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ELECTRONIC AND MAGNETIC
PROPERTIES OF SPINEL Co30,4 (111)
SURFACE IN GGA + U APPROXIMATION

The atomic structure and electronic properties of the spinel Coz Oy (111) surface are calculated
within the methods of density functional theory. Possible types of the surface are analyzed, and
their formation energies are calculated. Electron states formed at the surface by broken bonds
are studied in detail, and their partial density of states is calculated. It is shown that, unlike
the bulk of spinel, its surface has nontrivial magnetic properties, because Co atoms acquire an

additional magnetic moment under near-surface conditions.
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1. Introduction

Tricobalt tetraoxide Co304 known as cobalt spinel is
a semiconductor of the p-type with the energy gap
width E, varying from 1.1 to 1.65 eV according to
various literature data [1]. It is widely used in a lot of
catalytic reactions. In particular, when being doped
with lithium atoms, this substance acquires the abil-
ity to reversely intercalate lithium ions, which al-
lows it to be used as a cathode in lithium-based cur-
rent sources [2]. The application of nanostructured
cobalt spinel in this case makes it possible to lower
the charge-discharge overvoltage for Li — O batteries
[3]. An important factor at that is the surface orien-
tation of nanocrystals: the largest effect is observed
in the case of (111) surface, and the smallest one for
the (100) surface. Interesting and promising are also
the applications of cobalt spinel as low-temperature
CO sensors [4,5], a catalyst of NoO decomposition [6]
and NHj oxidation [7], as well as in other domains
[8-11].

At the crystallization, CozOy4 creates a cubic struc-
ture of normal spinel AB2Oy, in which cobalt ions
with two different oxidation degrees, Co?t and Co3*,
are located at the sites with the crystal environ-
ment characterized by the tetrahedral (A) or oc-
tahedral (B) symmetry, respectively [1], so that
the chemical formula can be written in the form
Co?*Co31T03™. The geometrical structures of sites A
and B, as well as the splitting of cobalt ion d-orbitals
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at them, are schematically shown in Fig. 1. Hence, in
the presence of a tetrahedral crystalline field, the five-
fold degenerate d-orbital of Co?* ion becomes split
into two levels: the doubly degenerate e4 level and
the triply degenerate ¢y, one. According to the Hund
rule, three electrons fill ¢, orbitals, and four elec-
trons occupy the e, orbital, which is lower by en-
ergy. Similarly, the crystalline field in a vicinity of
the Co®* ion has octahedral symmetry. Therefore,
the splitting of d-orbitals results in six paired elec-
trons located on the ground level ta,4, leaving the
level e, empty. The Hund rule is not obeyed in this
case, because the splitting magnitude is substantial
and amounts to 2.4 eV [12]. As a result, the Co?*
ions have a permanent magnetic moment, whereas the
Co®*t ones have no such magnetic properties. Taking
only sublattice A into consideration, the system be-
comes magnetically ordered at a low enough tempera-
ture. In this case, each Co?* ion in sublattice A is sur-
rounded by four neighbors with oppositely directed
spins, thus forming an antiferromagnetic state [13].
For typical well-studied spinels such as Fe3Oy4 [14],
the magnetic properties are associated with the ex-
change A-B interaction between the ions at the tetra-
hedral and octahedral sites, whereas the A—A interac-
tion is negligibly small. However, it is the A—A inter-
action that dominates in spinel Co3QO4. This interac-
tion turns out extremely strong owing to the indirect
exchange through an intermediate Co®* ion at octa-
hedral site B, with the corresponding magnetic mo-
ment of Co?*t ions amounting to 3.02up. These anti-
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Fig. 1. Splitting of d-states of cobalt ions in the tetrahedral
and octahedral crystalline fields

ferromagnetic properties survive only below the Néel
temperature Ty ~ 40 K. At higher temperatures, the
substance becomes paramagnetic [13].

