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Abstract

First principles electronic structure studies on pure and doped ZnnOn clusters have been carried out to identify elementary motifs with
potential for cluster materials. In pure clusters Zn12O12 cages are shown to be particularly stable. When doped with a single Co or Fe
atom, the doped units carry a magnetic moment of 3.0 lB and 4.0 lB, respectively. Doping of Zn12O12 with two Co sites leads to ferro-
magnetically coupled Co moments due to direct exchange interaction. It is proposed that the assemblies of such multiple doped units may
lead to semiconductors with larger doping than attainable in bulk or films.
� 2006 Elsevier B.V. All rights reserved.
One of the significant developments in the field of clus-
ters and nanoscale materials is the possibility of synthesiz-
ing nanoscale materials where individual stable clusters
serve as the elementary building blocks [1–6]. As the prop-
erties of clusters can be controlled by changing size and
composition, such a synthesis may offer the potential to
design materials with desirable traits. The first step towards
such a goal is to identify designer clusters that are interest-
ing and yet so stable as to maintain their identity and indi-
vidual characteristics upon assembly. The discovery of
fullerenes and the eventual synthesis of fulleride materials
[7] with novel properties is just one example of such a pos-
sibility. Extending the fullerene experience to metal and
semiconductor systems is therefore an important undertak-
ing. Indeed, over the past few years, several stable metal
clusters with novel properties have been identified and it
has recently been possible [8] to synthesize materials based
on metallic cluster units. The purpose of this Letter is to
extend this experience to magnetic semiconductors with
two objectives: (1) To identify semiconductor motifs that
are particularly stable and amenable to cluster material
0009-2614/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2006.07.045

* Corresponding author.
E-mail address: acreber@vcu.edu (A.C. Reber).
synthesis. (2) To show that doping of these units with tran-
sition metal atoms results in magnetic units that might lead
to a new class of doped magnetic semiconductors. The clus-
ter approach overcomes naturally the limitations of doping
levels encountered in synthesis of such materials by doping
bulk semiconductors.

Dilute magnetic semiconductors (DMS) have recently
attracted considerable attention [9–11]. While the initial
interest of DMS focused on doped GaN, recent interest
has shifted to ZnO as it is easier to synthesize ZnO single
crystals [12]. Bulk ZnO has a wurtzite structure and is a
wide band gap semiconductor [12] with a direct band gap
of around 3.3 eV. It is found [13–18] that when the bulk
material or films are doped with transition metal impuri-
ties, they substitute at the Zn sites and the resulting mate-
rial exhibits magnetic order. In fact, recent experiments on
(11 0) oriented ZnO films [18] show that the films contain-
ing 5 at.% Sc, Ti, V, Fe, Co, and Ni are all ferromagnetic
but the magnetic moment is highest for Co with a value
of 2.6 lB per atom. As recent work shows [19], the mag-
netic properties are sensitive to the preparation method
and the level of doping. Further, the magnetization is
highly anisotropic [14] and varies by almost a factor of
three with the orientation of the applied field. While the
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findings of magnetism in bulk and in films are exciting, the
observation of complex magnetic order and the limitation
in the amount of doping do present problems.

