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In the present work theoretical investigations of Co20,, (m = 1,...,7) by applying density functional approach are
performed. Calculations reveal that the stability of these compounds increases when the number of O atoms increases. The
increase of the number of the oxygen atoms leads to the elongation of the Co—Co bond length. We obtain that the most stable
nanoparticle (NP) is Co20s. Investigation of magnetization indicates that the NP with high symmetry is demonstrating the
paramagnetic features. Calculation results show that only Co203 and Co204 display paramagnetic properties while other
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investigated NPs (Co20, Co202, and Co20¢) exhibit diamagnetic properties.
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1. Introduction

Properties of nanoparticles (NPs) depend on their
size. Magnetic cobalt NPs become very important for
their applications in magnetic storage technology. The
fast read-write processes in recording nanophotonic de-
vices favour smaller size magnetic NPs, where reduc-
tion of magnetic coercivity is expected. However, the
stability of NPs is an important factor. Usually a metal-
lic NP easily oxidizes in air and cobalt NPs could loose
their magnetic properties. At present NPs and their
magnetic properties are the focus of many studies. It
is established that for magnetic NPs the surface spins
compete with the core spins, resulting in the unusual
magnetic properties with a multiple assortment of tech-
nological applications which include the biomedical
and hard-drive densifying technologies. In this content,
the Co NPs are studied very intensively. The applica-
tion of these particles is ranging from ultrahigh den-
sity recording media to medicine and, in addition, they
are a traditional precursor of anode materials in Li-ion
rechargeable batteries and an effective catalyst in the
reduction of SO2 by Co and NO by methane [1].

Extensive studies on ferromagnetic bulk materials
and thin films have highlighted the magnetic anisotropy
energy dependence on crystal symmetry and atomic
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composition [2]. Even the structural parameters such
as the shape of the particles or the interatomic distances
are affected by these processes. It has been found that
the magnetic anisotropy energy is dependent on single-
atom coordination changes. These results confirm the
theoretical predictions and are of fundamental value in
understanding how the magnetic anisotropy develops in
finite-sized magnetic particles [3]. Besides this size ef-
fect, the NP behaviour is influenced by the proximity of
neighbouring particles, i.e. dipolar interparticle inter-
actions lead to the appearance of collective behaviour
[4]. On the other hand, the structure effects a high
chemical stability of NPs even if they are in contact
with the ambient, in particular with oxygen.

Pure CoO NPs in the 4.5-18 nm range have been
prepared by the decomposition of Co(II) cupferronate
[5]. These particles exhibit a superparamagnetic be-
haviour at room temperature, and a large orbital con-
tribution to the magnetic moment at low temperatures
has been observed. The core-shell NPs (Co—CoO) are
examined and it is established that the magnetic prop-
erties of these particles strongly depend on the plane
coverage. The reported results demonstrate the essen-
tial role played by shells in stabilizing the magnetism
of Co—CoO NPs. Some reports on the preparation and
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properties of pure CoO in bulk describe the difficulties
to obtain the materials in pure form by simple methods
[6]. The particles are often being contaminated with
Co30,4 or Co metal. The greater stability of Co30,4 than
CoO is also established. However, the reports concern-
ing the other Co,,O,,, particle properties are not known
and there is no clear indication on structure and stabil-
ity of these Co NPs. Thus, the aim of our investigations
is to shed some light on the stability and magnetic prop-
erties of the Co,, O,, particles.

2. Description of method

The structural origin of clusters has been studied
by using the generalized gradient approximation for
the exchange—correlation potential in the density func-
tional theory (DFT) as described by Becke’s three-
parameter hybrid functional, using the non-local cor-
relation provided by Lee, Yang, and Parr. The DFT
method is commonly referred to as B3LYP [7], — a
representative standard DFT method. The 6-31G ba-
sis set has been used as well [8]. The basis set was
chosen keeping in mind relatively minimum compu-
tational costs. The structures of the investigated NPs
have been optimized globally without any symmetry
constraint and by starting from various initial geom-
etry constructed according to certain symmetry in or-
der to determine the lowest energy structures of each
cluster. We have examined almost all candidate con-
figurations with different symmetry for cluster Co20,,,
(m=1,...,7). The GAMESS and Gaussian program
suites were used for all simulations here [9, 10].