Theoretical researches of the spinel surface were
carried out in works [15-17]. In those works, the den-
sity functional method was used to calculate the elec-
tronic characteristics and the conditions of thermo-
dynamic stability for the surfaces (100), (110), and
(111). One of the important aspects of theoretical cal-
culations is the study of the magnetic parameters of
spinel, because, as follows from the group theory, this
substance cannot be antiferromagnetic. This conclu-
sion is associated with the fact that the group of spa-
tial symmetry Fd3m, which describes the structure
of normal cubic spinel (in particular, Co3O,), does
not contain corresponding magnetic groups (Shub-
nikov groups) [18]. At the same time, in experimen-
tal and other theoretical researches, this substance
reveals antiferromagnetic properties at low temper-
atures, so that there arise difficulties in putting the
results of theoretical group analysis into agreement
with other results.

One of the possible explanations of this discrepancy
is the lowering of the spinel lattice symmetry from
cubic to tetragonal (or trigonal) at low temperatures
due to the spontaneous magnetostriction [19]. As a
result, the crystal structure is described by a cer-
tain group of spatial symmetry that already contains
magnetic groups corresponding to antiferromagnetic
states. However, as far as we know, at present, this
issue has not been completely resolved.
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As was already mentioned above, cobalt spinel has
catalytic properties that manifest themselves owing
to the features of the spinel surface. Moreover, in
some applications, the surface orientation is a cru-
cial factor, because only at some orientations — this
is mainly the surface (111) — a catalytic reaction is
possible, as was shown in work [3]. The other im-
portant factors are the geometrical structure and the
ionic composition of the surface. In addition, taking
into account that this substance is a p-type semicon-
ductor, it becomes also promising for electronics, be-
cause it simultaneously posesses both the electronic
and magnetic properties. Therefore, the aim of this
work was to study the atomic, electron, and mag-
netic structures of the surface (111) of cobalt spinel
00304.

The structure of the work is as follows. In Section 2,
a model of the surface and the calculation procedure
used throughout the work are described. In Section 3,
the calculation results obtained for the free energy
of the surface of various types are presented. In Sec-
tion 4, the results of calculations obtained for the
geometrical, electron, and magnetic structures of the
spinel surface (111) are quoted. Conclusions are made
in Section 5.

2. Model and Calculation Procedure

The crystalline structure of cobalt spinel in the direc-
tion [111] can be described as a sequence of cobalt
atomic layers separated by monolayers of oxygen
atoms. Every cobalt layer can contain only Co®*
ions or both Co?T and Co3" ions. Respectively, the
surface (111) can be formed in various ways, de-
pending on which layer is chosen to be at the sur-
face. Therefore, in this work, we examined all the
cases: the B-terminated surface formed by Co®*
ions and the A-terminated surface formed by Co?*
and Co3t ions. Furthermore, the surface can be both
clean (terminated by cobalt ions; these are sur-
faces A and B) and oxidized (terminated by oxy-
gen ions; these are surfaces AO and BO). As was
discussed above, Co?* ions have a magnetic mo-
ment. Therefore, one should expect that, near the
surface, the situation should not change. However, if
the surface is formed by Co3* ions, which have no
magnetic moment in the spinel bulk, variations in
the crystalline field symmetry can result in the ap-
pearance of new properties. Generally speaking, ions
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at the surface can have a charge state different from
the corresponding values in the bulk, so it would be
reasonable to introduce special notations for them for
all surface types. However, we formally use the nota-
tions Co?T and Co®* for all cobalt ions, including
the surface ones, in order to not overload the text
with a redundant number of notations.

The calculations were carried out within the den-
sity functional theory (DFT) and generalized gra-
dient approximation (GGA) with account of spin
(SGGA), as implemented in the Quantum-Espresso
software package [20]. Ultrasoft Perdew—Burke—Ern-
zerhof pseudopotentials [21], which involve six valence
electrons for oxygen and nine valence electrons (in-
cluding the 3d-shell) for cobalt, were used. Moreover,
we added an on-site Coulomb correction in the
Hubbard model [22] for 3d states of cobalt, U =
3.5 eV. The integration over the Brillouin zone was
carried out with the use of a I'-centred 4 x 4 x 1 mesh
of special points in the k-space, which were gener-
ated following the Monkhorst—Pack scheme [23] and
the Methfessel-Paxton scheme [24] with a smearing
parameter of 0.005 Ry.

