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Oxygen diffusion in YBa,Cu;04 4, at high temperatures (1400—1500 K) has been studied with use of
molecular-dynamics simulation techniques employing Born model potentials. The oxygen diffusion is
found to occur mainly within the Cu(1)-O basal plane by a vacancy mechanism; and the oxygen diffusion
coefficient (D) is calculated as D =1.4X 10~ *exp[( —0.98 eV/kT] cm?s™}, which is in good agreement
with experimental results. Details of the oxygen-migration mechanisms are obtained from particle tra-
jectories which are analyzed with use of molecular-graphics techniques. The oxygen vacancies are found
to migrate between O(1), O(4), and O(5) sites, but not to O(2) and O(3) sites. The possible oxygen-ion-
jump paths are observed to be O(1)-O(5), O(1)-O(4), and O(4)-O(5).

INTRODUCTION

Diffusion is among the most important solid-state pro-
cesses and is of great importance in materials processing.
High-T, superconductors are no exception in this
respect. The most important and widely studied diffusion
phenomenon in YBa,Cu;O,_, involves oxygen migra-
tion. It is well known that the critical temperature T, of
YBa,Cu;0,_, depends on the value of x.! To retain a
high value of T, the material has to be kept as fully oxy-
genated as possible. To achieve this goal it is necessary
to understand the mechanism of diffusion of oxygen and
to obtain accurate values of the diffusion coefficient.

The importance of oxygen transport in YBa,Cu;0,_,
has resulted in a number of studies by a variety of experi-
mental techniques. Xie, Chen, and Wu,? using internal-
friction measurements, interpreted their data in terms of
diffusional jumps in the basal planes between sites O(5)
and O(1) (see Fig. 1) and obtained an activation energy of
1.03 eV. Zhang et al.’ reported internal-friction mea-
surements and measured an activation energy of 1.12 eV
for the orthorhombic phase. In particular, they proposed

FIG. 1. Structure of YBa,Cu;0,.

that oxygen migration is associated with either an order-
ing diffusion process between layers or an order or disor-
der diffusion process in the Cu(2) plane. Tu et al.* car-
ried out in situ resistivity measurements to monitor the
variation in oxygen content and reported activation ener-
gies of 0.5 eV at x=0.38 and of 1.3 eV at x =0 in the
temperature range of 250-500°C. Carrillo-Cabrera,
Wiembhofer, and Gopel® reported ionic conductivity stud-
ies and obtained an activation energy of 2.2 eV. They as-
sumed that oxygen migration would mainly occur within
the Cu(l) basal plane by a vacancy mechanism. From
thermogravimetric studies of chemical diffusion Kishio
et al.® proposed that oxygen diffusion proceeds via an
interstitial-like mechanism in the basal plane and mea-
sured an activation energy of 1.38 eV at x =0. Rothman
et al.”® undertook measurements of oxygen tracer
diffusion and indicated that diffusion is highly anisotropic
with diffusion in the ab plane being much faster than
along the ¢ axis. Furthermore, they concluded that the
diffusion coefficient for the faster component may be de-
scribed by a single activation energy of 0.97 eV over a
wide range of stoichiometry. Ottaviani et al.’ studied
oxygen diffusion in tetragonal YBa,Cu;Oq 35 using in situ
resistivity measurements and suggested an activation en-
ergy of 0.40 eV. The activation energies reported by
different workers clearly show significant scatter, which
may, of course, be partly attributed to differences in ex-
perimental conditions.

Oxygen diffusion in YBa,Cu;0,_, has also been stud-
ied theoretically. Choi et al.!° undertook a calculation of
oxygen tracer diffusion coefficients using the cluster vari-
ation technique in conjunction with the path probability
method and reported activation energies of 0.8 eV and
1.2 eV in the tetragonal and orthorhombic phases, re-
spectively. They also found a stoichiometry-dependent
diffusion coefficient and a break in the Arrhenius plot at
the orthorhombic-tetragonal transition. Baetzold!! ob-
tained an oxygen-migration energy of 0.3 eV using a
shell model and associated two- and three-body short-
range interaction potentials. By assuming that the force
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between two neighboring oxygen ions was repulsive for
an O(1) and O(5) site, repulsive for two O(1) sites in the a
direction, and attractive in the b direction, Tu et al.* ob-
tained a strong anisotropy of the diffusion coefficient in
the ab plane and a strong stoichiometry dependence of
the diffusion coefficient. Ronay and Nordlander'? carried
out a mean-field calculation and suggested that oxygen
could move interstitially over the O(5) site (along chan-
nels parallel to the b direction) with an almost zero ac-
tivation energy for motion, whereas the activation ener-
gies for diffusion in the a and c directions were ~1.7 eV.
Islam'? studied oxygen migration in YBa,Cu;0, using
computer simulation techniques. His results support the
models in which ionic diffusion is attributed to the mobil-
ity of oxygen vacancies and showed that vacancy
diffusion via the O(1)-O(4)-O(1) path was energetically the
most favorable, with a migration energy of 0.72 eV.