Isotropic magnetizabilities of the most stable clus-
ters were calculated by adopting the quantum mechan-
ical response theory and London atomic orbital to en-
sure gauge-origin independent results and fast basis set
convergence by using Dalton program [11]. The ap-
proach used allows us to calculate accurate magnetiz-
abilities even for quite large molecules at a moderate
cost of computer time. In this case the B3ALYP method
with Altrichs-pVDZ basis set was used [12]. This ba-
sis set has been obtained by optimizing the exponents
and contraction coefficients in ground state Restricted
Open Hartree—Fock (ROHF) calculations and there are
in total 241 contracted functions. It is shown that the
isotropic magnetizability and its anisotropy are remark-
ably constant with respect to the basis set and close to
experiment, too [13]. So, the obtained performances
allow us to foresee how magnetic properties of the par-
ticles depend on their structures.

3. Investigation results

Stability of small Co NPs is not very high [14].
On the basis of our previous investigation it is spec-
ulated that these NPs are non-rigid structures. It im-
plies that the geometrical structure of these particles
could change very quickly due to the tunnelling effect.
Hence, we are trying to answer the question what and
how can change the stability, structure, and, as a con-
sequence, the properties of small Co NPs. So, Co30,,
(m = 1,...,6) derivatives were investigated to find
the most stable ones and to establish the number of O
atoms that Co atoms may accept. On the other hand,
the investigations allow us to foresee the condition for
the breaking of metal Co—Co bond.

The most stable structures of the CosO,,, derivatives
are presented in Fig. 1.

Firstly, it is necessary to mention that two Co atoms
could accept only six oxygen atoms. This structure is
the most stable. The following increase of the oxygen
number leads to O—O bond formation, i.e. new Co-O
bonds are not created. Generally, the increase of the
above number up to 6 leads to higher stability of the
above derivatives (Fig. 2).

It is emphasized that a small binding energy de-
crease (the number of oxygen number is 4) is related
with the Co atom oxidation state. In the compound
Co50,,, (m = 1,2,3), the oxidation state of Co is +3,
while from m = 4 this state is +5. The appearance of
0O-0 bonds lowers the stability of Co NPs.

The HOMO-LUMO gap investigations indicated
that the stability increased with increasing the num-
ber of O when the Co oxidation state was 3 (Fig. 3).
Alternatively, the HOMO-LUMO gap decreases with
the growth of the O number in the case of Cot® (when
the number of O changes from 4 to 5 and from 6 to
7). The observations could be related with the Co—Co
bond dissolving in the Co205 and Co20Og compounds
as well as with the O-O bond presence in the Co207
compound. In summary, the results of the investigation
confirm that an O atom should stabilize Co NPs. How-
ever, our study indicates that Co2O3 is more stable than
Co0905 (or CoO) and Co20g (or CoO3) should also be
more stable than CoO derivatives.

The attention was paid to the magnetic properties of
these derivatives. Magnetizability (commonly known
as susceptibility) was investigated. Let us remember
that the increase of the number of oxygen atoms in the
compound and the changeability of the oxidation state
lead to increase of the Co—Co bond length and weak-
ening of Co—Co bonds that is important for the mag-
netic properties of these compounds, because magnetic
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Fig. 1. Views of C020,, (m =1,...,7).
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Fig. 2. Dependence of binding energy per atom on the oxygen atom number.
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Fig. 3. Schematic orbital diagrams for Co20,, (m = 1,...,7) compounds. Black colour represents occupied orbitals while virtual orbitals

are marked in grey.
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Table 1. Parameters of the Co20,, (m = 1,...,7) particles obtained by B3LYP/6-31G method.