The preliminary calculations showed that the
growth of the k- point mesh dimension to 6 x 6 x 1
gives rise to a change of the surface free energy
within the limits of ~2 meV/A2. However, the du-
ration of calculations increases substantially at that.
Therefore, the choice of the 4 x 4 x 1 mesh was
a compromise. All calculated quantities confidently
coincided at the kinetic energy maximum equal to
35 Ry. However, we increased the corresponding value
to 40 Ry in order to avoid possible difficulties asso-
ciated with the application of ultrasoft pseudopoten-
tials in GGA + U calculations and to accelerate the
convergence of iteration procedures.

In order to calculate the surface energy and other
properties of such systems, we considered the unit
cells in the initial structure obtained by “cutting” out
a definite part from bulk spinel, which would sat-
isfy periodic conditions in two directions. In turn,
the atomic structure of bulk spinel was calculated
by applying the symmetry operations of space group
Fd3m to the basis atoms with the coordinates Co?*
(0,0,0), Co®**+ (5/8,5/8,5/8), and O?~ (3/8,3/8,3/8)
reckoned in units of the experimental lattice constant
value @ = 8.084 A. The obtained unit cells were su-
percells of the hexagonal structure with the lattice
constant apex = 5.716 A and containing five cobalt
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layers separated by oxygen layers, with the surface
layers having the identical structure (termination),
as is schematically illustrated in Fig. 2 (layers I and
5). Such symmetric structures are nonstoichiomet-
ric. However, their electrostatic dipole moment equals
zero (or is close to zero). The presence of the latter
can considerably affect the electronic properties of
the surface. Furthermore, the calculation procedure
assumed the presence of translational symmetry in
three dimensions. Therefore, we added a vacuum gap
12 A in thickness to the unit cell in order to exclude
the Coulomb interaction between the layers. In turn,
this operation lowered the symmetry to Cs,.

In order to verify the model, we calculated a similar
structure containing nine cobalt layers. No essentially
new properties in comparison with the 5-layer struc-
ture were revealed.

The obtained unit cells were optimized over all in-
ternal coordinates, by using the Broyden—Fletcher—
Goldfarb-Shanno (BFGS) method, which is realized
in the software package Quantum-Espresso. The op-
timization was carried out until the forces acting on
the atoms reached values less than 10~% a.u. The ge-
ometrical optimization was performed without taking
the spin into account, whereas the calculation of elec-
tronic parameters included the spin variable.

3. Geometrical Structure
and the Free Energy of the Surface

In general, during the geometrical optimization, all
examined surface types kept Cj5, symmetry. In all
cases, ions in the inner layer (layer & in Fig. 2) prac-
tically did not change their positions. However, in
other layers, the lengths of Co—O bonds are changed,
mainly due to the displacements of cobalt ions in the
external layer. At the oxidized surfaces, the largest
variation of bond lengths with respect to the lengths
of corresponding bonds in bulk spinel was observed in
the near-surface layers of the tetrahedral surface and
amounted to about 0.2%. At the same time, changes
in layers 2 and 3 were even smaller, and the oxidized
octahedral surface did not undergo appreciable mod-
ifications during the optimization.

For clean surfaces, the bond lengths are changed
more strongly. In particular, the bond lengths in the
external layer increases by about 0.8% at the octa-
hedral surface and, on the contrary, diminished by
about 5.9% at the tetrahedral one. Moreover, in the
structure of a clean surface with octahedral termi-
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Fig. 2. Atomic structure of a model supercell at the cobalt spinel surface Co304 (111): side view (a); top
view in the direction [111] (b). Large circles correspond to cobalt atoms, the letter ¢ marks Co?* ions, small
circles correspond to oxygen atoms

nation, one of the oxygen ions that sepatates cobalt
layers 1 and 2 breaks its chemical bond with the
Co?* ion in layer 2, shifted by 1.3 A toward the sur-
face, and thus became built-in into the cobalt surface
layer. Accordingly, the surface Co3* ions change their
positions in the plane (111), so that the distance be-
tween them decreases by about 12% (from 2.91 to
2.55 A) Since the unit cells were chosen to be sym-
metric, the same took place with the ions in layers 4
and 5, as is shown in Fig. 2.

