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Microscopic picture of Co clustering in ZnO
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Density functional theory was applied to study the chemical and magnetic interactions between Co atoms
doped in ZnO. It was found that the Co impurities tend to form nanoclusters and the interactions between these
atoms are antiferromagnetic within the local spin-density approximation (LSDA)+Hubbard U approach. The
extracted interatomic exchange parameters agree reasonably well with recent experimental results. We have
analyzed and compared the electronic structure obtained using the LSDA and LSDA + U approaches and found
that the LSDA+ U gives the most reasonable result, highlighting the importance of short-ranged antiferromag-

netic interactions due to superexchange.
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I. INTRODUCTION

A tremendous research effort in the past years has been
dedicated to the study of diluted magnetic semiconductors
(DMSs) due to their potential applications in semiconductor
spintronics. A major obstacle to obtain an undisputed diluted
ferromagnetic (FM) semiconductor at room temperature
from the pool of widely varied experimental results has been
identified as the inhomogeneous distribution of magnetic
dopants.!> Among the magnetically doped wide band-gap
oxides, Co:ZnO is still intriguing regarding the coupling of
magnetism with the structural and electrical properties. Fer-
romagnetism has been observed in Co:ZnO films in the su-
perconducting quantum interference device (SQUID) mea-
surements, although x-ray magnetic circular dichroism
(XMCD) revealed a paramagnetic Co sublattice.>* Iusan et
al.* showed that the observed paramagnetism in 5% Co in
ZnO is due to the presence of Co nanoclusters. Also, by
successive annealings in O, atmosphere, the ferromagnetism
of Co:ZnO nanoparticles could be correlated with the pres-
ence of defects.’ Before any claims of intrinsic ferromag-
netism can be made, an extremely careful structural analysis
must be done to exclude the presence of secondary phases®
or nanocrystals’ that can account for the observed ferromag-
netism. This issue becomes even more acute in DMSs with
low concentrations of magnetic transition metals (typically
~5%). Recently, Dietl et al.® explained ferromagnetism as
arising from uncompensated spins at the surface of Co-rich
antiferromagnetic (AFM) nanoclusters embedded in a Co-
poor ZnO host. Prior to Ref. 8, it was argued that inhomo-
geneities of the lattice in the form of magnetic clusters lead
to superparamagnetism or weak ferromagnetism due to un-
compensated spins at the surfaces of the clusters within
which  the interactions among the atoms are
antiferromagnetic.”1°

In this study we address a key problem of diluted mag-
netic semiconductors: namely, how does the spatial arrange-
ment of the magnetic dopants within the semiconducting ma-
trix affect the exchange interactions among them. We show
from first-principles calculations that the Co nanoclusters in
ZnO show interatomic antiferromagnetic exchange interac-
tions which produce a net magnetic moment which is either
zero or a small number.
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II. COMPUTATIONAL DETAILS

We have performed -calculations using the density-
functional theory (DFT), within the projector augmented-
wave method!! and Perdew-Burke-Ernzerhof exchange-
correlation functional,'> as implemented in the VASP
package.!? The effects of strong electron-electron interac-
tions have been taken into account using the approach of
Dudarev et al'* to local spin-density approximation
(LSDA)+U. A value of U=5 eV was used for the Coulomb
interaction parameter, while the exchange parameter J was
set to 1 eV. This choice for U and J provides a good agree-
ment between the experimental and theoretical spectra, as we
have shown in a previous study.'> Similar values have been
used in other theoretical calculations on these compounds
following the LSDA+U approach.'® The wave functions
were expanded in a plane-wave basis set with the kinetic-
energy cutoff of 500 eV. The wurtzite lattice constants were
set to a=3.25 A and ¢=5.21 A. In order to test the struc-
tural stability of the clusters, supercells of different sizes
have been used: 32 atoms (2aX2aX2c), 72 atoms
(BaX3ax2c), 108 atoms (3aX3aX3c), and 144 atoms
(3aX3aX4c). The geometry of the system was optimized
until the forces were less than 0.01 eV/A. All our calcula-
tions refer to collinear spin structures. According to the gen-
eral consensus, we have considered that Co substitutes the
cation (Zn) site. The size of the clusters ranges from 1 to 4.
For each of the supercells studied, different structural and
magnetic configurations are schematically shown in Fig. 1.

