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Abstract—Using the electron density functional method, it is shown that the oxygen sublattice of cubic zirco-
nia is unstable with respect to random displacements of oxygen atoms, which results in general instability of
bulk cubic zirconia at low temperatures. A comparison of the equilibrium atomic structures and total energies
of stoichiometric ZrO, nanoparticles about 1 nm in size shows that particles with cubic symmetry are more sta-
ble than those with rhombic (close-to-tetragonal) symmetry. The electronic structure of nanoparticles exhibits
an energy gap at the Fermi level; however, this gap (depending on the symmetry and size of the particle) can be

much narrower than the energy gap of the bulk material.
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1. INTRODUCTION

Zirconia (ZrO,) is a ceramic material; it has a num-
ber of interesting and useful properties and exists in
three crystal phases. At temperatures below 1400 K, the
monoclinic phase is thermodynamically stable; from
1400 to 2570 K, zirconia exists in a tetragonal phase;
and, from 2570 K to the melting point (2980 K), it is
cubic [1, 2].

Actually, both tetragonal and monoclinic phases are
derivatives of the cubic phase, which has a fluorite
structure. The tetragonal phase forms from the cubic
phase through a specific reconstruction of the cubic
oxygen sublattice (when half of the oxygen atoms are
displaced with respect to the other half) and elongation
of the unit cell in the direction of the displacement of
oxygen atoms. The monoclinic phase forms from the
tetragonal phase through a shear deformation of the
entire unit cell with a variation in the lengths of its
edges.

Although the cubic phase is the highest temperature
phase, it has the greatest density and its energy is only
slightly lower than that of the tetragonal phase: 0.052 eV
per ZrO, formula unit [3].

Experiments [4] and calculations [5] show that the
instability of the cubic phase is related to the tendency
of the oxygen sublattice to become distorted along the
(100) direction. The positions of oxygen atoms ag
along this direction can be expressed in terms of the
distortion parameter d as

Zo = (025 +d)c,

where c is the lattice constant along the distortion direc-
tion and the quantity d can assume both positive and
negative values.

The total energy of the crystal as a function of d has
two minima (one at a positive and the other a negative
value of d). The central position of oxygen atoms (at
d = 0) corresponds to the ideal cubic structure and is
unstable. Experimental and theoretical equilibrium val-
ues of d are equal to 0.065 and 0.052, respectively. It is
shown in [6] that the distortion of the oxygen sublattice
is characteristic not only of the tetragonal phase of zir-
conia but also of the cubic phase. The cubic structure
becomes stable only at high temperatures, where oxy-
gen atoms hop from one minimum to the other and, on
the average, cubic symmetry is realized, since heavier
zirconium atoms are too slow to follow the hopping of
the oxygen atoms.

The cubic phase can be stabilized (i.e., its instability
temperature can be lowered) by introducing additives,
such as Mg, Ca, Fe, and Y. However, impurity-induced
stabilization is accompanied by the appearance of
numerous oxygen vacancies in ZrO,, thus drastically
increasing its ionic electrical conductivity. One way of
creating stable dielectric ceramics on the basis of high-
temperature phases of zirconia is through their forma-
tion from nanoparticles. In recent years, studies on the
preparation of stable thin films and nanoparticles from
pure (undoped) zirconia with tetragonal [7-12] and
cubic [13, 14] structures have been performed. It has
been shown experimentally and theoretically that a tet-
ragonal—cubic phase transition occurs at low tempera-
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Fig. 1. Configuration of zirconium and oxygen atoms in a
cell of cubic ZrO, (schematic). Arrows indicate the direc-
tion of displacements of oxygen atoms from the ideal cubic
positions as a result of distortion.

tures in particles about 2 nm in size [15]. However, the
theoretical results [15] were obtained disregarding the
relaxation of the atomic structure of nanoparticles (i.e.,
these results apply to nonequilibrium states) and, there-
fore, cannot be considered sufficiently reliable.

The aim of the present study is to investigate the
instability mechanism of the bulk cubic phase of zirco-
nia, determine the reasons for the stability of ZrO,
nanoparticles with cubic structure, and specify the
energy and atomic structure of nanoparticles with tet-
ragonal and cubic symmetry using computer simulation
based on the ab initio quantum-mechanical approach.