Under the thermodynamic equilibrium conditions,
the most stable structure of the surface is a structure
that is characterized by the minimum of free energy

5]

A= ﬁ[ Co304 — Ncoptco — Nopol,

where N¢, and No are the numbers of cobalt and
oxygen, respectively, atoms in the system; uc, and
po are their chemical potentials; and S is the sur-
face area. Here, the total energy of the system Eco,0,
calculated in the DFT approximation is used as the
Gibbs free energy. Under the equilibrium conditions,
the chemical potential of a structural unit of spinel
equals fico,0, = 3itco + 4ito, which imposes condi-
tions on the determination of the chemical poten-
tials for cobalt and oxygen. In turn, pco and po
can be determined, if we assume that the struc-
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ture is in a gas medium (i.e. it is condensed from
a gaseous state), which can be oxygen-rich or oxy-
gen-lean. The oxygen-rich environment means that,
at a low enough temperature, the oxygen conden-
sation will take place. Therefore, the chemical po-
tential po is determined as half the total energy
of an oxygen molecule: uo = Fo,/2. In this case,
the chemical potential of cobalt can be determined
as pco = [Ecos0, — 2E0,]/3. Under the oxygen-
lean conditions, the cobalt condensation will take
place. Therefore, pc, can be determined as the to-
tal energy of a cobalt atom in the bulk: pco = Egglk,
and the corresponding chemical potential of oxygen
equals (10 = [Ecos0, — 3Eco)/4.

Hence, what remains to calculate is the total en-
ergies of an oxygen molecule and unit cells of bulk
cobalt and spinel. To calculate the total energy of a
single oxygen molecule, we put it into a cubic lat-
tice with a constant of 25 A in order to avoid the
Coulomb interaction between neighbor molecules as a
result of the translational symmetry. The long-range
part of this interaction was taken into account, by
using the Martyna—Tuckerman method [26]. On the
other hand, in the calculations of bulk cobalt, we
took a hexagonal unit cell with the lattice constants
a =251 A and ¢ = 4.1 A which contained two
atoms. For bulk spinel, a primitive face-centered cell
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containing two Co?*, four Co®*, and eight O%~ ions
was used. The integration over the Brillouin zone was
carried out using a single I' point in the k-space for
oxygen, and a 12 x 12 x 12-mesh of k-points for cobalt
and spinel. The values of other calculation parame-
ters were left the same as in Section 2.

Taking all the aforesaid into account, we carried out
the geometrical optimization of the systems over all
internal variables. As a result, we obtained the total
energy of the system and the corresponding chemical
potentials. The calculated surface free energies for all
types of surface termination are quoted in Table 1. As
one can see, both in the oxygen-rich and oxygen-lean
media, the smallest value of the surface free energy
was obtained for the oxygen-terminated A surface,
although, in general, the process of surface formation
is endothermal for all surface types.

It should be noted that the calculations, in which
PBE pseudopotentials [20] are used, give an overes-
timated value for the binding energy of an oxygen
molecule, whereas the account of the Hubbard cor-
rection for cobalt allows the total energy and, ac-
cordingly, the chemical potential to be calculated
more precisely. This fact explains a considerable dif-
ference between the magnitude of surface energy for
O-terminated surfaces in various media and the cor-
responding magnitude for clean surfaces.