From the range of studies on oxygen diffusion in
YBa,Cu;0,_, there appears to be general qualitative
agreement that diffusion in the ab plane is much faster
than in the ¢ direction, but there is not much agreement
on the details of the diffusion path or of the activation en-
ergies.® The information provided by experimental
diffusion studies can only rarely be sufficiently to identify
atomic diffusion mechanisms, particularly for complex
structures. In addition, static lattice calculations of the
type summarized above, although unquestionably useful,
are limited in that they can at best explore the energy
surfaces for proposed mechanisms rather than reveal the
mechanism directly. These limitations are removed by
molecular dynamics (MD), which is ideally suited to
probing diffusion mechanisms. We have therefore under-
taken a molecular-dynamics study of oxygen diffusion in
YBa,Cu;04 4, at high temperatures (1400-1600 K) in an
attempt to investigate the oxygen diffusion mechanism.

METHOD

Molecular dynamics (MD) studies have become a stan-
dard tool in computational chemistry, since their intro-
duction in 1957 by Alder and Wainwright.'* The tech-
nique has been applied to a wide range of systems from
molten ionic solids to enzyme-substrate interactions and
is as noted as ideally suited to investigating diffusion
mechanisms. The MD method requires a potential-
energy function that provides a rapidly calculable
description of the energy and a first derivative vector of
the system as a function of its structure. Given the forces
provided by this energy function and the known atomic
masses, an acceleration vector is readily obtainable for
the system. A set of starting velocities (usually randomly
assigned) provides a starting point, and the MD method
proceeds by solving Newton’s equations of motion using
a finite time step. This numerical integration procedure
yields a new set of atomic coordinates and forces. Re-
petition of this algorithm yields a detailed picture of the
evolution of the system as a function of time. The choice
of time step in the integration stage is critical: too small
and computer time is wasted; too large and energy is not
conserved (the integration is inaccurate).

The accuracy of the simulation as a whole is deter-
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mined by the quality of the interatomic potentials
describing the system. In deriving potential parameters
for ionic material two broad strategies are available: first
we can fit variable potential parameters to available crys-
tal properties (such as crystal structure, elastic constant,
dielectric constant, etc.); secondly, we attempt to calcu-
late ionic interaction directly by theoretical methods.
The first approach is used in this work. Baetzold'® has
developed a set of shell-model potentials that have been
successfully used in static simulations of YBa,Cu;0,. Be-
cause it is extremely expensive in computational terms to
use the shell model in MD calculation, we used rigid-ion
models in this study as has been the case in most MD
studies of solids. We use Born model potentials with
short-range terms of the Buckingham form

®=Aexp(—r/p)—C/r®. (1

Baetzold’s'> parameters were used as the starting point
but were refitted so that the new rigid-ion parameters
reproduced the structure of YBa,Cu;0,. The model uses
formal charge of 3+, 2+, and 2+ for Y, Ba, and Cu, re-
spectively. All O ions, except O(1), were given a charge
of 2—; O(1) has a charge of 1—. The potential parame-
ters used in the study are listed in Table I. The potential
reproduces the structure of YBa,Cu;0, with a maximum
error in any structural parameter of 5% (see Table II).

We used an oxygen composition corresponding to
YBa,Cu;0y 4;, which is close to that for which the fastest
oxygen diffusion is observed. In order to simulate
YBa,Cu;04 4;, we took three O(1) out of 32 YBa,Cu;0,
units (which are comprised of 416 atoms) to create three
oxygen vacancies before the start of the simulation, and
then assigned three of the O(1) species a charge of 2— in
order to retain electroneutrality. The simulations were
performed using a (1522 A X 15.53 A X 23.61 A) box
containing 413 atoms. Newton’s equations were integrat-
ed using the leap-frog algorithm'® with a 1-ps time step.
Initially a Gaussian distribution of velocities was assigned
to all the atoms in the simulation box. Iterative velocity
scaling was employed to achieve a stable temperature.
The system was then allowed to equilibrate for 15 ps pri-
or to production runs for subsequent analysis.

