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Abstract—The electron-density functional method (in the gradient approximation) and the pseudopotential
method are used to study the mechanism of ionic conductivity in the cubic phase of zirconia stabilized with
magnesium or yttrium. The oxygen-ion migration in the stabilized zirconiais shown to be a two-stage process,
which consists in the formation of active oxygen vacancies and in oxygen-ion jumps from one active vacancy
to another. The total activation energy of these processes is calculated to be 1.0-1.5 eV, which agrees with
experimental data. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Zirconium dioxide (ZrO,) is of interest as a ceramic
material with useful optical, electrical, thermal,
strength, and other properties. Phase transitions in it
and impurity-induced stabilization have been the sub-
ject of many experimental and theoretical studies. At
temperatures below 1170°C, the monaoclinic phase (m)
of undoped ZrQO, is thermodynamically stable.
Undoped ZrO, is tetragonal (t phase) from 1170 to
2370°C and cubic (c phase) from 2370°C to the melting
point (2706°C) [1, 2]. The cubic phase can be stabilized
(i.e., the ¢ — t phase transition temperature can be
reduced) by introducing additions such as MgO, CaO,
Y ,0;, etc. Zirconium dioxideis dielectric; its band-gap
width was experimentally determinedtobe 6 €V and is
virtually independent of phase type[3].

Pure zirconium dioxide is a good insulator; thereis
virtually noionic conductivity init, since the formation
of oxygen vacancies requires a high energy. The stabi-
lization of ZrO, with impurities whose degree of ion-
ization is lower than that of Zr results in a certain
amount of oxygen vacancies, and stabilized zirconium
dioxide conducts an electric current at temperatures
above 1000°C [4]. The temperature dependence of the
conductivity has a complex two-exponential character,
and the conductivity is not alinear function of the num-
ber of oxygen vacancies [5-7].

Solier et al. [8] proposed amodel to explain the con-
ductivity of stabilized zirconium dioxide. According to
thismodel, oxygen vacanciesform immobile associates
(clusters) at low temperatures and their decomposition
requires a certain energy. Thus, the ionic-conductivity
activation energy is the sum of two components, the
energy E, of vacancy removal from a cluster and the
vacancy migration energy E,,. Analysis of the tempera-
ture dependence of the Gibbs energy and the entropy

[9] showed that, for stabilized zirconium dioxide with
12mol %Y ,0;, E,=0.52eV and E,,= 0.73 eV. Another
approach taking into account relaxation effects [10]
givesE,=0.5eV and E,,= 0.66 €V.

Recently, Bogicevic et al. [11] attempted to theoret-
ically study (from first principles) the mechanism of
ionic conductivity in stabilized zirconium dioxide. The
authors used the electron-density functional to study
the binding of individual oxygen vacancies with impu-
rity atoms and proposed that this binding (rather than
clusterization) could be the cause of the complex ionic
conductivity. However, they used small cells (from 11
to 23 atoms) for simulation; therefore, the results
obtained in [11] have to be refined.

In[12], the electronic structure of zirconium dioxide
stabilized with CaO and Y,O additions was studied
using nonempirical calculations. It was shown (by
studying the ZrgO,4 cell without taking relaxation into
account) that the additions change the electronic spec-
trum only insignificantly. By analyzing the interaction
between impurity atoms and oxygen vacancies, it was
qualitatively concluded in [12] that this interaction is
responsible for a decrease in the ionic conductivity at
high concentrations of the additions.

The goal of thiswork isto study the energy charac-
teristics of individual oxygen vacancies near impurity
and Zr ions (by using supercells consisting of up to
96 atoms) and to attempt to describe the ionic conduc-
tivity of ZrO, without the vacancy-clusterization
hypothesis. Moreover, we present the results of calcu-
lating the electronic structure of stabilized zirconium
dioxide (with allowance for lattice relaxation) and con-
sider the effect of oxygen-ion diffusion on the density
of states.
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Fig. 1. Schematic atomic arrangement in cubic zirconium
dioxide stabilized with 3.125 mol % MgO. Arrows show the
motion of oxygen ionsduring (1) the formation of an active
vacancy and (2) the migration responsible for the electric
conduction.

