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Summary 

We present electrical conductivi ty measurements on a range of  samples, 
based on the perovskite oxide LaA103, in the temperature span 600 - 1000 °C 
and under controlled partial pressures of  oxygen The conductivi ty is de- 
scribed for a series of  composit ions made oxygen deficient by replacement 
of  either the La 3÷ o r  AI 3. cations by  the divalent cations Ca 2+, Mg 2., Sr 2÷. 
We also present transport  number  measurements which indicate that  charge 
transport  in these materials is purely ionic for reducing atmospheres (pO2 
10 -14 atm.). The Arrhenius energies calculated from the ionic conductivities 
fall in the range 1.0 to 3 eV. 

We have made calculations, using the general purpose computer  
programme HADES, for the enthalpies of  defect  formation, migration, and 
for the energies of  association between dopant  and defect. These are com- 
pared with the experimentally determined values. Finally, details o f  the 
microstructure of  the materials are given and these are discussed in view of  
the experimental results. 

Int roduct ion 

Our programme is aimed at developing a basis for the prediction of  fast 
ion transport  in solids by  using calculations based on interatomic potentials. 
We are currently in the initial stages of  this programme which involves the 
calculation and measurement of  defect  formation and migration energies for 

*Paper presented at The International Symposium on Molten Electrolytes and High 
Temperature Batteries organized by the Electrochemistry Group of  the Chemical Society, 
Brighton, Gt. Britain, September 22 - 23, 1977. 
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Fig. 1. The unit cell for the cubic perovskite ABX 3 showing the individual atom sites. 

a known ion conductor, LaAIOa, which has been shown to exhibit substantial 
anion conduction [1, 2]. 

Perovsk ite structure 
The perovskite structure is shown in Fig. 1 for an imaginary compound 

ABXa. In LaA103 the La 3÷ ion occupies the A site at the body centre of the 
cube, the A13÷ ion occupies the cube corner B site and the 02 -  ions occupy 
the X sites along the cube edges. The cubic structure shown is the idealized 
perovskite structure; most perovskites are either rhombohedral  or tetragonal 
distortions of  this idealized structure. LaA103 is rhombohedral  at room tem- 
perature and transforms to the cubic structure at a temperature of  ~ 700 K 
[3]. 

We have prepared several oxygen deficient materials based on LaA1Os 
by doping both cation sites with divalent cations. The nomenclature we have 
adopted to represent these materials is as follows. For example, for calcium 
doped materials: 

X% CaAI represents the formula 

La(Cax/loo, Al1-(X/lOO)) O3-(X/200) 

X% CaLa represents the formula 

(Cax/lo0, Lal -ix/loo)) A1 O3_<x 1200) 

This nomenclature will be used exclusively in this paper. 

Preparation o f  materials 
The samples were prepared from intimately mixed powders consisting 

of  the correct proportion of  the relevant oxides. These mixed oxides were 
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produced by two methods:  (1) hot  paraffin drying of  a solution of  the 
respective nitrates, (2) co-precipitation of  the respective oxalates. 

To produce oxides from these mixtures the powders were calcined 
in air at 1000 K, and then milled to produce a fine powder.  These fine mixed 
oxide powders  were then heated to a temperature of  between 1273 and 
1573 K in air until they gave an X-ray diffraction pattern corresponding to 
the single phase perovskite. Usually this t ook  around 24 hours bu t  the exact 
period o f  t ime depends upon the particular composi t ion being prepared and 
the starting route,  the ho t  paraffin produced powder  being the more 
reactive. Sintered specimens were obtained by  milling the powders, pressing 
to shape, and finally firing at a temperature of  1873 K for 12 hours in pure 
oxygen. By using this method samples of  density up to 95% theoretical 
density could be obtained, although it is realized that there are difficulties 
in achieving exact  stoichiometry.  

Two types  of  sintered sample were made: a disc of  diameter 1.9 cm by 
3 mm thick, and a cylinder of  diameter 1.3 cm by  ~ 1.5 cm long. Porous 

platinum electrodes were fabricated by  sintering platinum paste onto  the sur- 
face of  the specimens. 

