian matrix elements entering the
Kohn-Sham equation [8] are calculated via humerical in-
tegration over a mesh of points. The basis set for Cr had
3s, 3p, 3d, and 4s orbitals and the 4p polarization func-
tions. For O, the basis set had 25, 2p orbitals. The inner
cores were frozen. The exchange correlation effects were
included viaalocal spin density functional [9] and the ef-
fect of gradient corrections [10] was studied. We found
that the inclusion of gradient corrections had no qualita-
tive effect on the results. However, the inclusion of gradi-
ent corrections for a Cr, molecule leads to an abnormally
large bond length compared to experiment while the local
density leads to a correct bond length. In view of these
results, we report here only results based on local density
approximation. The above choice of basis leads to rea
sonable estimates of the ionization potential of atoms and
these comparisons will be reported in a detailed paper.

The ground state of a free Cr, cluster is an antiferro-
magnetic configuration with local momentsof 2.6ug. The
molecule had abond length of 1.70 A and abinding energy
of 2.28 eV compared to the corresponding experimental
[11,12] valuesof 1.68 A and 1.42 eV, respectively. While
the bond length isin good agreement with experiment, the
binding energy is overestimated. The overestimation of
the binding energy in local density approximation is well
known. For a more detailed comparison of our results on
Cr, with previous studies and experiment, the reader isre-
ferred to our recent paper [13].

Before we discuss the electronic and magnetic structures
of Cr,O, clusters, it is instructive to have a general idea
about the effect of O on Cr. To this end, we calculated a
CrO molecule. It had a binding energy of 6.15 eV and a
bond length of 1.60 A compared to experimental values of
4.3 eV and 1.61 A, respectively [11]. The molecule had
four unpaired spins in agreement with experimental spin
multiplicity [11]. A Mulliken population analysis showed
that the Cr and O sites have local moments of 4.17 up and
—0.17 g, respectively. Noting that an isolated Cr atom
has six unpaired spins, the effect of adding oxygen is to
reduce the local moment at the Cr site.

We now discussthe ground states of Cr,O,, clusters. For
each cluster, several geometrieswere examined and in each
case the structure was optimized by moving atoms in the
direction of forces. Most of the clusters were marked by
severa energetically close multiplets. The ground state
determination therefore also involved optimization of the
spin multiplicity. As mentioned above, the main focus of
the present work is the investigation of magnetic struc-
tures which involves investigations of antiferromagnetic
arrangements. These calculations required breaking of the
overall spatial symmetry. The symmetries mentioned in
the following to describe the geometries are only to give an
idea about the geometrical parameters varied to determine
the ground state. In the full Hamiltonian, however, the
symmetry was broken for the antiferromagnetic structures.

Figure 1 shows the ground state geometries of the vari-
ous Cr,O, clusters. For Cr,0O, the ground state is a C,,
structure with abinding energy of 8.96 eV. For Cr,0,, we
tried a rhombus C,,, and an open structure. The ground
state corresponds to the closed structure and had a binding
energy of 16.58 eV. For Cr,0;, the ground state corre-
sponds to a Cr,O, with an additional O atom attached to a
Cr site. It had a binding energy of 24.0 €V. The ground
state of Cr,O, can be described as Cr, O, with two O atoms
attached to two Cr atoms. It had a binding energy of
31.67 €V. Cr,0Os5 and Cr,Oq are extensions of Cr,O, with
additional O atoms attached to Cr atoms. They had bind-
ing energies of 38.39 eV and 44.82 eV, respectively. Itis
interesting to note that all the geometries in Fig. 1 can be
considered as fragments of the bulk CrO, structure.