2. CALCULATION PROCEDURE

Calculations were performed using the FHI96MD
program [13] based on the electron-density functional
theory [14, 15], the pseudopotential method, and a
plane-wave basis. To calculate the exchange and corre-
lation energies, we applied the gradient approximation
proposed in [16]. Pseudopotentials were constructed
using the technique developed in [17] and the FHI98PP
program [18] and were checked for the absence of
ghost states and the ability to represent the basic lattice
characteristics of bulk materials (lattice parameter,
modulus of elasticity).

The cut-off energy for a set of plane waves was
taken to be 44 Ry, and the main cell of cubic zirconium
dioxide was taken to be aZr4,Og, supercell. This super-
cell is shown schematically in Fig. 1 for the case of
addition of 3.125 mol % MgO. Because of such alarge
supercell and the high cut-off energy, we had to con-
sider only one k point in the Brillouin zone when cal cu-
lating thetotal energy, namely, thel™ point. To construct
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the density of states, the calculated energy levels were
broadened using 0.2-eV-wide Gaussian curves.

Using the equation of state from [19], we found the
equilibrium lattice parameter a and bulk modulus of
elasticity B for the cubic phases ZrO,, MgO, and Y ,05.
The results and the corresponding experimental data
from [20-25] are listed in Table 1. It is seen from the
table that the cal culated val ues agree satisfactorily with
the experimental values, that is, the constructed
pseudopotentials adequately describe the energetics of
interaction between Zr, Mg, and Y atoms and oxygen
atoms and can be applied for studying the ZrO,—MgO
and ZrO,~Y ,0; systems.

3. RESULTS AND DISCUSSION

Before studying the mechanism of oxygen-ion
migration in the stabilized zirconium dioxide, let us
consider the behavior of oxygen vacancies in the pure
material. The oxygen vacancy migration energy in pure
(undoped) c-ZrO, was calculated to be 1.5 eV. How-
ever, the formation of an oxygen vacancy requires a
higher energy (according to our calculation, the energy
required to remove an oxygen atom from the crystal is
about 7 eV, which is an extremely high value for ther-
mally activated processes). That iswhy pure zirconium
dioxide is not a conductor.

To study the behavior of oxygen vacanciesin stabi-
lized zirconium dioxide, we chose the ZrO,—MgO sys-
tem, and, to compare the calculated activation energies
with the experimental data, we performed additional
calculations for the ZrO,~Y ,05 system. This approach
simplifies the simulation, since one oxygen vacancy is
associated with one Mg*? ion, whereas in the case of
yttrium oxide one oxygen vacancy corresponds to two
Y*3ions. Therefore, to describe the ZrO,~Y ,05 system
having the same concentration of oxygen vacancies as
the ZrO,—MgO system, we would have to use the dou-
ble supercell. Moreover, detailed analysis of the ZrO,—
Y ,0; system requires study of the effect of the mutual
arrangement of an oxygen vacancy and impurity ions,
which is beyond the scope of the task set in thiswork.

To study the effect of the concentration of astabiliz-
ing impurity on the behavior of oxygen vacancies, we
considered the ZryMg,Ogs  ZrpMg@,0q, and
Zr,gMg,O¢, configurations, which correspond to 3.125,
6.25, and 12.5 mol % MgO, respectively. Mg atoms
were distributed almost uniformly and randomly in the

Table 1. Calculated and experimental values of the lattice parameter and modulus of elasticity for Zr, Mg, and Y oxides