In experimental works, Meyer et al. [27] stud-
ied Coz304 (111) films obtained by depositing cobalt
onto the substrate Ir(100) with a simultaneous supply
of O2, which actually corresponds to the condensa-
tion from an oxygen-rich environment. The measure-
ments were carried out under the conditions of ultra-
high vacuum. The STM images clearly demonstrate a
hexagonal structure corresponding to the plane (111),
whereas LEED spectra testify to the film termination
by a layer of Co?* ions, with the thickness of this layer
being almost half as large as in the bulk owing to a
substantial shortening of Co—O bonds. Therefore, un-
der ultrahigh vacuum conditions, the formation of the
surface layer of the film CozO4 (111) terminated by
Co?* ions is energetically preferable.

Furthermore, in work [27] and in other experimen-
tal works [28,29], it was shown that the surface Co**
ions are the most active in the oxidation processes
of CO molecules on the Co304 (111) surface. At the
early exposure stage, CO molecules first bind to Co?*
ions and afterward weakly bind between the sites of
A sublattice. Those results, as a whole, confirm our
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conclusion that the most stable type of the Co3O4
(111) surface is the surface with tetrahedral termi-
nation, irrespectively of whether it is clean or oxi-
dized. Nevertheless, we should repeat that those cal-
culations are based on the application of PBE pseu-
dopotentials, which are not so good for an oxygen
molecule as for spinel and cobalt.

4. Electronic and Magnetic
Properties of the Surface

In a bulk material, every atom is surrounded by a
correct crystal environment providing the saturation
of chemical bonds. At the surface, the coordination
environment is violated, which results in the appear-
ance of dangling bonds. The latter, in turn, can cre-
ate local energy levels in the energy gap, the so-called
surface states.

In this section, we will consider the energy struc-
ture and the nature of such surface states. For this
purpose, we calculated the partial density of states
(PDOS) cosidering the contribution of only surface
atoms: cobalt or cobalt and oxygen, depending on the
surface type. For comparison, we also calculated the
PDOS in bulk spinel. In this case, we accounted for
the electron states of cobalt ions that lie in the plane
(111) and form layers with the given ionic composi-
tion: only Co3* ions (similarly to the B-terminated
surface) or cobalt ions of both types, Co?T and Co®*
(similarly to the A-terminated surface). The results
obtained are depicted in Fig. 3.

It should be noted that all PDOSs were calculated
making allowance for the spin. However, the figure
demonstrates the sum of the densities of states of
electrons with different spins. In addition, to avoid
a redundant specification, the Gaussian smearing of
lines with a half-width of 100 meV was used here. The
energies of all PDOSs are reckoned from the corre-
spond Fermi levels, whose values, for convenience,
were put equal to zero in the figure. As one can see,
the PDOSs in bulk spinel in both A and B layers

Table 1. Formation energies for surfaces
of various types in the approximations of O-rich
and O-lean environment

Surfaces A, AO, B, BO,
of types meV /A2 meV /A2 meV /A2 meV /A2
O-rich 295 62 323 115
O-lean 245 122 263 175
619
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Fig. 3. Partial density of states for cobalt ions: at tetrahedral surface A (a) and octahedral surface B
(b) calculated for the clean surface, O-terminated surface, and the corresponding plane of bulk spinel

(from top to bottom)
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Fig. 4. Partial density of states projected on d-orbitals of
cobalt ions and p-orbitals of oxygen ions: octahedral surface B
(a), tetrahedral surface A (b)

demonstrate a pronounced forbidden gap of the width
E4, =~ 1.1 eV. This value is comparable with the en-
ergy gap width in bulk spinel Co304 obtained in the
calculations of work [1], although it is a little smaller
than its experimental value.

The spectra of surfaces with AO and BO termi-
nations also demonstrate a forbidden gap. However,
in this case, the gap contains separate peaks located
near the Fermi level.

For systems with a clean A- or B-terminated sur-
face, much larger number of such peaks are ob-
served. They are stronger delocalized and almost fill
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the forbidden gap. Such delocalization of electron
states results in the “partial metallization” of the sur-
face. This result is confirmed by the fact that one-
electron energy levels obtained by solving the Kohn—
Sham equation are characterized by noninteger occu-
pation numbers. In Fig. 4, the partial contributions of
d-orbitals of cobalt ions and p-orbitals of oxygen ions
are shown in detail for all surface types. All other
orbitals (s-states of cobalt and oxygen) make a con-
tribution to the total density of states near —18 eV;
therefore, they are not shown in the figure. One can
see that, in the case of clean A- and B-terminated
surfaces, extra peaks in the forbidden gap are formed
by d-orbitals of cobalt ions.