2. METHOD AND CALCULATION DETAILS

Calculations were performed using the FHI96MD
software package [16] constructed on the basis of the
electron density functional theory [17, 18] and the
pseudopotential method. This package is an effective
tool that has been used by many research groups to cal-
culate the total energy of multiatomic systems (mole-
cules, crystals, crystal defects, surfaces) for a wide
class of materials. In particular, we used this software
package previously to study the mechanism of ionic
conduction in bulk zirconia [19]. To calculate the
exchange and correlation energies, we used the gradi-
ent approximation in the form suggested by Perdew and
Wang [20]. Pseudopotentials were constructed using
the Troullier—Martins technique [21] and the FHI98PP
computer program [22]; the calculated potentials were
tested for the absence of ghost states and checked for
the reproducibility of the main lattice characteristics of
bulk materials (lattice constants and elastic moduli).

The cutoff energy for a set of plane waves was taken
to be 44 Ry. As a minimum cell of bulk zirconia, a
71,04 cell (shown in Fig. 1) was used. In the cubic
phase, all edges of this cell were identical (a = b = ¢)
and the value a = 0.522 nm corresponded to the mini-
mum of the total energy. When studying the cubic—tet-
ragonal phase transition, we varied the parameters of
the cell and searched for the minimum of the total
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energy as a function of the set {a, b, c}. To study nano-
particles, we used supercells of such a size that the vac-
uum gaps between the particles ensured the absence of
interaction between them. Since calculations were per-
formed with standard personal computers with
restricted technical capacities, the maximum size of the
investigated nanoparticles was about 1 nm. In studying
nanoparticles, one k point (0, 0, 0) was used, and, for
the simulation of bulk zirconia, two special points of
the Brillouin zone were chosen, (0.25, 0.25, 0.25) and
(0.25, 0.25, 0.75), with weights of 0.25 and 0.75,
respectively. A similar approach is often applied to
insulators and semiconductors when restricted compu-
tational resources do not allow use of a greater number
of k points.

3. RESULTS AND DISCUSSION

3.1. Distortion of Oxygen Atoms in Bulk Cubic
Zirconium Dioxide

All atoms of the Zr,Oq cell were initially located in
ideal cubic positions, with the lattice constant having
the theoretical equilibrium value (a = 0.522 nm). Then,
the total energy and the forces acting on the atoms were
calculated self-consistently. The boundary atoms of the
cell (Zr atoms) were fixed, while the oxygen atoms
remained free. It appeared that the oxygen atoms were
not displaced spontaneously from the ideal cubic posi-
tions (the forces acting on them were equal to zero).
Attempts to transform the cubic cell into a tetrahedral
cell produced an increase in the total energy. Therefore,
in the absence of displacements of the oxygen atoms
(for example, at 0 K), the cubic lattice may be called
quasi-stable. However, even a very small displacement
of one oxygen atom (by 0.0001 nm) led to increasing
displacements of half of the oxygen atoms in one direc-
tion and of the other half in the opposite direction.
These displacements caused a distortion of the oxygen
lattice in the (100) direction and resulted in nonzero
forces on the atoms of the zirconium sublattice.

The appearance of nonzero forces acting on zirco-
nium atoms indicates instability of the cubic cell at non-
zero temperatures. To find the equilibrium shape of the
cell, we changed its parameters (a, b, ¢) and found that
the total energy of the system has a minimum when the
cell is elongated in the direction in which the oxygen
atoms are displaced (along the ¢ axis) and is com-
pressed in the two other directions with a = b. (We did
not consider variations of the angles, i.e., the transition
to the monoclinic phase). The ratio c¢/a was calculated
to be 1.020, which is quite close to the value of 1.026
characteristic of the tetragonal phase. The calculated
equilibrium distortion d for cubic ZrO, appeared to be
equal to 0.045, which is close to the value of 0.052
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obtained in [5] for the tetragonal phase. The average
displacement of the oxygen atoms was 0.012 nm.

The instability of the oxygen sublattice of cubic zir-
conia with respect to small displacements of oxygen
atoms was checked for a cell of greater size, Zr;,Og,.
The effect remained the same as that for the Zr,Oq cell;
namely, a displacement of one oxygen atom induces
collective shifts of pairs of oxygen atoms in opposite
directions with a distortion d of about 0.05 and the
simultaneous appearance of nonzero forces acting on
zirconium atoms.

Obviously, in ideal zirconia, all oxygen atoms are
equivalent; therefore, at high temperatures, their ten-
dency toward distortion leads to vibrations of oxygen
sublattices with respect to each other and, in fact, with
respect to their cubic equilibrium position. The heavier
zirconium atoms are too slow to follow fast oscillations
of the oxygen subsystem (which on the average remains
cubic), and the system as a whole has cubic symmetry.
Detailed analysis of the mechanism of the appearance
of the high-temperature cubic phase of zirconia would
require separate study.