In this Letter, we focus on pure ZnO clusters and ZnO
doped with Co to examine the possibility of a bottoms
up approach where the nanoscale material is synthesized
using size selected stable clusters as the building blocks.
Our approach involves three steps: (1) To identify which
ZnnOn motifs are stable, resistant towards fragmentation,
and relatively inert to serve as building blocks? (2) To
explore which elements can dope these clusters and lead
to highly magnetic species? (3) Examine the magnetic char-
acter of motifs doped with multiple Co atoms to examine
the location of Co sites and their coupling in a single motif?
We first demonstrate that unlike bulk compact arrange-
ment, the geometrical arrangements in the pure clusters
evolve from single rings to pillars to hollow cages. A
Zn3O3 ring, a Zn9O9 pillar/cage, and a Zn12O12 cage are
shown to be particularly stable. The excitement in these
structures stems from our observation that when doped
with transition elements, the resulting entities substitutes
at the Zn site and are magnetic. Guided by these observa-
tions, we primarily focus on Co doping and show that the
magnetic moments per doped site can be considerably
higher than attainable in the bulk. In clusters with multiply
doped Co atoms, the magnetic coupling depends on the
location of Co sites. For cases where the Co sites are near
neighbor and interact directly, the magnetic coupling is fer-
romagnetic. On the other hand, when Co sites are sepa-
rated, the ferro and antiferromagnetic states are
degenerate, similar to the recently reported magnetic order
in Co-doped ZnO nanoparticles [19]. Recent work has
shown that similar doping results in antiferromagnetic cou-
pling in Manganese [20]. What is exciting is that in small
sizes, the ease of structural rearrangements indeed favors
structures with enhanced Co–Co interaction, which in turn
stabilize the ferromagnetic state. This coupled with the fact
that the bottom up approach allows multiple doping of Co
atoms, suggests that it may lead to new family of magnetic
semiconductors. We also examine doping with a single Fe
site that is found to carry a spin moment of 4.0 lB per
atom, higher than currently attainable in bulk films.

The theoretical calculations are carried out within a den-
sity functional formalism [21] that incorporates exchange
and correlation effects within the generalized gradient
approximation of Perdew et al. [22]. Gaussian basis sets
are employed to construct atomic wave function while
the cluster wave function is formed from a linear combina-
tion of atomic orbitals. The calculations were carried out
using the Naval Research Laboratory Molecular Orbital
Library set of codes developed by Pederson and co-workers
[23–25]. For the calculations, we used a 6s, 5p and 3d basis
set for the O atoms and 7s, 5p and 4d basis for transition
metal atoms [25]. In each case, the basis set was supple-
mented by a diffuse Gaussian. We also carried out supple-
mentary calculations using DE DEMON software [26] with
the quadruple zeta valence polarized basis sets [27].
To establish the accuracy of our calculations, we first
compare our results on a ZnO molecule with available
studies. We find a bond length of 1.71 Å and a binding
energy of 1.97 eV. The previous studies [28] also report a
bond length of 1.71 Å. As to the binding energy, the avail-
able experimental data indicates that it is less than 2.8 eV.

Fig. 1 shows the ground state geometries of ZnnOn clus-
ters for n = 2–16, and 21. Note that the ground states for
ZnnOn containing 2–7 are all open ring structures. This is
particularly interesting in view of the fact that bulk ZnO
has a compact wurtzite structure. Beyond n = 7, the basic
rings begin to assemble to form extended structures. The
ground state of Zn8O8 is a tower built out of two Zn4O4

units. Starting at n = 9, the tower begin to develop cage
like features built from Zn2O2 and Zn3O3 rings. The struc-
ture of Zn12O12 is a stable cage containing 4 and 6 atom
rings. The single cages continue to grow for n = 13, 14,
15, and 16 and the ground state of Zn21O21 is a double cage
built out of two Zn12O12 cages sharing a common Zn3O3

ring. Our results on the geometries of smaller clusters also
agree with previous theoretical studies [29–31].

To understand the evolutions in geometries and to iden-
tify the particularly stable species, we now focus on the
progression in the energetics. We calculated the atomiza-
tion energy (A.E.) indicating the energy required to break
a (ZnO)n cluster into n Zn and n O atoms and the removal
energy (R.E.) that represents the energy required to remove
a ZnO unit from the cluster, which is an indicative of the
stability. The A.E. was calculated using the equation

A:E: ¼ nEðZnÞ þ nEðOÞ � EðZnnOnÞ ð1Þ

while R.E. was calculated using the equation

R:E: ¼ EðZnn�1On�1Þ þ EðZnOÞ � EðZnnOnÞ ð2Þ

In addition, we calculated the vertical and adiabatic ioniza-
tion potentials, adiabatic electron affinities, and the
HOMO–LUMO gap that are all electronic signatures to
the stability and reactivity.