It is natural that the external atoms in the struc-
tures have dangling bonds. Therefore, such states in
the energy gap have a “surface-induced” character. At
the oxidized surfaces (A- and B-terminated), exter-
nal cobalt atoms have a regular crystal environment,
whereas oxygen ions are surface ones. Therefore, in
this case, “surface” states are formed by dangling oxy-
gen p-orbitals. Nevertheless, even in this case, the d-
orbitals of cobalt ions also form additional peaks in
the forbidden gap.

It is clear that the appearance of surface states re-
sults in a redistribution of the density of states as a
whole and can affect the magnetic properties of the
surface. To verify this statement, we calculated the
magnetic moments of the surface cobalt and oxygen
ions proceeding from the analysis of the electron state
population on the basis of the Léwdin method.
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Fig. 5. Spin density distributions (the difference between the charge densities for electrons with oppositely
directed spins, p(1) — p({)): in the plane passing through surface Co3t ions in the B-terminated structure
(a); in the plane passing through surface ions in the A-terminated structure ()

In Table 2, the maximum values of the mag-
netic moments calculated for all surface types and
bulk materials are quoted. As one can see, unlike
the bulk spinel case, all surface cobalt ions have a
nonzero magnetic moment. The Co?* ions at the A-
and AO-terminated surfaces have a magnetic moment
close to the corresponding moment in the bulk. The
Co®* ions are nonmagnetic in the bulk, but, at the
surface B, they have a magnetic moment close to
that of Co?T ions and, at the surface BO, a mag-
netic moment that is substantially smaller, but also
nonzero. Furthermore, oxygen ions at the AO- and
BO-surfaces also have nonzero magnetic moments,
which indicates the polarization of their p-orbitals,
probably as a result of the chemical bond disbalance.

Figure 5, a demonstrates the spin density distribu-
tion calculated for the surface B in the plane (111)
that passes through three surface Co®*t ions and one
02~ ion. White lines mark a two-dimensional unit
cell. From the analysis of the total density of states,
one can see that the charge is mainly localized at the
sites, so that this compound has a high degree of ion-
icity. The main contribution to the density of ionic
charges is made by the cobalt states with the positive
spin orientation (blue color), whereas the red color
corresponds to the negative orientation of Co?* ions
in the lower layer. The green color corresponds to the
spin-nonpolarized charge density (or the charge ab-
sence). This spin distribution corresponds to the par-
allel orientation of the spins of surface atoms; hence,
the surface has ferromagnetic properties. It is impor-
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tant to note that the oxygen ion is also polarized here,
which is indicated by the blue color in its vicinity.

Figure 5, b demonstrates the distribution of spin
density calculated for the surface A in the plane that
passes through three surface Co ions and perpendicu-
larly to the surface. One can see that the surface Co®*
ions are polarized in this case, but the spin orientation
is antiparallel. A region of the charge with negative
spin polarization is also observed around the Co?* ion
(in the upper left corner), which testifies that the ion
has a magnetic moment. Accordingly, this surface is
antiferromagnetic. It should be noted that Co3* ions
in the inner layers (along the dashed line in the figure)
remain nonmagnetic. Their magnetic moment dimin-
ishes as the distance to the surface grows. For layer 3,
this moment becomes negligibly small, which is con-
firmed by the absence of red- or blue-colored regions
near it.

