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Abstract. We have employed first-principles calculations to study the magnetic properties of the binary 
system Co-O. Two types of calculations were carried out: i. Co-O clusters of 13, 14 and 19 atoms and ii. 
Co/CoO bilayer. The Co/CoO bilayer forms a ferromagnetic-antiferromagnetic interface. The geometrical 
structures of the clusters and of the Co/CoO bilayer were optimized via ab initio collinear and non-collinear 
calculations. The spin-orbit interaction was included, too. We found that the addition of the O atom in the Co 
cluster leads to an increase of the μCo values of O’s adjacent Co atoms. At the bilayer, the Co atoms in the 
interface have enhanced magnetic moment compared to the corresponding values of the bulk Co in agreement 
with the experiment.    

1 Introduction  
Magnetic transition metal nanoclusters are receiving 
considerable attention due to the huge number of the 
current and potential application in many areas of 
technology e.g. from nanomedicine to magnetic storage 
devices and logic processing devices [1]. Many of their 
properties differ from the bulk materials due to their 
reduced size, for example they present unique geometric 
structures [2] and unusually high magnetic moments [3-
4]. Similarly, transition-metal oxides, such as CoO, have 
attracted the interest due to their unique structural, 
electrical, optical, and magnetic properties and to their 
numerous magnetic, magneto-optical and magneto-
electrical applications [5-6].  

Therefore, the study of magnetism in clusters of 
transition metal atoms [7], in bimetallic magnetic 
interfaces [8] and in bilayers that form a 
ferromagnetic/antiferro-magnetic interface [9-10] is of 
immense interest. While the bulk Co and CoO material 
and their magnetic properties have been thoroughly 
studied experimentally, see for instance [10-20], and 
theoretically, via density functional theory (DFT) and 
Monte Carlo simulations, see for instance [21-24], 
attention has not been given yet for small clusters of Co-
O. Moreover, while the Co/CoO system has been widely 
studied experimentally [9, 25-27], there is not any 
theoretical study. 

In the present study, we carried out ab initio 
calculations on two different systems. At the first part, we 
study the Cox and Cox-1O clusters, where x = 13, 14, and 
19. Our aim is to calculate the magnetic moments of the 
atoms and to study how the presence of the O atom 

affects the magnetic moment of the Co atoms in the Cox-1 
clusters. At the second part of the present work, 
preliminary calculations on the Co/CoO bilayer that 
forms a ferromagnetic/antiferro-magnetic interface are 
reported. Our aim is to study the magnetic moments of 
the Co atoms of the Co and CoO layers in the interface.  

2 Computational details  
DFT calculations were carried out on Cox and Cox-1O 
clusters, where x = 13, 14, and 19, and on Co/CoO 
bilayer. The Co layer has an fcc structure, while CoO a 
rock salt (RS) structure and the two surfaces are touching 
via the (001) orientation. All computations were 
performed using the Vienna ab initio simulation package 
(VASP4.6) [28, 29]. The 4s23d7 and 2s22p4 electrons of 
Co and O are treated as valence. The electronic one-
particle wave functions are expanded in a basis set of 
plane waves with kinetic energies up to 600 eV. The 
projector-augmented wave (PAW) method is employed to 
describe the wave functions in the core regions. The 
GGA exchange-correlation potential of the Perdew-Wang 
91 form, [30] as implemented in the VASP, were 
employed. Given the limitations of the GGA to describe 
systems with strongly correlated d electrons, a d-d intra-
atomic Coulomb energy U is introduced. Thus, all present 
calculations are GGA+U, based on the scheme of 
Dudarev et al. [31]. The Coulomb U and exchange J 
parameters are chosen to be U=5, J=1, as these values 
correctly reproduce experimental data of the Co and CoO 
bulk material, see below. All geometries of the clusters 
were fully optimized via collinear calculations. In some 
cases non-collinear calculations were carried out and the 
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spin-orbit coupling was included, too. In the case of the 
bilayer, its geometry was optimized via collinear 
calculations. All Hellman-Feynman forces for each atom 
are <0.005 eV/Å. Only the Γ point was sampled in the 
calculations of the clusters, while the Brillouin zone for 
the bilayer is sampled by a mesh of 9×9×1 Monkhorst-
Pack k-grid. For the calculations of the Co(fcc) and 
CoO(RS) bulk materials unit shells up to 16 atoms were 
used and both the 9×9×9 and 11×11×11 Monkhorst-Pack 
k-grid were applied. 