Pt electrodes ./~cirnen 

_~(~, in 
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Fig. 2. The apparatus used for the electrical measurements showing (a) the transport 
number cell, and (b) the conductivity rig. 

Apparatus 
The disc specimens were used for measurement of  the transport number  

using the apparatus shown in Fig. 2(a). The specimen is supported by 
alumina tubes  which form two chambers into which two gas streams can be 
introduced, thus forming an electrochemical cell. The gas in the outer  
chamber, surrounding the specimen, is the same as that  in the 1.h. chamber. 
A silver gasket prevents any mixing of  the gases in the outer  and r.h. 
chamber. The e.m.f, generated by  the cell is sensed by  two platinum wires 
down the centre of  the cell which are connected to an external measurement  
circuit. 

Two types of  gas mixture were used to cover the range of  pO2 values. 
For oxidizing condit ions oxygen was run against oxygen/argon mixtures: 
for reducing conditions two different CO/CO2 gas mixtures were used. 
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The conductivity measurements were made by a guarded four point 
technique, using the cylindrical samples, in the apparatus shown in Fig. 2(b). 
These samples had electrodes on the front and rear faces to which a potential 
was applied. These electrodes included a guard ring. The voltage probes con- 
sisted o f  Pt wires set into grooves around the sample surface, equidistant 
from the front and rear surfaces. The apparatus was totally enclosed in a 
silica envelope and could be filled with the same atmospheres as the 
transport number cell. 

The electrical circuit used for the resistance measurements is shown in 
Fig. 3. This is a conventional 4 point arrangement except that the guard and 

V -- Keithley 610 C 
' ~  <~- Guard power supply 

Fig. 3. The  electrical  c ircuit  used for the c o n d u c t i v i t y  measurements .  
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Fig. 4. The  results  f rom the  transport  number  cell  using a 10% CaLa sample.  The  e .m.f .  
generated across  the cel l  is p lo t t ed  as a func t ion  o f  o x y g e n  partial pressure. The  right 
h a n d c u r v e  corresponds  to  ox id i z ing  c o n d i t i o n s  using o x y g e n  as a standard gas; the  lef t  
hand curve corresponds  to  reducing cond i t ions ,  the  standard gas here giving an o x y g e n  
partial pressure o f  10  -12 atm. 
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inner electrodes are kept at the same potential by an operational amplifier. 
This guards against any errors due to surface or gas phase conduction at high 
temperatures. 

Results 
In Fig. 4 the results of  experiments using the transport number cell on a 

10% CaL~ sample are shown. The e.m.f, generated across the cell is plotted 
against the variation of  oxygen partial pressure in the r.h. chamber. The right 
hand curve at T = 1198 K corresponds to the oxidizing conditions with 
oxygen as a standard gas in the r.h. chamber. The line marked E t h e o  r is given 
by the equation: 

R T  Po'2 
Etheo r - In (1) 

4F Po~ 

where Po'~ and Po~ refer to the oxygen partial pressures at each side of  the 
cell; R is the gas constant;  F is the Faraday; T is the absolute temperature. 
The measured points, for the oxidizing conditions, fall well below the 
theoretical line indicating that  transport is only partially ionic at these 
partial pressures. The 1.h. curve corresponds to reducing conditions; the stan- 
dard gas used here gave an oxygen partial pressure of  10 -12 atm. at 1173 K. 
Here it would seem that  transport is purely ionic, as the observed points 
agree well with the Etheo r line. 

These data can be translated into transport number  data as shown in 
Fig. 5. The number  plot ted here is the average transport number  over the 
range of  partial pressure in the electrochemical cell, and is defined by: 

Emeas 
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Fig. 5. The  average ionic t ransport  number  t i  p lo t ted  as a func t ion  o f  oxygen  partial 
pressure for LaAIO 3 based materials.  
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Included in Fig. 5 are data taken from Takahashi [1] and Browall [2] 
for comparison. Our data  are in good agreement with those of  Takahashi and 
Iwahara, especially when it is noted that  their results are averaged over Po2 
values from air to reducing atmospheres (~ 10 -s arm.). The data of  Browall 
e t  al. may indicate that  ti is dropping in the range Po~ ~ 10-15 arm.; how- 
ever, this result could be brought about by a low density sample through 
which gas can diffuse, especially as they report  no density for their samples. 