As was indicated above, cobalt ions Co®* are non-
magnetic in bulk spinel, whereas Co?* ions have a
nonzero magnetic moment as a result of the indirect
exchange interaction through the intermediate Co®*

Table 2. Magnetic moments of cobalt
and oxygen ions for various surface types (in up units)

Ions A AO B BO Bulk
Co3t 1.77 2.27 0.43 0.70 0.0
Co?t 2.45 2.51 2.59
02— 0.35 0.35
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ion in the octahedral B site. Therefore, we may as-
sume that a regular crystal environment for cobalt
ions is formed not only by the nearest oxygen ions,
but also by the nearest neighbors from the corre-
sponding A or B sublattice. It is evident that the
absence of the nearest Co?* or Co®*t ion will result
in the A-A energy change or the emergence of the
A-B superexchange interaction between the neighbor
cobalt atoms. For instance, in the case of B surface,
the angle Co>t—0-Co3* created by the surface cobalt
atoms and the nearest internal oxygen atoms amounts
to 87°. According to the Goodenough—Kanamori—
Anderson (GKA) rules, the 90°-angle provides a
stable ferromagnetic superexchange interaction be-
tween the neighbor “magnetic” atoms, because, as was
shown in work [30], a deviation of the angle from this
value cannot cardinally transform the magnetic inter-
action into the antiferromagnetic one.

The angles formed with the use of the oxygen ion
that lies in the same plane with surface cobalt ions
amount to 128°, but the GKA rules are not accurately
formulated for such angles. In the optimized bulk
spinel, the angle Co3t-0-Co®t equals 94°, which
is also close to 90°. However, cobalt ions at B sites
have no magnetic moments. That is why the superex-
change interaction between them is absent. For the
oxidized BO surface, the angles Co?>*~0-Co3* with
internal oxygen ions amount to 92° and to about 100°
for external oxygen ions. In these cases, the ferromag-
netic interaction should be expected.

Concerning the A-terminated surface, the normal
superexchange A-A interaction evidently dominates
here, because the surface Co®* ions, which now pos-
sess a magnetic moment, form a Co3T-0-Co?" angle
of about 123°, for which the GKA rules are not deter-
mined, and the cobalt ions in the lower layer are not
magnetic. The situation is similar for the oxidized AO
surface, because the Co3t-0-Co?*t angles with inter-
nal and external oxygen ions amount, respectively, to
119° and 137°.

In order to confirm or discard our conclusions made
on the basis of GKA rules, we calculated the to-
tal energy of the A and B surfaces at various spin
orientations of surface Co®* ions. It turned out that
the B surface has the lowest energy in the ferromag-
netic state, although the energy difference between
its ferro- and antiferromagnetic states is rather small
and amounts to about 4 meV. The total energy of
surface A practically does not depend on the spin
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orientation of an Co3* ion, and its minimum value
corresponds to the antiferromagnetic state. In this
case, the energy difference between the ferro- and an-
tiferromagnetic states is a little larger and amounts
to 8 meV. For the oxidized surfaces, similar calcula-
tions were not carried out. However, since the GKA
gives correct results in our calculations, one should
expect that the magnetic properties of the AO- and
BO-terminated surfaces would be similar to the prop-
erties of A- and B-terminated ones. Therefore, both
the A- and AO-terminated surfaces have antiferro-
magnetic properties provided by the superexchange
A-A interaction, whereas the B- and BO-terminated
surfaces are ferromagnetic owing to the appearance
of the superexchange B-B interaction.

5. Conclusions

Cobalt spinel Co304 is a semiconductor substance,
which demonstrates antiferromagnetic properties be-
low the Néel temperature Ty ~ 40 K. Those mag-
netic properties in the bulk material are provided
by the superexchange interaction between neighbor
Co?t ions. Near the surface, the crystal environment
of ions is violated both near and apart from them,
which results in a modification of magnetic properties
of this surface depending on the type of its termina-
tion. In this work, we have carried out complex cal-
culations of the atomic structure and electronic and
magnetic properties for the CozO,4 (111) surfaces of
various types. The results obtained can be summa-
rized as follows:

i) the surface including Co?* ions (these are the
surfaces A and AO) has the lowest surface energy;

ii) Co?* ions, which have no magnetic moment in
bulk spinel, acquire a magnetic moment near the sur-
face; the magnitude of this magnetic moment is com-
parable with that of Co?* ions;

iii) the A and AO surfaces have antiferromagnetic
properties owing to the A-A superexchange interac-
tion, whereas the B and BO surfaces are ferromag-
netic owing to the appearance of the additional B-B
superexchange interaction.