As mentioned earlier, Chertihin et al. [5] investigated
structures of Cr,O, (n = 2-4) using infrared spec-
troscopy. For Cr,O,, they have identified a chainlike and
aringlike structure. We find the ring to be dightly more
stable than the chain. For Cr, 03, their experiments sug-
gest a puckered ring with aterminal oxygen as obtained by
us. The IR experiments on Cr,O, suggest a configuration
with two nonequivalent O atoms which is consistent with
the structure obtained above. We would like to add that
Xiang et al. [14] aso recently carried out some calcula-
tions on small chromium oxide clusters and our geometries
for Cr,O,, (m = 2-4) are similar to their results. These
authors, however, did not investigate the antiferromagnetic
states.

The key focus of the present work is the magnetic struc-
ture. For all the clusters, we carried out a Mulliken popu-
lation analysis to determine the local magnetic moment at
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FIG. 1. Ground state geometries of Cr,O, (n = 1-6) clus-
ters. The bigger atoms are Cr atoms while the smaller are O
atoms. The bond lengths are in A.  The magnetic moments in
up @ the Cr sites are marked within the parentheses.
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the various sites. These are marked within parentheses in
Fig. 1. The ground state of Cr,O, has a multiplicity of 1
and, as shown in Fig. 1, the moments at the Cr sites have
values of +3.0up and —3.0up and are antiferromagneti-
cally coupled. The addition of an O atom to form Cr,0O;
results in a Cr site with two oxygen bonds and this Cr
undergoes a substantial reduction in moment. The cluster
has a multiplicity of 5. Surprisingly, the moments at the
two Cr sites are ferromagnetically coupled. The addition
of an O atom to form Cr,O4 now results in the additional
O bound to the other Cr atom and now the two Cr sites are
again antiferromagnetically coupled. Finaly, in Cr,Os or
Cr, g, the Cr sites have negligible moments.

In addition to the ground state, we examined the en-
ergy required to change the magnetic coupling of a given
cluster. Thisrequired calculation of the excited antiferro-
magnetic (ferromagnetic) state for the ferromagnetic (anti-
ferromagnetic) ground state. In Fig. 2 we plot the energy
difference between the lowest ferromagnetic and antiferro-
magnetic statesfor all the clusters. Notethat the difference
energy which is a measure of the exchange coupling oscil-
lates as a function of size.

The above results show that the successive addition of
O atomsto form Cr,0O,, clusters leads to a reduction of the
localized moment at the Cr sites and an oscillation of the
magnetic coupling. Both these variations can be related
to the progression in the chemical bonding between the Cr
and O of which the basic features can beillustrated by ana-
lyzing the bonding in a CrO molecule. Figure 3 showsthe
one electron levels in a free Cr atom and an O atom and
the molecular levelsin a CrO molecule. Only 3d and 4s
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FIG. 2. Energy difference between the ferromagnetic and the
antiferromagnetic states as a function of cluster size for various
clusters. The positive values indicate a ferromagnetic ground
state whereas the negative values indicate an antiferromagnetic
ground state.
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levelson Cr and the 2 p levelson O are shown (thefilled 3s
and 3p levels on Cr and the 2s levels on O are relatively
deep and are not shown). An isolated Cr atom has six
unpaired electrons while the O 2p level has two unpaired
electrons (three majority and one minority electrons). The
isolated atoms therefore have eight unpaired spins. Asthe
atoms are brought together to form a molecule, the mixing
between the Cr d states and the O p states leads to cova
lent pd hybrid states. For the minority spin, the unfilled
minority p states of the O atom mix with the ds,2—,2, d,;,
and d,, states assuming that the O atom is located aong
the z axis. The relative position of levelsis such that the
bonding hybrids for minority spin lie below the Fermi en-
ergy and become occupied in the molecule. The overal
number of unpaired spins is therefore reduced by 4 and
the resulting molecule has only four unpaired spins. The
effect of bonding is thus to induce opposite spin polar-
ization at the Cr sites by forming minority orbitals lying
below the Fermi energy. As one goes to larger clusters,
the situation becomes more complicated since the changes
in symmetry now also permit mixing between Cr d,, and
d>—y» and the O p states. The net effect is, however, to
induce minority spin states at the Cr site. If theinitia Cr
moment is large this leads to a reduction of moment at the
Cr site, but around Cr,O, the Cr moment is sufficiently
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FIG. 3. One éectron levelsin Cr, O, and CrO. Level A has
contributions from 3d, on Cr and the 2s + 2p, states of O.
Two degenerate levels B have contributions from 3d_; of Cr
and 2p_, of O, and from 3d, of Cr and 2p; of O, respectively.
The two degenerate C levels are the 3d—, and 3d, levels of Cr.
Level D has contributions from the 4s and 3d° states of Cr and
the 2p° state of O. The two degenerate E levels contain only
one electron and have contributions from 3d_; of Cr and 2p_,
of O and 3d; of Cr and 2p, of O, respectively. Level F has
contributions from 3d, of Cr and 2s + 2po of O. Degenerate
levels G are made up of 3d_; + 3d, of Crand2p_, + 2p, of
O. Leve H has contributions from the 4s state of Cr and the
3d, state of O.