The calculations were performed on the CRAY X-MP
supercomputer at Rutherford Appleton Laboratories and
the CONVEX C210 computer in our Laboratory using a
modified version of the FUNGUS computer code

TABLE 1. Potential parameters: Short-range interaction.

4 (V) p (A) C (eVA)
020" 22764.3 0.149 00 25.0
0 -0~ 22764.3 0.149 00 25.0
0¥ -Cu** 3799.3 024273 0.0
0? -Ba®* 3115.5 033583 0.0
0 -yt 20717.5 0.24203 0.0
0-0" 22764.3 0.14900 25.0
o -Cu?* 1861.6 0.25263 0.0
O -Ba’* 29906.5 027238 0.0
Cu®*-Ba®" 168 128.6 0.22873 0.0
Ba’*-Ba’* 2663.7 0.255 80 0.0
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TABLE II. Comparison of calculated and experimental bond
lengths.

Calculated Experimental Differences
Bond length (A) length (A)* (A)
Cu(1)-0(1) 1.940 1.940 0.000
Cu(1)-0(4) 1.760 1.847 0.087
Cu(2)-0(2) 1.932 1.925 0.007
Cu(2)-0(3) 1.961 1.957 0.004
Cu(2)-0(4) 2.413 2.299 0.114
Ba-O(1) 3.066 2.964 0.102
Ba-O(2) 2.841 2.944 0.103
Ba-O(3) 2.809 2.883 0.074
Ba-O(4) 2.796 2.740 0.056
Y-0(2) 2.365 2.407 0.042
Y-O(3) 2.348 2.381 0.033

2Reference: 20.

developed by Walker.!” We have made considerable use
of molecular-graphics techniques in the analysis of MD
trajectories. The molecular modeling package!®
INSIGHT II on a Silicon Graphics workstation was used to
animate the framework trajectories for investigating oxy-
gen diffusion mechanism.

RESULTS

Since the primary aim of this work is the investigation
of oxygen-diffusion mechanisms, we undertook MD cal-
culation at high temperatures (1400-1500 K). This is in
order to ensure that a sufficient number of migration
events is recorded during the simulation. Simulation of
100 ps were undertaken in order to obtain sufficient tra-
jectories to investigate in detail the migration mecha-
nisms. Calculation of the mean-square displacement
(MSD) of atoms as a function of time leads to a direct
measure of the self-diffusion coefficient D via the follow-
ing equation:"’

{|r(t)—r(0)]?)=B+6Dt , 2)

where |r(z)—r(0)| is the displacement of a particle from
its initial position; the brackets denote an average over
the particles concerned and over time origins and B is a
thermal factor arising from atomic vibrations. Figure 2
shows the MSD plot for the oxygen-ion simulation at
1500 K. It is seen that oxygen diffuses in three direc-
tions. The oxygen-diffusion coefficients at different tem-
peratures are calculated from the MSD plots and are
given in Table III. We found that the coefficients for ox-
ygen diffusion in the @ and b direction are similar and

0.4

MSD (A2)

0.0 T T T T

Time (ps)

FIG. 2. MSD plot for oxygen migration at 1500 K. Curves a,
b, and ¢ correspond to the MSD in the a, b, and ¢ direction, re-
spectively. Curve total corresponds to the total MSD.

they are both larger than the diffusion in the ¢ direction.
Because it is difficult to find the experimental diffusion
coefficients for oxygen diffusion at high temperatures, we
calculated the diffusion coefficients from the expression

D=1.4X10"%exp[(—0.97 eV)/kT] cm®s™ ', (3)

which derives from the experimental data of Rothman,
Routbort, and Baker.” The comparison of calculated and
experimental diffusion coefficients is reported in Table
IV. We found that the calculated diffusion coefficients at
1400 and 1500 K are in good agreement with the (extra-
polated) experimental data. The calculated diffusion
coefficient at 1450 K is in reasonable but less close agree-
ment with the experimental value because it was obtained
from the production run of 60 ps, whereas the other two
data were obtained from a production run of 100 ps. We
used the production run of 60 ps at 1450 K because after
60 ps the MSD curve showed anomalous behavior, with
the vacancies becoming “locked” into an immobile
configuration. Such eventualities are a hazard when
simulating systems with relatively low diffusion
coefficients. Because the calculated data for oxygen
diffusion at 1400 and 1500 K are most accurate, we base
our Arrhenius plot on these two data points. From the
Arrhenius plot [In(D) vs T~!) (Fig. 3), we obtained an

TABLE III. Calculated diffusion coefficients.