Fig. 1 shows the A.E. while Fig. 2 shows the variation
of the R.E. as a function of size. From A.E. in Fig. 1, one
can calculate the A.E. per formulae unit ZnO, and one
finds that it increases monotonically with size. However,
the amount of increase changes with size. There is a sig-
nificant gain in energy in going from n = 2 to 3 while
the energy gain in going from n = 3 to 4 is less indicating
that Zn3O3 is a very stable species. The next stable clus-
ters are Zn8O8 and Zn9O9 that are marked by a column
and distorted column structure. Among cage species,
Zn12O12 and Zn15O15 are particularly stable. While R.E.
represents stability towards addition of individual formu-
lae unit, one can also assess the stability by examining the
minimum energy required to break a cluster into two
fragments. To this end, we examined the fragmentation
pathways for each cluster by calculating the minimum
fragmentation energy (F.E.)

F:E: ¼ EðZnn�mOn�mÞ þ EðZnmOmÞ � EðZnnOnÞ ð3Þ



Fig. 1. Calculated ground state geometries for ZnnOn where n = 2–16, 21. The total atomization energy in eV and selected bond lengths in Angstroms are
listed.

Fig. 2. The ZnO removal energy (R.E.) (Eq. (2)) and fragmentation
energy (F.E.) (Eq. (3)) as a function of cluster size.
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required to break a cluster of size n into fragments of size
n � m and m. The results are shown by the red line in
Fig. 2. Zn3O3 and Zn12O12 emerge as stable species in this
analysis as well. We also found that Zn3O3 and Zn12O12

had high ionization potentials of 9.02 and 7.95 eV, respec-
tively, and a large HOMO–LUMO gap of 2.74 and 2.49,
respectively. The stability through R.E. and F.E. coupled
with high HOMO–LUMO gaps are signatures that these
units may be potential building blocks for forming cluster
materials.

Having identified the stable units, we now examined the
possibility of magnetic building blocks. To this end, we
examined the effect of adding a Co atom to stable motifs.
The additional atom can occupy an exterior site or substi-
tute for a Zn site. In the later case, the replaced Zn atom
can remain bound to the cluster or dissociate away. The
energetics of the three possibilities are shown in Fig. 3 where
we show the atomization energies of the pure Zn3O3, a
Zn3O3 with a Co located at an external site, a ZnZn2CoO3

cluster with a Co substituting for a Zn site and the displaced
Zn occupying the outside site, and that of a Zn2CoO3 clus-
ter. Note that the Zn atom is weakly bound to the cluster
relative to the displaced structure. This is consistent with
findings in the bulk and on films where Co is known to sub-
stitute at the Zn sites. Note that the substitution does induce
structural changes i.e. the replacement introduce a change
in bond length from 1.84 Å to 1.79 Å. For bulk systems,
the lattice distortions are energetically unfavorable and this
may limit the amount of doping. In clusters, on the other
hand, the ease of structural rearrangements does not pre-
clude multiple Co substitutions. What is interesting is that
the Co site has a spin moment of 3.0 lB. This is higher than
the moment per Co of 2.6 lB found for Co impurities in
bulk. Next, one wonder about the coupling between the
spin moments as multiple Co atoms are substituted. To



Fig. 3. Calculated energies and magnetic moments of selected Cobalt doped clusters. The total atomization energy in eV and selected bond lengths in
Angstrom are listed.
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answer this, we first replaced two Zn sites in Zn3O3 by Co
atoms and Fig. 3 shows the relative stability of the ferro-
magnetic and antiferromagnetic arrangements. One notes
that the ferromagnetic arrangement is more stable. As the
two Co atoms in a ZnCo2O3 cluster are close to each other,
one might wonder if the Co sites also cluster in larger sizes,
and favor ferromagnetic coupling. This can be answered by
taking a larger cluster and in Fig. 3 we show the ground
state of a Zn4Co2O6 ring where the Co are again adjacent
and are ferromagnetically coupled! Note that the distance
between the two substituted Zn sites is reduced upon the
insertion of Co atoms to 2.45 Å again suggesting a direct
Co–Co coupling.