The orbital moment was calculated using the full potential
augmented plane-wave package EXCITING.!” The orbital mo-
ment was converged for basis set cutoffs corresponding to
RyirGmax=8.0, with muffin-tin radius Ryp=1.919 A, and a
Brillouin-zone sampling of 175 points for 16 atoms. The
electronic correlation was treated within the most general
version of LDA+U,'® as implemented in Ref. 19, with the
fully localized limit as double counting.?’ The U and J pa-
rameters were chosen to be 5 and 1 eV, respectively.

III. RESULTS

A. Structural and magnetic properties

In order to discuss the chemical and magnetic stability of
different Co geometries, we introduce a vector with six ele-
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FIG. 1. (Color online) Schematic illustrations of the Co clusters in the ZnO matrix for various cluster sizes and configurations. Co, Zn,
and O atoms are shown as blue (dark), turquoise light), and red (small gray) colored balls, respectively. The bond lengths calculated by
LSDA+ U method are shown. Magnetic configurations are evident from the arrows connected with the Co atoms.

ments. The components of this vector correspond to the
chemical occupancies at different sites in the ZnO matrix, as
denoted in Fig. 1(g). Additional arrows are introduced to
illustrate the corresponding magnetic coupling between the
Co atoms when relevant for the discussion. For example, two
Co atoms substituting for Zn in the (xy) plane of the lattice,
the sites numbered with 1 and 4 in Fig. 1(g), would have the
characterizing vector (Co,Zn,Zn,Co,Zn,Zn). If we further as-
sumed an antiferromagnetic coupling between the magnetic
atoms, we would describe the situation by the vector
(Toouey L)

First, let us analyze the case of a single Co atom substi-
tutional at a cation site. Its structure is shown in Fig. 1(a),
and it can be represented by the vector (Co,Zn,Zn,Zn,Zn,Zn).
The Co atom has an approximately tetrahedral coordination
with the O atoms and acquires a high magnetic moment of
3.0up/atom. The Co impurity induces a positive spin polar-
ization on the neighboring O atoms, which is halved within
the LSDA+U (0.04p) compared to LSDA (0.08p). This
can be attributed to the increased Co-O bond length in the
LSDA+U case (1.98 A vs 1.96 A) as well as the modified
electronic structure caused by the Hubbard U.

The addition of a second Co atom allows us to study the
interactions among these atoms. For this purpose, we have
increased the size of our supercell to involve 72 atoms, and
we studied the stability of different structural and magnetic
arrangements of the Co atoms. The most stable structure cor-
responds to the case where the Co atoms are nearest neigh-
bors in the (xy) plane of the wurtzite lattice, the configura-
tion which we shall refer to as in plane and which is
represented in Fig. 1(b), characterized by the vector
(Co,Co0,Zn,Zn,Zn,Zn). For this structure the AFM state is the
ground state (T,],-,-,-,-), with the FM state 11 (LSDA
+U)/17 (LSDA) meV/Co atom higher in energy. The next
most stable configuration is just 2 (LSDA+U)/2 (LSDA)
meV/Co atom higher in energy, and again it corresponds to

nearest-neighboring Co atoms, this time oriented out of the
(xy) plane, the configuration which we shall refer to as out of
plane [see Fig. 1(c)] (Co,Zn,Co,Zn,Zn,Zn). For this structure
the magnetic coupling is AFM within the LSDA+ U, while a
FM solution was found within the LSDA. The reason for this
difference in exchange interaction from these two approxi-
mations becomes clear when we discuss the electronic struc-
ture of this system (below) and is caused by the fact that in
the LSDA the (ferromagnetic) double exchange mechanism
dominates whereas in LSDA+ U the (antiferromagnetic) su-
perexchange mechanism dominates.