VOLUME 83, NUMBER 16

PHYSICAL REVIEW LETTERS

18 OcTOBER 1999

reduced so that the bonding to an O atom to the minority
Cr orbitals adds sufficient opposite polarization and results
in a reversal of the local moment. Starting from Cr, O,
which has antiferromagnetically coupled Cr sites, the addi-
tion of O then leads to ferromagnetically coupled moments
since the polarization of the Cr site attached to additional
O changes sign. In this case, the O sites linking the two
Cr atoms are antiferromagnetically coupled to the Cr sites
with a local moment of 0.08up. Further addition of an
O atom to Cr,0O5; can produce two effects. If the addi-
tional O is attached to the Cr which has triple coordination
to O, the O further enhances the opposite moment of the
previous O and the two Cr remain ferromagnetically cou-
pled. On the other hand, when the O is attached to other
Cr which lack a number of O bonds, the O induces an
opposite moment and the two Cr again become antiferro-
magnetically coupled. The energetics show that the latter
situation ismore stable and therefore a Cr, O, has antiferro-
magnetically coupled Cr atomsin its ground state. These
considerations illustrate that it is the coupling between
Cr and O which is responsible for the observed effect.

It is interesting to compare the behavior in clusters to
that in bulk. As pointed out above, bulk CrO, is a half-
metallic ferromagnet while bulk Cr,O; is an antiferromag-
netic insulator. In case of clusters, Cr,O,4, which has the
same composition as CrO,, has antiferromagnetically cou-
pled while a Cr,O; cluster has ferromagnetically coupled
Cr sites. Bulk Cr,O5 has a corundum structure which can
be described as a hexagonal closed packing of O atoms
with two-thirds of the octahedric sites occupied by Cr. We
found that a triangular bipyramid Cr,O;5 cluster with atri-
angular base of O atoms capped by two Cr sites resem-
bling the solid does favor antiferromagnetically aligned Cr
sites. The ground state (Fig. 1), however, is a structure
where one of the Cr sites has an additional O bond and
this, as discussed above, favors the ferromagnetic align-
ment. In a Cr,O, cluster, on the other hand, the bonding
is very different from the bulk CrO, where the localized
component of d states provides the local magnetic moment
while the nonlocalized component mixing strongly with
oxygen band leadsto a half-metallic ferromagnet. In clus-

ters, which have incomplete oxygen octahedron around Cr
sites, the magnetic coupling is different from the bulk.

To summarize, we have demonstrated an oscillatory
exchange coupling which isrooted in the chemical bonding
between Cr and O. We have shown that the combination
of size, geometry, and the localized states make clusters
very different from the bulk. We would like to add that
while the present studies are done on Cr,0O,, clusters the
basic ideas are general and are applicableto larger clusters
and may provide a new way of controlling the magnetic
interactions in small clusters via chemical reactions.
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