3.2. Structure and Energy Characteristics
of Nanoparticles

In contrast to [15], we concentrated on studying the
stoichiometric particles of zirconia, since (as prelimi-
nary computations have shown [23]) stoichiometric
particles are energetically more favorable than nonsto-
ichiometric particles and have a dielectric electronic
structure; i.e., there is a gap separating the occupied
states from unoccupied states in their energy spectrum.

An analysis of the equilibrium geometry and energy
characteristics of nanoparticles was performed for
716015, 71,00y, and Zr,0,4 particles, which are frag-
ments of the bulk lattice of cubic zirconia (Fig. 2).

The initial positions of the atoms in these particles
correspond to the cubic phase; however, the symmetry
of the particles is not cubic. The symmetry of these par-
ticles is that of a rectangular parallelepiped whose lat-
eral surfaces are orthogonal to its bases; therefore, it is
natural to expect that the internal equilibrium geometry
of the particles (i.e., the relation between the inter-
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Fig. 2. Zr¢01,, Zr1(05, and Zr40,g nanoparticles. For the
Zrg01, particle, dashed lines show the unit cell correspond-
ing to the initial cubic phase (a = b = ¢, o0 = 90°).

atomic distances in different directions) will reflect the
same symmetry, i.e., will change from cubic to tetrago-
nal. The transition to monoclinic symmetry is also pos-
sible if the corresponding structure is energetically
more favorable.

Our calculations showed that the relations a = b = ¢
and o = 90° characteristic of the cubic phase are not
satisfied if the atomic geometry of ZrsO;,, Zr;;O4,
and Zr;,0,;3 becomes equilibrium. For the smallest
particle (ZrsO,,), the parameter ¢ exceeds a and b
(a=b = 0.460 nm, ¢ = 0.488 nm, c/a = 1.062), the
angle o increases to 100°, and the base of the parallel-
epiped cell transforms from a square to a rhombus. The
equality a = b is also valid for Zr,,O,, and Zr 40,5 par-
ticles; however, the parameter ¢ increases and the angle
o. decreases. Therefore, the symmetry of these nanopar-
ticles is orthorhombic (intermediate between tetragonal
and monoclinic).

In Table 1, the geometrical parameters of the Zr O,
71,00, and Zr 40,4 particles are compared with the

Table 1. Calculated geometrical parameters of ZrgO,,, Zr7O,, and Zr40,g¢ nanoparticles and analogous experimental data

for the bulk tetragonal phase

Geometrical parameters ZrsO1, Zr10059 7114054 Bulk tetragonal ZrO,
a, nm 0.460 0.460 0.492 0.505
b, nm 0.460 0.460 0.492 0.505
cla 1.062 1.080 1.093 1.026
o, deg 100 96 92 90
Particle size, nm X nm X nm 0.32x0.37x0.78 | 0.68x0.35x0.75 | 0.99%x0.36x0.76
PHYSICS OF THE SOLID STATE  Vol. 48 No.2 2006
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Fig. 3. Atomic configuration of a relaxed Zr;gO3g nanopar-
ticle (schematic): (/) zirconium atoms occupying the posi-
tions corresponding to bulk ZrO,, (2) oxygen atoms, and
(3) zirconium atoms added for saturation of the bonds of the
outer oxygen atoms (to ensure stoichiometry, one oxygen
atom is added to each of these additional zirconium atoms).
Dashed lines show a cubic cell with edge a.

experimental data for the bulk tetragonal phase. The
parameters for the Zr,,O,, and Zr;,O,¢ particles are
averaged, since their values are somewhat different
inside a particle and at its edges. From Table 1, we see
that the parameters of the nanoparticles approach their
values for the tetragonal phase as the particles increase
in size. It is significant that, in all cases, the lateral sur-
faces of the parallelepiped cells remain orthogonal to
their bases; i.e., there is no tendency toward the appear-
ance of monoclinic symmetry.

As noted above, it is not surprising that, for equilib-
rium ZrgOy,, Z11¢0y, and Zr;,0,5 particles, the rela-
tions between the geometrical parameters differ from
those characteristic of the cubic phase; indeed, the sym-
metry of these particles is not initially cubic. In order to
establish the features of the transitions between the
cubic and noncubic phases more reliably, we need to
study the relaxation of nanoparticles whose initial
geometry is cubic. As an example, we considered a
71,4054 particle, whose atomic configuration is shown
in Fig. 3. It is a minimum stoichiometric particle with
cubic symmetry which can be constructed for zirconia.
Unfortunately, it was also the maximum particle that
we could study using the available equipment.
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The Zr;y0;; particle was obtained by cutting a
71303, cluster from the lattice of cubic zirconia and
adding six zirconium atoms and six oxygen atoms to
this cluster. We had to add zirconium and oxygen atoms
for two reasons. First, in this way, the particle becomes
stoichiometric and its electronic structure acquires
dielectric character (there appears an energy gap at the
Fermi level). Second, the bonding energy (per atom)
decreases and the particle (with cubic symmetry)
becomes more stable than the ZrsO,,, Zr;;O0,, and
Zr4,0,¢ particles described above, whose geometry
approaches that of the tetragonal phase. We believe that
such particles can also form in real situations.