The Co-Co distances corresponding to the out-of-plane
and in-plane configurations are 3.20 and 3.24 A, respec-
tively [see Figs. 1(b) and 1(c)]. The configuration with a
larger Co-Co separation (4.57 A) lies higher in energy: 7
(LSDA+U)/34 (LSDA) meV/Co atom above the ground
state, which indicates a tendency for clustering of the Co
atoms in the ZnO host. The AFM and FM solutions are al-
most degenerate when the Co atoms are separated by this
distance, indicating a very short-ranged character of the in-
teratomic magnetic interactions. The tendency of clustering
of the magnetic atoms is a general feature of transition-metal
doped semiconductors,?! and it motivates the study of trim-
ers and tetramers, which we describe below.

In the case of the three Co atom clusters we have again
examined different possible structures and spin arrangements
of the Co atoms: FM, as well as all possible AFM configu-
rations. Some of the analyzed geometries for the Co trimers
and the corresponding magnetic ground-state configurations
are represented in Figs. 1(d)—1(f). The structural ground state
is a close triangular configuration, where the first two of the
Co atoms are in the (xy) plane, while the third one is out of
plane, as shown in Fig. 1(d). In accordance to the definition
we gave above, we can describe this particular geometry
with the help of the vector (Co,Co,Co,Zn,Zn,Zn); thus the
Co atoms occupy the sites labeled 1-3 in Fig. 1(g).
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The magnetic ground state corresponds to the case where
the two in-plane atoms are coupled antiferromagnetically,
while the out-of-plane atom couples antiferromagnetically
with one of these in-plane atoms, i.e., the vector notation is
(1.1.7,-,+,-). The FM state is 10 (LSDA+U)/16 (LSDA)
meV/Co atom higher in energy. It is worth pointing out at
this point that, within the LSDA+ U, different geometrical
distributions of the Co trimers, some shown in Figs.
1(d)-1(f), are separated by energies of just a few meV, mak-
ing it hard to account for the true structure to be presented in
experimental samples. Nevertheless, within the LSDA+U,
the magnetic configuration of all considered structures corre-
sponds to an antiferromagnetic one between the atoms in the
(xy) plane. Overall the results of the dimer and trimer sug-
gest that (at least from LSDA+ U) antiferromagnetic interac-
tions between the Co atoms dominate. The true magnetic
ground state of the trimer is therefore expected to be a state
close to a Néel state, with noncollinear spins which are
aligned each with an angle close to 120° to the neighboring
spins, as was, e.g., for instance analyzed in Ref. 22. A further
analysis of this was, however, not pursued here.

For the Co tetramers we have considered the close pyra-
midal structure as the most probable structure. Different spin
configurations have been taken into account: FM together
with different AFM configurations. The magnetic ground
state corresponds to the (1,7,/,!,-,)and (T,],!,T,-,")
spin arrangements (which are degenerate in energy), with a
total magnetic moment equal to zero. The geometry and spin
configuration of the tetramer are indicated in Fig. 1(h). The
magnetic configurations (1,71,7,],-,)and (T,7,1,7,-,")
have a higher energy. The FM state, with a magnetic moment
of 3.0up/Co atom, is the least favored and it lies 16
(LSDA+U)/35 (LSDA) meV/Co atom higher in energy
compared to the ground state. Again, the AFM interactions
among the Co atoms are expected to result in a noncollinear
structure. For supported magnetic clusters with pyramidal
arrangement, several such configurations have been
identified.??

In regards to the structural relaxation, the Co-Co and
Co-O distances have in general larger values within the
LSDA+ U compared to LSDA. Also, a change from a FM to
an AFM alignment of the Co spins leads to a decrease in the
Co-Co distances for the in-plane atoms, while to an increase
for the out-of-plane atoms. The Co-O-Co angles are smaller
in value (with 2°) for the out-of-plane arrangement of the Co
atoms as compared to the in-plane one.