3 Results and Discussion  

3.1 Bulk Co and CoO 

The Coulomb U and exchange J parameters are chosen to 
be U=5, J=1, as these values correctly reproduce most of 
the experimental data of the Co and CoO bulk material, 
i.e., the magnetic moments of Co atoms ( Co), the lattice 
constants (a), and the band gap of CoO (RS). Our 
calculated data along with the experimental values are 
presented in Table 1. The CoO(RS) has been calculated 
as an antiferromagnetic material with a type-II AFM 
ordering, where the magnetic moments on Co2+ ions 
within the same (111) plane are parallel and antiparallel 
to each other between the adjacent (111) planes. The 
type-II AFM ordering has been has been confirmed both 
experimentally [12-13] and theoretically [21]. 

Table 1. Lattice constants (a in Å), magnetic moments of Co 
atoms ( Co in B), charge of Co and O (qco and qO in e-) and the 

band gap (in eV) of Co (fcc) and CoO (RS) bulk materials. 

 Co(fcc) CoO(RS) 

 GGA+U expt GGA+U expt 

a 3.56 3.548-
3.573a 4.27 4.2667c 

Co 1.78 1.751b 2.71 
3.35d, 
3.8,e 

3.98(6)f
 

qCo/qO 8.27  7.81/4.94  

Band gap   2.69 2.5±0.3g 

a The lattice constant depends on temperature, Ref. 14-15. b Ref. 
16. c Ref. 17. d Ref. 18. e Ref. 12.  f Ref 19. g Ref 20.  

We should note that for the bulk Co(fcc), both GGA 
and GGA+U methods, computed the same a and μCo 
values, in complete agreement with the experimental 
data. For the bulk CoO(RS), the GGA method predict 
correctly only the lattice constant, while the GGA+U 
method predict correctly both the lattice constant and the 
band gap, but there is a deviation of the μCo values from 
the experimental ones. The present computed μCo value 
for the bulk CoO are in complete agreement with 
previous calculated values 2.77 [23], 2.4-2.7 [24], 2.41-
2.67 [21]. However, all underestimate the experimental 
findings, where a value ranging from 3.35 to 3.98(6) μB is 
predicted. The underestimation of the theoretical results 

comes from the orbital contribution to the magnetic 
moment, which is argued to be comparable large [24]. 
Calculations on CoO6 octahedral complex predict an 
orbital moment of 1.39 μB and spin moment of 2.62 μB, 
the same value with calculated magnetic moments of the 
bulk, see Table 1 and references [21, 23, 24]. 
Nevertheless, here, we study how the Co magnetic 
moments are changed from Cox clusters to Cox-1O and in 
the interface of Co/CoO bilayers. Thus, even though we 
have some differences with the experimental values, we 
are interested for the relative changes. Finally, we have to 
add that the oxygen atoms in CoO carry no magnetic 
moment. 

3.2 Cox clusters, x = 13, 14 and 19   

We computed the three clusters shown in figure 1 
containing 13, 14 and 19 atoms, respectively. Their 
equilibrium structures are an icosahedron, a cube and a 
double icosahedron. The magnetic moments of the Co 
atoms are given in Table 2 and they are enhanced over 
the bulk values, see Table 1, in agreement with the 
experimental findings [32-34], where values of 2.08±0.20 
μB are measured for clusters of 20-200 atoms [32]. In the 
case of the cluster Co14, which has the structure of the 
bulk Co(fcc), our computations shows that the crystal 
directions in order of increasing difficulty of 
magnetization axis is [110], [100], [111], while in the 
bulk we found that it changes to [111], [110], [100] in 
complete agreement with the experimental findings [10]. 
The difference in the order of the easy magnetization axis 
is attributed to the finite size effects of the system that 
affect their magnetic properties.     

 

Fig. 1. Co13, Co14, and Co13 clusters.  

Table 2. Calculated GGA+U magnetic moments of the Co 
atoms in Cox and Cox-1O clusters. 

 Cox Cox-1O 

x = 13 1.8-2.2 1.9-2.3 

x = 14 1.9-2.0 1.7-2.1 

x = 19 1.9-2.0 1.9-2.4 

3.3 Cox-1O clusters, x = 13, 14 and 19     

Generally, the systematic search for the most stable 
structures of a given cluster is a very demanding task as it 
involves the scan of the potential energy surface. 
Specifically for a cluster having transition metals, it is 
even more difficult because of: a. the dominant role of 
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the d-electrons which are relatively strong localized, they 
have directional bonding and high density of states 
around the Fermi energy; b. the presence of many close-
lying electronic configurations with different spin, c. the 
need of an accurate treatment of the exchange-correlation 
effects within the DFT methodology [35]. The task 
becomes even more demanding when someone has to 
calculate magnetic structures.  