ZrO, MgO Y04
Pararnaq . . . . . .
calculation experiment calculation experiment calculation experiment
a, nm 0.522 0.513[20] 0.424 0.421[21] 111 1.06 [24]
B, GPa 215 194 [22] 160 162 [23] 150 137 [25]
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superlattice; one oxygen atom was removed from the
nearest environment of each Mg atom so that the neigh-
boring impurity atoms had no common bonding oxy-
gen atoms. Moreover, an impurity atom could not sub-
dtitute for a zirconium atom located at the supercell
boundary, since boundary atoms were fixed while opti-
mizing the geometry (the fixation of impurity atoms
during simulation was not warranted physically). Such
adistribution of impurity atoms and oxygen vacancies
cannot be realized unambiguously, since there are sev-
eral tens of almost equivalent configurations. The long
time required for the calculation did not alow us to
study all configurations; therefore, we analyzed only
three variants of each configuration and found that the
scatter of the energy parameters did not exceed 0.1 eV.
We give their average values below.

The calculations showed that an oxygen vacancy
located near an impurity atom can move around this
atom by overcoming a certain migration barrier E.,,
whose height depends on the impurity concentration
and variesin the range 0.5-0.7 eV (Table 2).

The total energy for a vacancy in any equilibrium
position is, of course, the same. However, this type of
motion of oxygen vacancies cannot be responsible for
through ionic conduction, since oxygen ions do not
move from one part of the crystal to another. This
motion can only contribute to displacement currents,
which are characteristic of high-frequency electric cir-
cuits. To provide through conduction, oxygen vacan-
ciesmust belocated near zirconium atoms. Such vacan-
cies can be called active, since they are responsible for
a directed transfer of oxygen ions. For an oxygen
vacancy to form near a zirconium atom, one oxygen
atom must be transferred from the zirconium surround-
ing to the magnesium surrounding (process1inFigs. 1,
2). Inthis case, the total energy is calculated to be 0.5~
0.8 eV higher (Table 3). Thisincrement istheformation
energy of active oxygen vacancies E,. It is an order of
magnitude smaller than the oxygen vacancy formation
energy in the pure material. The vacancy migration
energy E,,, i.e., the barrier between two equivalent posi-
tions of an oxygen atom near neighboring zirconium
atoms (Fig. 2, process 2), isequal to 0.5-1.0 eV. Hence,
the total activation energy for ionic conductivity Ey is
1.0-1.5eV. Notethat the height E,, of the energy barrier
that an oxygen atom must overcome to form an active
vacancy isalso small. Itsvalueisamost independent of
the impurity concentration and is about 1.0 eV; that is,
active vacancies can form at the temperatures of ionic
conductivity.

Unfortunately, we failed to find experimental data
for the conductivity activation energy of magnesium-
stabilized zirconium dioxide. Therefore, to check the
results obtained in this work, we performed analogous
calculations for zirconium dioxide stabilized with
12.5mol % yttrium. The formation energy E, of an
active vacancy is calculated to be 0.6 eV, and the
vacancy migration energy E,, was found to be 0.7 eV,
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Table 2. Height of an energy barrier for an oxygen atom
moving around a magnesium atom

Concentration MgO, mol % Epar €V
3.125 0.73
6.25 0.60
125 0.46

Table 3. Energy parameters describing the ionic conduction
of stabilized zirconium dioxide

coLg]e%li?att)ilon Eq &V Em eV B ™ 5\7 " Em
ZrO,-MgO system
3.125 0.6 1.0 16
6.25 05 05 1.0
125 0.8 05 13
ZrO,-Y ;05 system
125 0.6 0.7 12

Note: E, isthe formation energy of an active oxygen vacancy, E,,
is the migration energy of an active vacancy, and E is the
total activation energy for ionic conductivity.

these energies agree well with the experimental data[4,
26]. A comparison of these values with the correspond-
ing values obtained for the ZrO,—MgO systemindicates
that the energetics of the oxygen-ion migration in stabi-
lized zirconium dioxide depends only weakly on the
type of stabilizing impurity.