The low value of  ti at the oxidizing atmospheres is probably due to con- 
duction by electron holes. These can be created by the following reaction, 
given in Kr6ger-Vink notation:  

1 0 2  ~.~ O ~  + 2h" (3) V6" + ~  
pll4 This equation implies that  the hole contribution will vary as o, ,  

under  conditions where overall neutrality is principally achieved by, e.g. 
[Ca~a] = 2[V~ ]. For the doped material we can thus predict the shape of  
the log (o) vs. log (Po~) plot as we proceed from oxidizing to reducing atmo- 
spheres. At very low oxygen partial pressures where ti  is 1, the conductivity 
will remain constant,  fixed by the dopant  level which determines the oxygen 
vacancy concentration.  At high values of  Po2 the hole conduct ion will 
become important,  and the slope o f  the log (a) vs. log (Po~) will change to ¼. 
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Fig. 6. The  variat ion o f  loglo (o) as a func t ion  o f  - - loglo(Po2 ) for  a 10% CaAl sample 
at  t = 1198 K. Also shown is the slope predic ted  f rom considera t ion  o f  the electron 
hole c o m p o n e n t  arising at high values o f  P o . .  

Figure 6 shows the log (o) vs. --log (Po~) plot for a 10% CaA1 sample at 
1198 K, and as predicted from the above arguments, the shape of  the curve 
is consistent with hole conduct ion predominating at high partial pressures of  
oxygen. The fiat part of  the curve where ti  is 1, extends the transport num- 
ber measurements and infers that  the range of  oxygen partial pressures for 
which ti is 1 extends from ~ 10 -e to 10 -is  arm. The conductivity measure- 
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ments presented in the fol lowing sections were all performed under oxygen 
partial pressures between 10 -12 to 10 -14 atm., well in the centre of  the ionic 
range. 

The Arrhenius plots obtained from the conductivity measurements are 
shown in Fig. 7; also included in Fig. 7 are data taken from Browall et  al. 
[2] for a 15% MgAI sample. All the plots are straight lines with no change in 
slope. Values of  (oT)o and the Arrhenius energy EA fitted to these plots are 
given in Table 1. The values for the lightly doped samples, i.e. those with 
2.5% and 5% dopant level, all fall close together with the exception of  the 
2.5% SrLa sample. All the measured Arrhenius energies fall between 1.0 and 
3.0 eV, the lowest observed value being 1.0 eV. 
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Fig. 7..aurrhenius plots of  the conductivity for a range of samples based on LaAIO 3. 
These plots were obtained under a controlled atmosphere of oxygen giving an oxygen 
partial pressure o f  P02 ~ 10 -12 - 10-14 atm.  

TABLE 1 

Conduct iv i ty  data 

Sample  Log10 (oT)0 E A (eV) 

10% CaLa 6.8 1.0 
5% CaLa 11.0 2.3 
2.5% CaLa 11.0 2.2 
5% CaAI 10.8 2.2 
10% CaAl 9.2 1.6 
2.5% MgA1 9.8 2.0 
2.5% SrLa 8.0 1.3 
Pure - -  1.9 
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The calculations 

The calculation of  defect  formation and vacancy migration energies used 
the computer  programme HADES, which calculates the energy of  a defect  
on the basis o f  interatomic potentials. Briefly, the lattice is represented by 
an assembly of  polarizable ions interacting by  some specific potential which 
includes contr ibutions from Coulomb, polarization and short, range repulsive 
interactions. The calculation method  involves finding the relaxations of  the 
defect  lattice which give a minimum lattice potential  energy. For all our cal- 
culations we are dealing with charged defects and thus in order to calculate 
these lattice relaxations the lattice is split into two regions: in an inner 
region, the lattice relaxations are calculated explicitly and are matched to a 
boundary  region where the lattice distortion is calculated assuming the 
material responds as a harmonic dielectric continuum to the electric field 
of  the defect. 

Using this calculation scheme the defect  formation energies are calcu- 
lated as the difference between the lattice potential energies of  the perfect  
and defect  lattices. Migration activation energies for defects correspond to 
the differences in energy between the equilibrium and lowest  saddle point  
be tween two such configurations. Further details of  the exact methods of  
calculation used in the HADES programme are given in Lidiard and Norgett  
[4] and Norgett  [5]. 