The choice of the exchange-correlation functional used
was proven to be crucial for the determination of the intra-
atomic magnetic interactions. In order to illustrate this effect
we have plotted in Fig. 2 the energy difference between dif-
ferent antiferromagnetic solutions and the corresponding fer-
romagnetic solution for different geometrical arrangements
of the Co atoms and cluster sizes. A positive (negative) value
of EAPM_EP™M means that the Co spins align ferromagneti-
cally (antiferromagnetically). The first thing to be observed
is that within the LSDA there is a competition between fer-
romagnetic and antiferromagnetic interactions, and the align-
ment of the spins is dependent on the arrangement of the Co
atoms. Within the LSDA+U method, on the contrary, the
preferred magnetic solution is always an antiferromagnetic
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FIG. 2. (Color online) Dependence of the exchange interactions
on the structure and cluster size. Filled symbols correspond to
LSDA+U results and open symbols to LSDA results.

one. Second, the strength of the magnetic interactions is re-
duced within the LSDA+U calculations when compared to
LSDA results. Our results are in good agreement with previ-
ous LSDA and LSDA+U studies of Co-doped ZnO.'® The
importance of a correct description of the electronic structure
for the determination of the magnetic properties has been
emphasized in other recent studies.’** In addition, these
studies suggest that the weak antiferromagnetic coupling ob-
served in the undoped Co:ZnO could be turned to a ferro-
magnetic coupling by electron doping, the stabilization of the
FM state being due to the partial occupation of the z,-like
minority bands. The connection between the electronic struc-
ture and the magnetic properties of transition-metal oxides
has been discussed in more general terms by Solovyev.?°
From the values of the total energies we can estimate the
strength of the pair interactions, J;;, between a Co atom on
sites i and j, using an Ising-model Hamiltonian. The values
are presented in Table I. Within LSDA, the in-plane interac-
tions are antiferromagnetic and increase with increasing clus-
ter size, while the out-of-plane interactions change from be-
ing FM for smaller cluster sizes to being AFM for larger
sizes of the clusters. Within the LSDA+ U, both the in-plane
and out-of-plane magnetic interactions are antiferromagnetic
and their strength is more or less independent of the Co
cluster size. From magnetic measurements, exchange param-
eters J;,=—21 K and J,,,=—9 K were reported,?’” which are
in good agreement with our LSDA+ U values, especially for
the J;,/J,, ratio. A good consensus exists also with the the-

TABLE I. Exchange interaction parameters of an Ising Hamil-
tonian describing the magnetic interactions among the Co atoms
within the cluster.

J
(K) Dimer Trimer Tetramer
LSDA I 45 -59 ~74
Jout 22 -1 -14
LSDA+U Jin -29 -29 -30
Jout -11 -11 -12
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FIG. 3. (Color online) Formation energy as a function of the size
of Co cluster for the corresponding ground-state magnetic
configurations.

oretical calculations of Chanier et al.,”® which reported the
values of J;,=-23 K and J,,=—8 K for an isolated pair,
with the LSDA+U approach.?® In addition, very recent in-
vestigations of colloidal nanocrystals with a high Co content
in a ZnO matrix indicate that the magnetic interactions
among the Co atoms are antiferromagnetic.?’

We have also calculated the formation energy of the clus-
ter as

E = E[Co,,Zny_,,On] = N * E[ZnO] - m * {u[Co] - u[Zn]},

where m and N are the number of Co and O atoms, respec-
tively, and u is the chemical potential. A positive formation
energy, according to this definition, means that it costs en-
ergy to incorporate Co in the ZnO matrix. The formation
energy (within LSDA) of the Co clusters of different sizes is
indicated in Fig. 3. As the cluster size increases, the forma-
tion energy decreases. Hence it costs less energy to substitute
Co atoms for Zn if the Co atoms are close to each other. This
shows that the Co atoms want to form clusters in the ZnO
matrix. Similarly, a decrease in the formation energy with
increasing cluster size has been observed for the Cr:GaN
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B. Electronic structure