The optimization of the geometry showed that the
symmetry of the Zr,4O;4 particle remains close to cubic
after complete relaxation. The parameter a (the length of
the edges of the cube shown by dashed lines in Fig. 3)
becomes equal to 0.505 nm, which coincides with the
experimental value of the cubic lattice constant but is
smaller than the above theoretical equilibrium value
(0.522 nm).

Table 2 lists the bonding energies E,, (per ZrO, for-
mula unit) and the energy gaps AE for the nanoparticles
of silicon dioxide we studied.

From comparing the data given in Table 2, it follows
that a nanoparticle with cubic geometry is energetically
more favorable than particles whose geometry is close
to tetragonal. However, the energy gap for the Zr,O,,,
71,005, and Zr,0,4 particles is wider than that for the
71,4053 particle. Apparently, the ZrO,,, Zr,,0,4, and
Zr 40,4 particles are almost undistorted fragments of
the bulk lattice of zirconia and the saturation of the
valence bonds in them is almost ideal. On the other
hand, as noted above, the Zr,4O;; particle contains edge
atoms (Zr and O) whose positions do not correspond to
those in the bulk material; i.e., they do not ensure the
optimum bond saturation. Therefore, the energy gap
(an analog of the band gap) for a cubic particle is nar-
rower than that for a tetragonal particle.

We note that the positions of the oxygen atoms in
the Zr,yOs; particle do not correspond exactly to the
ideal cubic positions. Therefore, when these atoms
deviate from their equilibrium positions, the oxygen
subsystem does not reveal a tendency toward distortion.
In other words, the small distortion of cubic symmetry

Table 2. Calculated energy characteristics of zirconia nanoparticles

Energy Rhombic (close-to-tetragonal) symmetry Cl(s);iﬁg;r}?lc Bulk ZrO, (calculation)
characteristics
Zr6012 Zr10020 Zr14028 Zr19038 th]S WOrk [24]
E,, eV -23.09 -23.49 -23.81 —24.15 -25.91 -26.20
AE, eV 2.5 2.7 2.6 1.5 3.5 3.07
PHYSICS OF THE SOLID STATE Vol. 48 No.2 2006
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Fig. 4. Calculated electronic densities of states of (a)
ZrgOq,, (b) Zr9Oy, (¢) Zr140,g, and (d) Zr{9O3zg nanopar-
ticles and (e) bulk cubic zirconia.

caused by the size effect stabilizes the close-to-cubic
symmetry of the nanoparticle even in the absence of
impurities.

The calculated energy gaps (even for bulk ZrO,) are
much smaller than the experimental value of 6 eV [25].
This feature is common for calculations based on the
one-particle approximation [24]. As shown in [26],
only by including many-particle effects can one obtain
good agreement with experiment.

For a more complete comparison of the electronic
structure of nanoparticles with that of bulk zirconia, we
constructed the electronic density of states by replacing
each electronic level with a 0.1-eV-wide Gaussian pro-
file. The result is shown in Fig. 4. We see that, for the
710y, 71,05, and Zr,,0,4 particles, the electronic
density of states approaches that for bulk zirconia as the
nanoparticles increase in size. However, for the Zr;¢O;35
particle, which is larger than the ZrcO,,, Zr;jO,4, and
Zr 40,4 particles, the electronic density of states is sub-
stantially different. As already noted, this circumstance
can be explained by the fact that the ZrcO,,, Zr;Oy,
and Zr;,0,4 particles are fragments of the structure of
bulk zirconia, whereas the Zr;yOs¢ particle contains
additional atoms whose arrangement does not corre-
spond to this structure. The difference between the
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atomic structures leads to a difference in the electronic
structures.

4. CONCLUSIONS

We have studied the equilibrium atomic structure of
zirconia nanoparticles about 1 nm in size using the den-
sity functional theory and the pseudopotential method.
We have shown that particles with cubic geometry are
more stable than particles with rhombic (close-to-tet-
ragonal) geometry. The electronic spectrum of all
investigated nanoparticles has an energy gap at the
Fermi level. However, on the whole, the electronic
structure of the nanoparticles differs substantially from
that of bulk zirconia.
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