 

Fig. 2. Co12O clusters: Three magnetic structures viewed from 
two different angles. Energy differences from the lowest in 
energy magnetic structure in parentheses (Co: light balls (blue 
online) and O: dark grey (red online) 

In the present calculations of the Cox-1O clusters, 
initially we replaced a Co atom with an O atom. There 
are 3, 2 and 4 inequivalent sites at the three Co13, Co14, 
and Co13 clusters, respectively. Then, the clusters were 
optimized and stable magnetic structures were obtained.  

 

Fig. 3. Co13O clusters: a is nomagnetic structure; b and c are 
magnetic structures. The a and b magnetic structures viewed 
from two different angles. Energy differences from the lowest 
in energy magnetic structure in parentheses (Co: light balls 
(blue online) and O: dark grey (red online) 

The lowest calculated magnetic structures are 
depicted in figures 2-4 along with the energy differences 
from the lowest in energy magnetic structure. Three 
minima are given for the Co12O cluster, two for the 
Co13O cluster and 5 for the Co18O cluster. In the lowest 
stable magnetic structures, the O atom prefers to be in an 
outer position rather than in the center of the cluster. 
Thus, while for the Co12O cluster the substitution of the 
inner Co atom with an O atom does not lead to a stable 
magnetic structure, and geometry optimization results in 
being the O atom in an external position, for the Co18O 
cluster, results in a stable magnetic structure (figure 4, e 
structure), but it is located very high, at 3.3 eV above the 
lowest in energy structure. For the case of the Co12O a 

symmetric no magnetic structure (a) has been calculated, 
see figure 3, but when magnetic calculations were carried 
out, this structure was not stable and it was turned out to 
the stable magnetic structure b, where the symmetry is 
broken. Finally, for the case of the Co18O, many minima 
structures were obtained. Three of them (a-c) are 
practically energetically degenerate, see figure 4.  

 

Fig. 4. Co18O clusters: Energy differences from the lowest in 
energy magnetic structure in parentheses (Co: light balls (blue 
online) and O: dark grey (red online) 

The magnetic moments of the Co atoms are 
presented in Table 2. Similar results for all magnetic 
minima structures were obtained regarding the magnetic 
moments of the Co atoms. The replacement of a Co atom 
with an O atom results in a small increase of the average 
magnetic moment of the Co atoms of the cluster. The 
largest increase is observed for O’s adjacent Co atoms. 
Moreover, very small less than 0.1 μB magnetic moments 
are induced in the O atoms. We should note that we 
relaxed some of the calculated structures with 
noncollinear initial spin structures and collinear magnetic 
structures were obtained, showing that the preference of 
the noncollinearity plays no important role here. 
However, furthermore calculations will be conducted to 
confirm this result. 

3.4 Co/CoO bilayers   

 

Fig. 5. Co/CoO bilayer: The super-cell with its 12 atoms which 
are shown as balls. The atoms of the adjacent super-cells are 
dull. (Co: light balls (blue online) and O: dark grey (red online). 

Preliminary magnetic calculations on the interface of the 
Co/CoO bilayer were carried out. Our model consists of 6 
layers, 3 layers of Co and 3 layers of CoO, see figure 6. 
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In total, the super-lattice has 9 atoms of Co and 3 atoms 
of O. We found that the Co atoms at the interface have 
enhanced magnetic moments compared to the values of 
the Co atoms of the bulk Co(fcc). This enhancement is in 
agreement with an x-ray magnetic circular dichroism 
study of Co/CoO bilayer [9]. Small magnetic moments 
less than 0.1 μΒ are induced to the oxygen atoms at the 
interface. Calculations on Co/CoO bilayers with different 
thickness of the layers are under investigation. 

4 Conclusions 
First-principles GGA+U calculations were employed to 
study the magnetic properties of Cox and Cox-1O clusters, 
where x = 13, 14, and 19, and on Co/CoO bilayer. Our 
main conclusions are summarized below: 
Cox and Cox-1O clusters: The addition of the O atom in 
the Co cluster leads to an increase of the μCo values of 
O’s adjacent Co atoms.  
Co/CoO bilayers: Small magnetic moment is induced by 
the Co atoms to the O atoms in the interface, while the 
Co atoms in the interface have enhanced magnetic 
moment compared to the corresponding values of the 
bulk Co (in agreement with the experiment), but smaller 
than those of the bulk CoO. 
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