D D,

<
T (K) (1078 cm?™1) (1078 cm?™Y) (1078 cm?™ ) (1078 cm?™1)
1400 4.5+0.2 1.82+0.03 1.70£0.02 0.96+0.03
1450 5.6+0.6 2.234+0.07 2.10+0.07 1.54+0.07
1500 7.6+0.3 2.83+0.03 2.47+0.04 2.35+0.05
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TABLE IV. Comparison of calculated diffusion coefficients
and experimental diffusion coefficients.

Experimental D? Calculated D

T (K) (107% cm?™Y) (1078 cm? 1)
1400 4.53 4.5+0.2
1450 5.97 5.6%+0.6
1500 7.74 7.6+0.3

2Calculated from the diffusion coefficient expression of D
=1.4X 10 *exp[(—0.97 eV/kT] (cm? ') (Ref. 7).

activation energy of 0.98 eV with D,=1.4Xx10"*
cm?s L

Rothman, Routbort, and Baker,” whose sample had a
similar oxygen stoichiometry to that used in our simula-
tion, reported the oxygen tracer diffusion coefficient of

YBa2CU3O7_X as
D=1.4X10"%xp[(—0.97 eV)/kT] cm?*s~! . (4

Our calculated oxygen-diffusion coefficient, which can be
expressed as

D=1.4X10*exp[(—0.98 eV)/kT] cm?*~!, (5

is in very good agreement with the result of Rothman,
Routbort, and Baker’ and is also close to the result of
Xie, Chen, and Wu:2

D=3.5X10%exp[(—1.03 eV)/kT] cm?*s~!. (6

We should stress, however, that the very accurate numer-
ical agreement between theoretical and experimental
values of D, and activation energy is fortuitous in view
the small number of simulated data points.

An advantage of using MD is that the diffusion mecha-
nism can be viewed directly by analysis of MD particle
trajectories. We have therefore made considerable use of
molecular graphics techniques in the analysis of oxygen
trajectories. As noted, we started the calculations by put-
ting all the vacancies on O(1) sites. During the simula-
tion we found that oxygen vacancies can migrate between
0(1), O(4), and O(5) sites but not to O(2) or O(3) sites [this
was also the case when we started the calculations by put-
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FIG. 3. Calculated Arrhenius plot for oxygen diffusion in
YBa,Cu;0q g;-
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FIG. 4. The xy projection of the coordinates of the oxygen
ions situated in the Cu(1)-O plane at 1500 K for a duration of
100 ps. The jump paths for the oxygen ions are ion 4: O(1)-
O(5); ion B: O(5)-0O(1); ion C: O(1)-O(4); and ion D: O(1)-O(5)-
0O(1)-0(4)-0(1).

ting the vacancies on both O(1) and O(2) sites]. We ex-
pect that at lower temperatures there will be no (or very
few) vacancies on O(2) and O(3) sites either as implied by
the experimental result D, << D,, (see Ref. 7).

Figure 4 shows the xy projection of the coordinates of
the oxygen ions situated in the Cu(1)-O plane at 1500 K
for a duration of 100 ps. Of the 14 oxygen ions situated
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FIG. 5. The xz projection of O(4) coordinates at 1500 K for a
duration of 100 ps. The jump paths of the oxygen ions are ion
A: O(4)-0(5); ion B: O(5)-O(4); and ion C: O(4)-O(1).
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FIG. 6. The yz projection of O(4) coordinates at 1500 K for a
duration of 100 ps. The jump paths of the oxygen ions are ion
A: 0(4)-0(1); ion B: 0(4)-O(1)-O(4); and ion C: O(4)-O(5)-O(1).