I n t e r a t o m i c  po ten t ia l s  
The interatomic potentials used for defect  calculations must be able to  

reproduce accurately both  the dielectric and elastic properties of  the lattice. 
The simplest ionic model  which is satisfactory in this respect is the shell 
model. In this model  the ions are represented by  a separate charged core 
coupled to  a charged shell by isotropic harmonic forces. The short  range 
interatomic forces are then assumed to act through the shells of  the ions. 
This type  of  model  has been used extensively in the field of  lattice dynamics 
and has recently been applied to the field of  defect  calculations. 

The cat ion-anion interatomic potentials are readily expressed by  the 
exponential form: 

V+_ = A+_ exp ( - - r /p+_)  (4) 

Anion-anion interactions are bet ter  represented by  the Buckingham poten- 
tial: 

V _ _  = A _ _  exp ( - - r / p _ _ )  - -  C _ _ / r  6 (5) 

in which the repulsive interaction is supplemented by  an attractive van der 
Waals term. 

The values of  A, p and C are arrived at empirically by  using a separate 
programme which fits the potential parameters to  the measured lattice 
parameter, cohesive energy, dielectric constants, etc. This type  of  analysis 
and defect  calculation has been used successfully to obtain defect  energies in 
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several systems including the oxides MgO [6], UO2 [7] and FeO, CoO and 
NiO [8]. 

For  LaA1Os very little of  this necessary physical data are known and 
so, in order to obtain potentials for the defect calculations, several approxi- 
mations are therefore required. We have neglected all anion-anion inter- 
actions on the basis of  the experience gained with the other oxides. There is 
little error in neglecting these terms as Coulomb interactions tend to prevent 
the close approach of  anions, so that  V__  contributes little to the total 
energy. We have also taken the parameters for the Al3+-O 2 - interaction to 
be the same as those of  the Mg2+-O 2-  interaction; this is reasonable as the 
Mg 2÷ and A1 s* ions are isoelectronic. 

Shell model parameters are usually chosen to fit to the values of  di- 
electric constants, but  again, for LaAIO3, these are not  available and we have 
therefore assumed that  only the oxygen ion is polarizable and that  the shell 
charge is the same as that  found in MgO. 

The parameters for the La3+-O 2 -  interaction were then found by 
fitting the interatomic separation for the minimum in the lattice potential 
energy to the known lattice parameter; however, with two adjustable 
parameters fi t ted to only one known value these fitted values are not  unique. 
The final set of  parameters chosen for the La3+-O 2 -  interaction were those 
which gave the lowest positive static dielectric constant  for the LaA103 
structure, and these are given in Table 2. 

T A B L E  2 

P o t e n t i a l  da t a  fo r  L a A I O  3 

Interaction A (eV) p (A) 

La--O 3172 .5  0 . 3 2 8 6  
A I - - O  1152 .0  0 .3065  

Shell  p a r a m e t e r s  K in e V A  

Yo = - -2 .62  YLa = +3 .0  YA1 = +3.0  
K 0 = 38 .08  KLa = oo KA 1 ffi oo 

The most  important  defect  energies calculated for this material are 
given in Table 3. In the right hand column of  Table 3 the energies per defect 
are given, as these can occur as contributions to the Arrhenius energy. From 
these values it is seen that  the intrinsic disorder in LaA1Os, as predicted by 
these calculations, is Schot tky disorder, i.e. this has the lowest energy per 
defect. The second set of  energies given in Table 3 are the vacancy migration 
activation energies. No value for the A13÷ vacancy was calculated because of  
the extremely high defect energies associated with this cation. The two 
oxygen vacancy activation energies refer to the two possible migration routes 
for this ion; the " face"  route refers to migration across the centre of  the 
cube face of  the unit  cell in the (100) direction. The "corner"  route refers to 
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TABLE 3 

Calculated energies (eV) 