4. ELECTRONIC STRUCTURE OF STABILIZED
ZIRCONIUM DIOXIDE

Magnesium-stabilized zirconium dioxide is known
to be a dielectric; however, its electronic structure is
poorly understood. There is not even any information
on the band-gap width of this material. It is of specia
interest to study the contribution from oxygen vacan-

O near Zr

Fig. 2. Schematic diagram for the formation of an active
oxygen vacancy (process 1) and an oxygen-ion jump from
one active vacancy to another (process 2).
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Fig. 3. Density of states for pure and stabilized zirconium
dioxide: (a) pureideal ZrO,; (b) the same but with an addi-
tion of 3.125 mol % MgO, equilibrium configuration;
(c) the MgO content is 3.125 mol % and an oxygen ion is
located between two active vacancies; (d, €) the MgO con-
tents are 6.25 and 12.5 mol %, respectively; and (f) ZrO,
with an addition of 12.5 mol %Y ,0s. Vertical dashed lines
show the Fermi level.

cies (especialy during their migration) to the electronic
structure.

Figure 3a shows the density of states of pure cubic
zirconium dioxide, and Figs. 3b—3f shows the density
of states for stabilized c-ZrO,.

The band-gap width for pure cubic zirconium diox-
ide is calculated to be 3.5 eV, which is significantly
lower than the experimental value (6 €V) but agrees
well with the values (3.34.1 €V) obtained by other
authors [27-31] in the context of the electron-density
functional theory, which always gives underestimated
values of the band-gap width. The density-of-states
curve in Fig. 3ais similar to the corresponding curve
constructed in[31], where a 96-atom supercell with one
point (I) in the Brillouin zone was also studied.

An addition of 3.125 mol % MgO (Fig. 3b) changes
neither the shape of the density of states nor the band-
gap width. As the MgO concentration increases to
6.25 mol % (Fig. 3d), the valence-state distribution
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changes dlightly and a peak related mainly to oxygen
vacancies appears near the conduction-band bottom
(1 eV below). A similar peak was detected in [12] for
the 0.875 Zr0O,—0.125 CaO system. A further increase
in the MgO content to 12.5 mol % (Fig. 3e) leads to
broadening of this peak and its mergence with the con-
duction-band bottom. The valence-state band becomes
smoother, and its maxima and minima level off. The
density of states of the zirconium dioxide stabilized
with 12.5 mol %Y ,0; (Fig. 3f) isvirtually identical to
the density of states corresponding to an addition of
6.25 mol % MgO, which suggests that the electronic
structure is mainly affected by oxygen vacancies,
which are in the same amount in the ZrO,—12.5 mol %
Y ,0; and ZrO,—6.25 mol % MgO systems.

We also calculated the density of states correspond-
ing to a migrating oxygen ion (when it is directly
between two active oxygen vacancies). Figure 3¢ shows
the calculation result for zirconium dioxide stabilized
with 3.125 mol % MgO. Comparison with Fig. 3b indi-
catesthat, in this case, the electronic structure isidenti-
cal to that at equilibrium. In particular, it remains a
dielectric with the same band-gap width, although the
ionic mation is a through charge transfer, i.e., an elec-
tric current.

5. CONCLUSIONS

First-principles calculations have shown that oxy-
gen vacancies forming near impurity ions during dop-
ing of cubic zirconium dioxide are inactive for oxygen
diffusion, since the transfer of oxygen ions bound to
neighboring zirconium ions to the vacancies is accom-
panied by an increase in the total energy of the crystal.
However, this transfer generates active oxygen vacan-
cies surrounded by zirconium ions. The migration of
these active vacancies does specify the ionic conductiv-
ity. Thus, oxygen-ion diffusion in stabilized zirconium
dioxide is a two-stage process with a total activation
energy of 1.0-1.5eV.

The band-gap width of cubic zirconium dioxide sta-
bilized with magnesium or yttrium is calculated to be
3.3 eV. The electronic structure of the stabilized ZrO,
remains virtually unchanged during the motion of oxy-
gen ions from one active vacancy to another.
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