in this plane, 12 are situated on O(1) sites and the others
are situated on O(5) sites at t =0. In the simulation, some
of oxygen ions jump into other sites. The jump paths for
these oxygen ions are ion 4: O(1)-O(5); ion B: O(5)-O(1);
ion C: O(1)-04); ion D: O(1)-0(5)-0(1)-O(4)-O(1). The
rest of the oxygen ions vibrate at their equilibrium sites.
Neither O(5)-O(5) nor O(1)-O(1) jumps are observed in
this simulation. Jumps of oxygen ions from one O(1) site
to another O(1) site appear to take place via an O(5) site
(see oxygen-ion D in Fig. 4). We expect that jumps of ox-
ygen ions from one O(5) site to another O(5) site will also
occur via O(1) sites.

Figure 5 and 6 show the xz projection and yz projec-
tion of O(4) coordinates for a duration of 100 ps (simulat-
ed at 1500 K). We observed in Fig. 5 that oxygen ion 4
jumps from the O(4) site onto the O(5) site. The jump
path of oxygen ion A4 in Figure 5 is O(4)-O(5), the jump
path of oxygen ion B is O(5)-O(4), and the jump path of
oxygen ion C is O(4)-O(1). From Fig. 6 we observe that
oxygen ion A4 jumps from the O(4) site onto the O(1) site;
oxygen ion B jumps from the O(4) site onto the O(5) site
and then jumps back onto the O(4) site; the jump path of
oxygen ion C is more complex: it jumps first from the
O(4) site onto the O(5) site and then jumps onto the O(1)
site. Most O(4) ions vibrate around their equilibrium
sites. Jumps of the type O(4)-O(2), O(4)-O(3), or O(4)-
O(4) are not observed in this simulation.

Thus to summarize our analysis of the oxygen trajec-
tories using molecular graphics techniques, we have
found that jumps in the ab plane are more frequent than
those in the c¢ direction. The possible oxygen-ion jump
paths we found are O(1)-O(5), O(1)-O(4), and O(4)-O(5).

DISCUSSION

As noted, our model assumes a charge of —1 for oxy-
gen on the O(1) site but —2 on the other sites. This im-
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plies that if an oxygen ion moves from or to an O(1) site it
must continuously change its charge in the process. Ac-
tually we found that when the system reaches equilibrium
most of oxygen ions with charge —1 go to the O(2) and
O(3) sites. Some O~ ions move to the O(4) sites and only
a very small proportion of them still remain in the O(1)
sites. We noted no movement of oxygen ions at the O(2)
and O(3) sites, and a only very rare movement of O™ ions
at the O(1) and O(4) sites. This suggests that the mobile
oxygen ions in YBa,Cu;0q o, are 0>~

Rothman et al.® found that the diffusion coefficient in
the b direction D, is much larger than that in the a direc-
tion D, at 300°C and that a linear Arrhenius plot is ob-
served over the entire temperature range. Combining
these results, they suggest that the condition D, >>D,
should hold over the entire temperature range. Our re-
sults do not agree with this aspect of their work, as we
find that D, ~ D, in the temperature range of 1400—1500

We noted that there are oxygen-ion jumps from O(1) or
O(5) sites to O(4) sites but no jumps from O(2) or O(3)
sites to O(4) sites. This may be related to the fact that the

0(Q2) [0(3)] -O(4) distance of ~3.0 A is much greater than
the O(1) [O(5)] -O(4) distance of ~2.5 A. The migration
energy for moving an oxygen ion from an O(2) or O(3)
site to an O(4) site is expected to be much larger than that
for moving an oxygen ion from the O(1) or O(5) site to
the O(4) site.

We also note in Fig. 2 and Table III that D, is smaller
than D, and D, but is apparently nonzero. Our graphic
analysis has already shown that there is no jump of O(4)-
O(2) or O(4)-O(3). To what, therefore, can we attribute
this nonzero value of D,? It appears that this is due to
the jumps of O(1)-O(4) and O(5)-O(4). We should also re-
call that our MD simulation samples only 100 ps of real
time. Our oxygen-ion trajectories (Figs. 4—6) show that
in this time the oxygen ions jump only 2-3 times. These
time scales are too short for us to obtain meaningful
quantitative results for diffusion parallel to the ¢ direc-
tion, although it is clear that this is very small compared
to diffusion in @ and b directions; i.e., D, <<D,,, as found
experimentally.