In Fig. 4, we show the density of states (DOS) for the
monomer and the tetramer, within LSDA and LSDA + U. The
addition of U on the Co 3d states pushes the majority bands
into the valence band of the host. A pronounced effect on the
Co minority states is observed where the sharp peak of e
character at the Fermi level within LSDA is pushed close to
the top of the valence band within LSDA+U. The splitting
between the occupied and unoccupied minority Co states is
~4 eV within the LSDA+U, an increase compared to the
LSDA value. It is to be noticed that as the size of the cluster
increases, the width of the Co bands increases. Also, a new
peak appears below the Fermi level for the majority states (at
~=0.5 eV), and it is due to the hybridization of the Co
atoms mediated by the O atom within the cluster. The elec-
tronic structure in Fig. 4 shows that the LSDA calculation
results in a half-metallic state, which makes the ferromag-
netic double exchange mechanism the dominant contribution
to the interatomic exchange. The LSDA+U method results
in a band gap at the Fermi level, and hence the antiferromag-
netic superexchange mechanism dominates (a discussion of
these mechanisms can be found, e.g., in Ref. 21). The elec-
tronic structure of oxide materials is often described better
with the LSDA+U method, at least when compared to
LSDA, and maybe the best example is the electronic struc-
ture of transition-metal oxides.>! We believe that this is also
the case here, but note that a careful comparison between
calculated and measured valence-band spectra is the best
way to decide which effective potential is the best for these
systems. A recent experimental/theoretical study shone some
light of this,* and it was concluded that the LSDA+U ap-
proach reproduced the measured valence-band spectrum with
the best accuracy. This, together with our results here, sug-
gests that Co-doped ZnO is dominated by short-ranged anti-
ferromagnetic interactions for all Co cluster sizes.

For a visualization of the changes in the electronic struc-
ture due to clustering, we plot the magnetization density of a
singly doped Co atom in Fig. 5 and that of a four-atom Co
cluster in Fig. 6, both calculated within the LSDA+U
method. The electron density was evaluated in energy inter-
vals of 0.2 and 0.7 eV below the Fermi level, for the mono-
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FIG. 4. (Color online) Calculated DOS for the Co monomer in the LSDA (a) and LSDA+ U (b) and for the Co tetramer in the LSDA (c)
and LSDA+ U (d). The solid black (dark) line represents the total DOS, the blue shaded line stands for the Co 3d states, while the red (light)

line is for the mediating O 2p states.
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FIG. 5. (Color online) Magnetization density of a Co monomer
in a ZnO matrix, evaluated within the LSDA+U for an energy
interval of 0.2 eV below the Fermi level. Positive (negative) values
of the magnetization density are represented in red (blue).

mer and the tetramer, respectively, to inspect the peak in the
DOS due to clustering mentioned above. In accordance to
the density-of-states plots (Fig. 4), it represents states in the
energy interval where the occupied Co minority peak domi-
nates, which is situated just below the Fermi level, and it is
of approximately e character. This character is also reflected
in the symmetry of the charge density in Figs. 5 and 6. It is,
in this figure, also clear that some O p states are found in the
energy intervals of 0.2/0.4 eV below E for the monomer and
tetramer, respectively, which are consistent with Fig. 4. The
character of the Co states is not changed by the clustering.
We observe that the Co states induce a spin polarization on
the neighboring O atoms. As a result of the clustering, the 2p
states of the mediating O atom are strongly perturbed, which
changed the sign of the spin polarization of this atom (for
this energy interval) as the number of surrounding Co atoms
increases.

Since orbital magnetism can be quite important in Co
based oxides, we have decided to also study this property.
The orbital moment calculated for a Co monomer in a 16
atom cell (amounting to 12.5% Co on the Zn sublattice) is
0.14up. This value is much smaller than the Co orbital mo-
ment in CoO in the NaCl structure, experimentally measured
to be 1.36up.3
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FIG. 6. (Color online) Same as in Fig. 5 but for a Co tetramer
evaluated for an energy interval of 0.7 eV below the Fermi level.

IV. SUMMARY

In conclusion, from our ab initio density-functional calcu-
lations, we have obtained values of interatomic exchange
interaction parameters, electronic structure, and magnetic
moments, using both the LSDA and the LSDA + U methods.
Our results are overall consistent with experimental observa-
tions, especially concerning the exchange interaction, where
we find that the Co atoms have weak antiferromagnetic cou-
pling inside the clusters, in particular from the LSDA+U
calculations. Based on our results we argue that the LSDA
+U method is more appropriate for this system than the
LSDA approximation. Finally we note that the decrease in
the values of the calculated formation energies as a function
of cluster size indicates a strong tendency to have Co nano-
clusters in the ZnO matrix.
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