Frenkel energies Energy/defect 

E F = 29.76 14.88 

E F = 16.51 8.25 

E F = 12.72 6.36 

Schottky energy 

E s = 16.13 3.23 

Vacancy migration activation energies 

E A = 6.81 

E A = 6.95 face 

E A = 0.57 corner 

mig ra t ion  across  t he  c o m e r  o f  the  cube  face in t h e  <110> d i rec t ion .  Clearly 
this " c o m e r "  j u m p  is the  m o s t  f avou red  m e c h a n i s m  o f  all and  we can  thus  
e x p e c t  charge  t r a n s p o r t  in this ma te r i a l  t o  t ake  place  b y  o x y g e n  vacancy  
mig ra t i on  in t he  absence  o f  an e l ec t ron  or  e l ec t ron  ho le  c o m p o n e n t .  F r o m  
these  energies  we  can thus  p r ed i c t  t he  Arrhenius  energies  e x p e c t e d  f r o m  the  
c o n d u c t i v i t y  da ta .  F o r  a d o p e d  and  t h e r e f o r e  o x y g e n  de f i c i en t  mater ia l ,  we 
should  e x p e c t  t o  see n o  c o n t r i b u t i o n  f r o m  the  d e f e c t  f o r m a t i o n  energy  
leaving on ly  a c o n t r i b u t i o n  f r o m  the  mig ra t i on  ac t iva t ion  energy.  These  
ca lcu la t ions  t hus  suggest  an Arrhen ius  ene rgy  o f  0 .57  eV fo r  t he  d o p e d  
mate r ia l .  F o r  pure  LaA103 the re  will be  a c o n t r i b u t i o n  f r o m  the  fo rma-  
t ion  energy  as well  as t he  mig ra t ion  ene rgy  and thus  we  e x p e c t  t o  see an 
Arrhen ius  ene rgy  o f  t he  sum o f  the  t w o :  3 .23 + 0 .57 = 3 .80  eV. 

Discussion 

In  Fig. 8 t he  me as u red  ac t iva t ion  energies  fo r  LaAlOa based  mater ia l s  
are p l o t t e d  against  % ca t ion  r ep l acemen t ,  a d i s t inc t ion  is m a d e  here  b e t w e e n  
the  t w o  ca t ion  sites. The  ca lcu la ted  va lue  fo r  t he  mig ra t ion  ene rgy  is m a r k e d  
as a d o t t e d  line on  Fig. 8, and  also inc luded  are the  da t a  o f  Browal l  [2]  and  
Steele e t  al. [9] .  Clearly the re  is a sp read  o f  values,  especial ly  fo r  t he  l ight ly  
d o p e d  samples ,  and  m a n y  o f  these  values  are h igher  t h a n  the  ca lcu la ted  values;  
howeve r ,  t he re  appea r s  to  be  a t r end  t o w a r d s  l o w e r  ac t iva t ion  energies a t  
h igher  d o p i n g  levels. T h e  value  o f  t he  ac t iva t ion  ene rgy  fo r  ou r  pu re  mate r ia l  
is m u c h  l ower  t h a n  t h e  3.8 eV p red ic t ed  f r o m  our  calcula t ions .  This  m a y  be  
due  to  impur i t i e s  in t he  pure  mate r i a l  giving rise to  ext r ins ic  behav iour ,  
indeed  t h e  value falls m u c h  neare r  t h a t  fo r  t he  l ight ly  d o p e d  samples .  
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energy  for  LaAIO 3 based  mater ia ls .  
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One possible reason for the high Arrhenius energies seen in the doped 
samples was thought  to  be the energies of  association between dopant  and 
oxygen vacancy. Calculations were made of  the dissociation energy of  such 
complexes as ( M ' M -  176 - - M ~ ] )  x by the following reaction: 

O~) + (Mkl -- Vb" - -  Mkl) x -> (Mk] -- O~ -- Mk,)" + V 6  

where M represents a divalent dopant  ion. The energy of  dissociation of  this 
type of  defect could be as high as 1.7 eV. The contribution of  this to  the 
Arrhenius energy is only 0.85 eV giving a total  energy for dissociation and 
migration of  0.85 + 0.57 = 1.42 eV, still slightly lower than that  of  the 
lightly doped samples. 