Compound Co-Co bc/)&nd length, Bond order  Symmetry Magne;tllzlablhty, Isotrop;cg tensor, Co oxidation state
Co20 2.11 1.53 Cay —3.26 —0.36 I
Co0202 2.11 0.84 Cin —6.07 —0.24 111
Co203 2.24 0.24 D3y, 8.99 —0.58 I
Co204 2.29 0.68 Doy, 49.05 —1.17 A%
Co20s5 2.99 0.06 Coy —1.82 —0.22 v
Co206 2.65 0.20 Doy, —10.63 —0.16 \%
Co207 3.00 0.20 Cy —5.14 —0.18 \%

Magnetizability, a.u

Fig. 4. Magnetizability dependence on Co—Co bond length and
oxygen number.

properties depend on the bond length and nature (Ta-
ble 1, Fig. 4). Thus, to explain the magnetic properties
of the investigated molecules, attention should be paid
to the Co—Co bond length, total electron density, and
isotropic g tensor that represents the spin angular mo-
mentum.

It is possible to see that only Co203 and Co20y4 are
paramagnetic while the other investigated derivatives
(C020, Co202, Co305, Coz04, and Cos07) possess
diamagnetic properties. Moreover, the magnetizability
of Co20y is higher than that of pure Co with magnetiz-
ability equal to 14.73 a. u. It is notable that the param-
agnetic molecule symmetry is higher than in other in-
vestigated compounds, but there are not enough cases
to make more general conclusions (Table 1).

Firstly, it is necessary to mention that the Co—Co
bonds are absent in the Co905, Co203, and Coy07
molecules, indicating that the distance between Co
atoms is larger than single bond length, 2.46 A[15,16].
Views of the total electron density confirm the results
(Fig. 5(a—g)). It is possible to see that in the case of
paramagnetic Co20Oy4 the total electron density on Co-
Co bond is smaller than that in the other investigated
compound where the bond is present. We predict that
in this case the unpaired electron density is present on

() (2)

Fig. 5. Total electron density of the Co20,, (m = 1,...,7) parti-
cle.

the Co—Co bond despite that the system posseses an
even number of electrons, i.e. spins are not correlated
(compensated), so the paramagnetic properties are ob-
served. The value of the g tensor proves the prediction
of unpaired electron spin presence. The absolute value
of isotropic g tensor of Co20y is 1.17 — more than half
of the free electron g value 2.00. Similar states are ob-
tained in biradicals where the number of atomic orbitals
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that may be occupied is larger than the number of elec-
trons [17]. That leads to appearance of electrons on
antibonding orbitals.

Let us remember that the increasing number of O
atoms decreases the difference between the number of
electrons and the number of atomic orbitals that they
may occupy, so the uncorrelated spins disappear. In
our investigated cases, the CosO5 and CooO are worse
diamagnetics than Co2Og and Coo05 respectively.

A most interesting situation arises in the case of
Co207 and Co203 derivatives. The obtained proper-
ties do not correlate with general observations that the
increasing number of oxygen atoms leads to uncor-
related spin disappearance and as a consequence the
compounds become more diamagnetic. In the above
case Co207 is a worse diamagnetic than Co30g, while
Co203 is paramagnetic. The assumption that in some
cases the presence of O—O bond influenced the mag-

HOMO-1
C02°3

Co,0,

netic properties of CooO3 was made. So far we confirm
the assumption.

To shed some light on the obtained characteristics
we intend to present here the most important orbitals of
the paramagnetic compounds (Fig. 6). It is possible to
see that adding an oxygen atom to Co2O3 compounds
one makes the unoccupied orbitals the highest occupied
molecular orbitals (HOMO-1) of Co204. Addition-
ally, one bonding occupied orbital of Co20j3 is unoccu-
pied in Co204. Moreover, the additional oxygen atom
leads to the partial reversion to the Co2O3 orbitals,
i.e. HOMO of Coy0,4 again becomes LUMO (low-
est unoccupied MO) of Co205 (Fig. 6). The energy
of the unoccupied orbitals changes dramatically when
the oxygen atom number increases from 3 to 4. Such
change leads to the displacement of the two electrons
on dz orbitals of Co atoms in the Co20O4 compound.
The above electrons create Co—Co bonds. However,
the energy of this orbital is similar to that of the other
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Fig. 6. Correlation diagram of molecular orbitals and their energy dependence on the oxygen atom number. Broad lines in picture represent
the structure of the nanoparticles, narrow lines indicate changes of position of molecular function when O atom number is increasing. Darker
structures represent positive parts of atomic functions while grey ones mark the negative parts.