Does the behavior in rings extend to cages? To this end,
we replaced one and two Zn atoms in Zn12O12 cage by Co
atoms at various locations. The ground states are shown in
Fig. 3 and the Co sites again have a moment of 3.0 lB each.
Again note that in the ground state, the Co sites are near to
each other with a Co–Co separation of 2.53 Å as opposed
to 2.70 Å between the original Zn atoms. A higher energy
structure with Co atoms occupying sites farther from each
other, shown in Fig. 3, had nearly degenerate ferromag-
netic and antiferromagnetic states. These results suggest
that Co–Co coupling stabilizes the ferromagnetic state.
To further ascertain that Co–Co interactions are needed
to stabilize a ferromagnetic state, we took a dual approach.
First, through a Mulliken population charge analysis and
visual inspection of each molecular orbital, we identified
the molecular orbitals that have appreciable contributions
from both Co atoms. As we will show, these orbitals belong
to the majority spin state. Secondly we examined the
charge density in these orbitals to examine if there is a bond
between the two Co sites that would indicate a direct cou-
pling. Fig. 4a shows the one electron levels in Co2Zn10O12.
The highlighted (orange) orbitals were found to have
appreciable charge density on both Co atoms and hence,
could signify either direct Co–Co interaction or Co–Co
interaction mediated through the host. Note that these
orbitals belong to majority spin and hence play the vital
role in stabilizing the ferromagnetic order. To demonstrate
that there is direct bonding between Co-sites in the ferro-
magnetic state, Fig. 4b shows the electronic charge density
in a representative orbital showing charge along the Co–Co
bond. An alternate approach to identify chemical bonds
between a pair of atoms is to look for critical points in
charge density [32]. Consequently, we analyzed the total
charge density to look for maxima in the charge density
[32]. We found a critical point along the Co–Co bond. In
combination with our earlier results on rings, all this indi-
cates that the direct coupling between Co sites stabilizes the
ferromagnetic state and hence may be the first step towards
generating DMS. It is important to note that such cluster-
ing is favored by the overall energetics, and involves short-
ening of the original Zn–Zn bond. The last question that
remains to be answered is whether the magnetic moment
can be further enhanced by substituting another metal.



Fig. 4. (a) One electron energy levels for Zn10Co2O12. The light levels
indicate levels that have appreciable contribution from both Co sites. (b)
The charge density coming from a light (orange) orbital. Note the pile up
of charge between Co-sites indicative of direct Co–Co bonding in
Zn10Co2O12 cluster.
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To this end, we suited the magnetic moment of FeZn11O12

cluster with Fe substituting at the Zn sites. The resulting
ground state structure is magnetic with a moment of 4.0 lB.

To conclude, we have demonstrated that the structural
motifs in small (ZnO)n clusters evolve from single rings
to towers to spherical cages. These progressions are not
specific to ZnO but seem to underline other metal-oxide
systems. For example, the earlier work by Castleman and
co-workers had speculated tower arrangements in MnnOn

clusters [33]. Similarly, one of the authors of this Letter
had recently suggested the possibility of rings and towers
in FenOn [34] and fully saturated rings in some of the
CrnO3n clusters [35]. What is truly exciting is that some
of the new stable structural motifs exhibit ferromagnetic
order when doped with transition metals like Co and Fe.
For multiple doping, structures with coupled transition
metal atoms are energetically more stable and the direct
coupling between the transition metal impurities favors
the ferromagnetic state offering a dual benefit. Finally, we
would like to add that while the current studies offer the
first step towards nano-cluster assemblies, the next step is
to put such clusters together to create such materials. We
are currently working towards such an objective and these
will be reported later.
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