In general, those conclusions agree with the results
of STM and LEED measurements [27]. However, it
should be noted that, in the course of the Co3z0,4 de-
position onto a substrate under real conditions, the
substrate surface is nonideal. Terraces of atomic lay-
ers with “steps” at the boundaries will be formed
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on it, as well as defects of various kinds, in par-
ticular, oxygen vacancies. Some of defects can be
removed by the annealing or another post-growth
treatment. Generally speaking, the closer the surface
structure to the ideal one, the more actively its mag-
netic properties will manifest themselves.

On the other hand, under certain conditions, mag-
netic phenomena manifest themselves in cobalt oxide
nanocrystals, for which any specific orientation of the
surface is quite doubtful. In particular, an interesting
manifestation of the surface magnetism of this kind
is represented by a modification of magnetic proper-
ties of the mixture of zinc oxide (ZnO) powder and
cobalt oxide (Co304) [31,32]. Despite that the former
is diamagnetic and the latter paramagnetic (or an-
tiferromagnetic at low temperatures), their mixture
reveals ferromagnetism at room temperature. The
cited authors explained this phenomenon by a vari-
ation in the charge state of surface ions at octahe-
dral sites, Co®T — Co?f;, under the influence of the
electrostatic interaction between oxides. In this case,
the magnitude of d-orbital splitting decreases a lit-
tle (Fig. 1), and the Hund rule is satisfied, which
gives rise to the appearance of a nonpaired elec-
tron in the ground ¢y, state and, accordingly, to
the new Co2f, — O — Co** superexchange interac-
tion. This phenomenon is observed not only for ZnO,
but also for other oxides, such as SiOy, Al;O3, and
others, with the Co30,4 content in the mixture not
exceeding 1%.

Another domain, where the surface magnetism can
manifest itself, includes diluted magnetic semicon-
ductors (DMSs), such as ZnO : Co. Doping zinc oxide
with cobalt atoms in high concentrations is known to
result in the appearance of a secondary phase in the
form of spinel Co304 or ZnCoy04, which reveals it-
self, in particular, in Raman spectra [33]. Depending
on where the new phase is formed — at the surface
or in the bulk — either an oriented Co3Q4 surface or
the case, described above, of the electrostatic inter-
action between two oxides, respectively, can be real-
ized. Hence, the presence of the surface of the sec-
ondary phase Co304 in DMSs can be one of the ori-
gins of ferromagnetism in real crystals.
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EJIEKTPOHHI TA MAT'HITHI
XAPAKTEPUCTHUKN ITOBEPXHI
IITITHEJII Co304 (111) B HABJIM2?KEHHI GGA 4+ U

Peszmowme

Meromom  dyHKIiOHATA
CTPYKTYPY Ta €eJeKTPOHHI

TyCTUHH  PO3PaXOBAHO
BJIACTUBOCTI TIOBEPXHI

aTOMHY
mminesti
Co0304(111). Po3risiHyTO MOXKJ/IMBI TUIM HOBEPXHIi, PO3Paxo0-
BaHO BUIbHY eHepriio 1x ¢popmyBaHHs. JleTaJabHO IOCITIIZKEHO
€JIEKTPOHHI CTaHU, IO YTBOPIOIOTHCS BHACJIIOK OOipBaHUX
3B’#3KIB HA IIOBEPXHi, Ta pO3PaXOBaHO IXHIO IapIiaJbHy
rycruny. Ilokazano, mo Ha BiaMminy Big o6’eMHOl mimines, i1
IIOBEPXHSI BOJIOJI€ HETPUBIAJIBHUMHU MAarHiTHUMU BJIACTUBOCTSI-
MM BHACJIJOK TOrO, IO aTOMH KOOAJIbTYy B yMOBaX IIOBEPXHI
HabyBaOTh HEHYJILOBOT'O MarHiTHOIO MOMEHTY.

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 7



