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Abstract: In the ZrO,-based ceramic systems doped with different oxides (Y,0;, MgO and AL.O;), the behaviors of electronic and ionic
conductivity have been investigated by the quantum chemical SCF-Xa-SW method. The results of the electronic energy spectra and local
state density of atoms show that, for the ZrO, system doped with Al,O;, the energy gap near the Femti energy level becomes smaller,
which implies that the electronic conductivity increases. Since the binding energy between Al and O atoms is increased, the energy for
oxygen vacancy migrating is enhanced and the ionic conductivity decreases. In the M,O,-doped ZrO, systems, due to the doping effect
of AL,O,, MgO and YO, the ionic conductivity increases successively, and the electronic conductivity decreases successively. The cal-
culation results are in agreement with that of references and experience.
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M.O,~doped ZrO; is one kind of functional material
being required with different conductivity under vari-
ous conditions. For example, in oxygen sensors of the
EMF type, it is basically required as an oxygen ion con-
ductor with a transference number of ion larger than
0.9. It is desired to have a larger electronic conductivity
for heating elements. With different oxides doped, the
materials would have different electrical conduction
[1], however, the lack of the predicting theory for the
effect of doping results in the blindness and even a lar-
ge waste in the development and utilization of M,O,-
doped ZrO, materials. There are many successful
examples for metals and supercoducting materials
using SCF-Xa-SW method to study electronic struc-
ture of multivariate system [2—4]. This paper intends to
apply this method to the oxide ceramics, especially do-
ped ZrO; system in which the doping is just closely as-
sociated with electrical conduction.

1 Calculation Method and Model

For several decades, the SCF-Xa-SW method has
been developed into a kind of perfect calculation meth-
od and a powerful tool for solving problems of multiple
atom systems, Its main idea is as follows: for the inves-
tigated system, using the approximation of a Xa poten-
tial statistical mean and a Muffin-tin potential, the at-
omic cluster is divided into three regions, in which, by
using the multiple-wave function representation and
the continuous condition at each boundary, expectation
equations are solved with self-consistent and their en-
ergy characteristic values, wave functions, self-consist-

ent potentials and Hellmann-Feynman (HF) forces and
so forth, are given [5].

According to the characteristics of SCF-Xa-SW
method, a most typical 5Zr80 atomic cluster with thir-
teen atoms in ZrQ, structure (as shown in figure 1(a))
is taken as the calculation model (as shown in figure 1
(b)). In this model cluster, there are two kinds of atoms,
Zr and O. Its central position is occupied by Zr atom,
therefore this cluster includes both of the nearest neigh-
bor and the second-nearest neighbor atoms of Zr. Thus
it is convenient to discuss the electrical conduction of
four systems with the centers occupied by Zr, Mg, Y,
Al, etc. In the calculation of electronic structure, the
configurations of the outer-shell electrons of Zr and O
are taken as 4d’5s’ and 2s*2p* respectively. The lattice
parameter of ZrO, is 4,=0.510nm [6]. When the cal-
culation is self-consistent, the maximum of relative
change in potential is smaller than 1.0x107° eV (thresh-
old value).
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Figure 1 Lattice Structure of (Zr,_ M,)0,, (a) Lattice Cell of
(Zr,_.M,)0,; (b) Calculation Model.
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2 Results and Discussions

density of state on Fermi level and the empty level abo-
ve the Fermi level is mainly due to the contribution of

The energy spectra of four systems are shown in
figures 2, 3, 4, and 5. It is obvious that their energy
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spectra have similar features. Their Fermi levels are in
the range of £:=2.9104-3.318 4 ¢V (as shown in table
1), the energies of the outer-shell electrons are in the
range of 0.680—1.224 eV under the Fermi level, and the
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Figure 5 Energy spectrum of AlZr,0,

uted to the different contributions of the central atom
(substitute atom) to the total density of state. There are
different widths of energy gaps near the Fermi level for
four systems. The values of energy gaps are close to
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Table 1 Fermi energy level and the energy gap in the different doped ZrO, systems

Atom cluster model

Fermi energy level Er /eV

Energy gap AE, /eV

Zr'Z1,04
YZr,04
MgZr,0,
AlZr,0y

—3.3184 1.224
—3.2232 1.088
—3.2368 0.857
—2.9104 0.680

that of Si, which is a typical characteristic value of
semiconductor. The sequence of energy gaps is Zr>Y>
Mg>Al Thus by doping Y, Mg, Al, the electrical con-
duction of ZrO, ceramic can be changed. Because the
electronic conductivity increases rapidly with the de-
creasing of energy gap near the Fermi level, the Al-do-
ped-system with the minimum energy gap shows the
maximum electronic conductivity. It is worthy to be
noted that the density of state (DOS) of Al-doped-sys-
tem is different from that of other systems. Al has a big
contribution to the DOS of Fermi level. For Al-doped-
system, the peak of DOS is higher than that of other
systems. Such electronic structure is beneficial to elec-
tronic conductivity of Al-doped-system. The calcula-
tion results show that the sequence of electronic con-
ductivities of those M,0,-doped systems is AI>Mg>Y.

In the M,O,~-doped ZrO; ceramic, the valences of do-
ping atoms are lower than that of Zr atoms. For main-
taining electrical neutrality of the crystals, oxygen vac-
ancies emerged in varying degrees. It is known that the
oxygen ionic conductivity is attributed to the formation
energy and migration energy of the oxygen vacancy.

According to the local density of state of the doping
atom and oxygen as shown in figures 2-5, the binding
energies between various doping elements and oxygen
are different.

By comparing figure 3 with figure 5, it can be clearly
seen that the Al-O bond of Al-doped-system is stron-
ger than the Y-O bond of Y-doped-system. Since bin-
ding force between Al and O is stronger than that be-
tween Y and O, the formation energy of the oxygen va-
cancy in the Al-doped-system is larger than that in the
Y-doped-svstem. Therefore, ionic conductivity of the
Al-doped-system is weak.

Contrary to the Al-doped-system, O in the Y-doped-
system is weakly bound to Y, and the formation energy
of the oxygen vacancy is smaller, which results in a
good ionic conductivity in this system. lonic conduc-
tivity of Mg-doped-system is between the values of Al-
doped-system and Y-doped-system.

In addition, the migration energy of the oxygen va-
cancy is related to the coupling bond between Zr atoms

within the penetrated structural layer in the transport
direction. For four systems, because the local density of
state of Zr atoms only has a little difference, ionic con-
ductivities of different systems are mainly attributed to
the formation energy of the oxygen vacancy that is de-
cided by the binding of doping atoms and oxygen.
Therefore, Y-doped-system has the largest ionic con-
ductivity.

In order to design a new functional material, espe-
cially to obtain peculiar ionic conductivity and to elim-
inate electronic conductivity effectively, before prepar-
ing material, it is an effective method to study electrical
structure of different clusters by the quantum chemis-

try.

3 Conclusions

This study shows that the energy gap near the Fermi
energy level of Al-doped-system is smaller, its electro-
nic conductivity is stronger, while the strong combina-
tion of Al and O atoms increases the formation energy
of oxygen vacancy and leads to the weakness of ionic
conductivity. Contrary to Al-doped-system, Y-doping
leads to a strong ionic conductivity and a weak electro-
nic conductivity. The conduction of Mg-doped-system
is between the above two systems. These results are in
agreement with the results of the references [1, 6] and
experimental results. The SCF-Xa -SW method can be
successfully used to research the conduction of oxide
ceramics.
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