From the analyses of their experimental data, which, as
noted, give D, >>D,, and D,, > 10*~10°X D, Rothman
et al.® proposed an oxygen-diffusion mechanism for
YBa,Cu;0,_,. They suggested that an oxygen ion at the
end of a row of O(1) sites jumps onto an O(5) site, moves
along the O(5) site until it comes to another row end, and
attaches itself. Islam!® regarded the oxygen migration
along O(S) sites in orthorhombic YBa,Cu;0,_, as oxy-
gen interstitial migration. His calculation showed that
such a mechanism needs an activation energy of 3.5 eV,
which is much larger than the migration energy needed
for moving an oxygen ion along the O(1)-O(4) path
(0.5-0.7 V). Islam’s results contradict calculations of
Ronay and Nordlander!* that a near-zero activation ener-
gy is needed for moving oxygen ions along O(5) sites. In
agreement with Islam, we did not observe oxygen ions
moving along O(5) sites in our MD simulation. We found
that the oxygen ion on the O(5) site can easily jump onto
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an O(1) site. Of course our results are obtained at high
simulated temperatures rather than at the lower tempera-
tures at which most experimental oxygen-diffusion stud-
ies were carried out. But it seems implausible that there
would be very major changes in the energetics of migra-
tion with temperature. As an alternative, might we pro-
pose that oxygen ions move along the path O(1)-O(5)-
O(1)? If this occurs at lower temperatures, then D, will
be close to D,, which does not agree with the experimen-
tal observation D, >>D,.

To reconcile these difficulties we propose the following
oxygen diffusion mechanism in YBa,Cu;0,_,: at lower
temperatures, because of the low occupancy of the O(5)
site, oxygen vacancy jumps of the type O(1)-O(4)-O(1) will
predominate. Such a mechanism does not effect diffusion
along the a axis; therefore such a process alone would
lead to D, =0 and D, >0. However, some O(1)-O(5)-O(1)
jumps will occur, but they should be comparatively rare,
leading to D, >>D,. We recall that there are very few
vacancies on O(2) and O(3) sites; oxygen jumps in the ¢
direction will be very restricted leading to D,, >>D,.
These mechanisms seem able to explain the oxygen
diffusion behavior at lower temperatures (i.e., D, >>D,
and D,, >>D,) without invoking O(5)-O(S) jumps. These
mechanisms also agree with the results of oxygen isotope
experiments that both O(1) and O(4) sites are involved in
the diffusion mechanism.?! At higher temperatures the
O(5) site is more easily occupied so that jumps from the
O(1) site to the O(5) site begin to occur with the frequen-
cy of those jumps from the O(1) site to the O(4) site as our
MD result revealed. In this case the oxygen diffusion will
mainly be via the ab plane rather than via the chain along
b direction. This will result in D, ~D, and D,, > D, as
our simulation result revealed.

Because our MD simulation can only detect the

diffusion coefficients larger than ~1X 10" % cm 27! us-

ing the simulation times in the present study, it is very
difficult for us to carry out MD simulations in the tem-
perature range of 300—700°C, where most experimental
studies of oxygen diffusion in YBa,Cu;O0,_, are under-
taken. Simulation of lower temperature systems are
probably best carried out using static methods, which
may be used to investigate the energetics of the mecha-
nisms revealed by the dynamics simulations.

CONCLUSIONS

MD simulation of oxygen diffusion in YBa,Cu;0g 4, in
the temperature range 1400-1500 K yield an oxygen-
diffusion coefficient of D=1.4X10"*exp[(—0.98 eV)/
kT) cm?s~!, which is in good agreement with experiment
data from lower temperature studies. Oxygen jump paths
were also investigated using molecular graphics tech-
niques. We found that oxygen vacancies migrate between
O(1), O(5), and O(4) sites but not to O(2) and O(3) sites.
The possible oxygen-ion jump paths observed are O(1)-
0(5), O(1)-0(4), and O(4)-O(5), but not O(5)-O(5). On the
basis of these data, we propose that oxygen diffusion in
YBa,Cu;04 4; does not take place by the movement of
oxygen ions over O(5) sites between the rows of oxygen
ions but rather by the movement of oxygen ions along the
path O(1)-O(4)-O(1) at lower temperatures and by the
movement of oxygen ions mainly along the path O(1)-
O(5)-0(1) at higher temperatures.
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