142 J. Tamuliené et al. / Lithuanian J. Phys. 49, 137143 (2009)

high-lying antibonding occupied orbital, which are un-
occupied in the Co203 compound. Thus, the repulsion
between the electrons is larger than in the other inves-
tigated compound, therefore they tend to be as far as
possible from each other and become non-strongly cor-
related. The phenomenon observed is the elongation of
Co—Co bonds and, as a consequence, the unpaired spin
presence. The additional oxygen atom presence leads
to smaller electron repulsion and stronger electron cor-
relation because one antibonding orbital becomes un-
occupied and its energy decreases (Fig. 6).

Hence, one of the reasons why CosQO3 is paramag-
netic is the lower electron density on the Co—Co bond
than in Co204 (Fig. 5(d)). However, the presence of
Co—Co bonds does not explain fully why the absolute
values of isotropic g tensor of the above compound is
equal to 0.58, being much more smaller than that of
Co20, and slightly larger than that of the other inves-
tigated molecules (Table 1). In addition, it has been
pointed out that an orbital shift is obtained when Coy02
compound accepts an additional oxygen atom (that is
the reason why the results are not presented). On the
other hand, most probably the charge density between
Co—Co bonds appears due to overlap of p orbital of
oxygen atoms (Fig. 6). It implies that the paramagnetic
properties of the CopO3 are related with electrons oc-
cupying the p orbitals of different oxygen atoms. That
leads to the formation of a biradical due to charge lo-
cation on certain atoms and, as a consequence, to the
appearance of repulsion electrons due to steric hin-
drance. Meanwhile, only Co20O7 derivative possesses
0O-0 bonds and their diamagnetic properties are worse
than those of Coy0O7. Obviously, the prediction that
the presence of O—O bond may decrease diamagnetic
properties is confirmed.

In summary, it is possible to foresee that the Co
compound will be paramagnetic due to several reasons:
(i) the unpaired electron location on the Co—Co bonds,
(i) the small total electron charge density between Co
atoms which appears due to overlap of p orbitals of the
oxygen atoms.

4. Conclusion

In the effort to shed light on the stability and mag-
netic properties of the Co20,, derivatives the quantum
mechanical investigations were performed. We ob-
tained that the most stable NP is Co2QOg, while only
the stability of Co304 and CoO has been reported
earlier. Investigation of magnetization indicates that
the compound with high symmetry is demonstrating

paramagnetic features. Calculation results show that
only Co203 and Co20y4 display paramagnetic proper-
ties while other investigated derivatives (Co20, Co202,
and Co20g) reveal diamagnetic properties. Investiga-
tion of the most important orbitals and total electron
density distribution allows us to foresee that the Co
compound will be paramagnetic.
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Santrauka

Pateikti Co20,, (m = 1,...,7) daleliy kvantinés chemijos ty-
rimai atlikti tankio funkcionalo metodu (B3LYP) 6-31G bazés arti-
nyje. Nustatyta, kad Co20¢ dalelés yra stabiliausios tarp visy tirty
dariniy, todél tikétina, kad jos turi biiti aptinkamos greta CozQOy ir
CoO daleliy, kuriy savybés yra placiai aprasytos. Ivertinus dale-
liy magnetinamuma ir izotropinio g tenzoriaus verte nustatyta, kad
tik Co203 ir Co204 yra paramagnetikai, o visos kitos tirtos dale-
lés — diamagnetikai. Pastebéta, kad paramagnetiniy daleliy taskiniy

grupiy simetrija yra aukstesné nei diamagnetiniy, taciau Siuo metu
turimy tyrimy rezultaty nepakanka, kad Sis pastebéjimas biity pa-
teiktas kaip iSvada. Remiantis rezultatais, kurie gauti iSanalizavus
paramagnetiniy junginiy auk$c¢iausiy uzimty (HOMO) ir Zemiausiy
neuzimty (LUMO) orbitaliy ir elektrony tanki, nustatyta, kad tirti
dariniai gali buti paramagnetikai del keliy prieZas¢iy: 1) dél nesu-
poruoty sukiniy elektrony iSsidéstymo ant Co—Co jungties, 2) dél
nedidelio elektrony tankio tarp Co atomy, atsirandancio persiklo-
jant deguonies atomy p orbitaléms.