Finally, optical and electron microscopy was performed on all the 
materials measured to check the microstructure and phase purity of  the 
samples. All our samples were found to  be two phase to a greater or lesser 
extent,  even though all appeared to be single phase when examined by X-ray 
diffraction. An examination of  several pure LaAIO3 samples sintered at high 
temperatures indicated tha t  this second phase can form a continuous grain 
boundary layer when sintered at temperatures above 1898 K. This could 
clearly have a marked effect upon the measured electrical properties of  the 
samples, although our samples were prepared at a lower temperature than 
1828 K; Steele [9] and Browall [2] used sintering temperatures in excess of  
this. 

In the doped samples the second phase was found to be dispersed 
although quite large areas o f  second phase were sometimes visible. Figure 9 
shows a large particle of  second phase in a 2.5% Sr doped sample, taken in an 
S.E.M. The machine used was fit ted with an energy dispersive X-ray analysis 
probe (EDAX) and using this, X-ray fluorescent spectra were taken of  both 
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Fig. 9. An S.E.M. photomicrograph of  a large area of  second phase in the 2.5% SrLa 
sample. 
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Fig. 10. The X-ray spectrum of  the "normal" perovskite materia] in the 2.5% SrLa 
sample taken in the S.E.M. using an EDAX probe. 
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Fig. 11. The X-ray spectrum of  the second phase area in the 2.5% SrLa sample taken in 
the S.E.M. using an EDAX probe. 
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phases. The spectra obtained are shown in Figs. 10 and 11. The second phase 
area is obviously much higher in aluminium content  than the parent phase 
and a tentative comparison of  the relative intensities of  the A1 K series to the 
La L series would indicate that  the compound  corresponds to  the formula 
La203.11A1203, a ~ alumina analogue. In the Ca doped material it was also 
noted that  the second phase was much richer in dopant  than the parent 
phase; this is much easier to see in this material because of  the separation of  
the A1 and Ca Ks series. Figure 12 shows a spectrum of  such a second phase 
area. 

o 

c 

A1 K~ 1 

X Roy energy  • 

Fig. 12. The X-ray spectrum of a second phase area in a 5% Cala sample taken in the 
S.E.M. using an EDAX p~be. 

It seems likely that  this second phase is the cause of  much of  the scatter 
in the measured Arrhenius energies and it is possible to explain our measured 
data in the following manner. In the lightly doped  samples (2.5 to  5%) the 
majority of  the dopant  is observed to reside in the second phase leaving the 
p a r e n t  LaA10 3 phase depleted o f  dopant  and thus giving rise to  a relatively 
high activation energy representative of  an intermediate between intrinsic 
and extrinsic behaviour. This is consistent with the fact that  the value of  
Ea found for the pure material is very similar. The 2.5% Sr doped sample is 
an exception to  this argument but  a different  distribution coefficient would 
be sufficient to alter the  relative solubility of  Sr in the second phase. For all 
samples as the  doping level is increased (to ~ 10% and above) more dopant  
resides in the parent phase giving rise to the bet ter  electrical properties seen 
for these samples. 

Clearly no qualitative comparison can be drawn between the calculated 
and experimental values under  conditions where second phase phenomena 
are believed to be significant. However, the values for the higher doped 
samples and for the sample o f  Browall [2] do fall within the limits o f  
Arrhenius energy calculated using the potentials, and this offers the promise 
that  the calculations will be able to  act as quantitative guides to migration 
enthalpies once samples with improved microstructures are available. 
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Conclusions 

The difficulties encountered in reconciling the practical and theoretical 
aspects o f  this work are most  probably due to the presence of  small amounts 
of  second phase which contain proport ionately large amounts  of  dopant,  and 
which consequently distort  the experimental values. As previous workers do 
no t  appear to have checked their materials for the presence of  this phase, we 
feel that  some doub t  may be reasonably cast on their results, especially in 
view of  the high sintering temperatures used. 

The presence of  this second phase is most  probably due to either diffi- 
culties in achieving the exact  stoichiometry intended from the starting 
materials, or to different rates of  volatilization of  the consti tuents during 
firing. 

The agreement between the calculations and the higher doped samples 
is encouraging and suggests that  with more careful preparation techniques 
sufficient reliance may be placed on the calculations for them to provide a 
basis for the selection and optimization of  fast ion-conducting composit ions 
in the perovskite series. 
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