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Simultaneous measurements of oxygen pressure, composition, and electrical conductivity have been 
made in the phases PI$& and PrgOukX and in the two-phase region. These two phases belong to the 
same homologous series with closely related structures of well-ordered oxygen vacancies. Composi- 
tion-pressure, electrical conductivity-pressure diagrams suggest that the predominant point defects in 
these nonstoichiometric phases are neutral oxygen interstitials and doubly charged oxygen vacancies. 
The electrical conductivity-composition diagram does not follow Honig’s model based on the assump- 
tion that Prss and PI-++ are randomly distributed in these praseodymium oxides. The electrical conduc- 
tion in these praseodymium oxides is discussed on the basis of the hopping model with diierent 
mobilities of charge carriers, which come from the different sites of the ordered cation sublattice. 
Electrical conductivity-composition diagrams as well as oxygen pressure-composition diagrams show 
a reproducible hysteresis loop that is discussed in terms of a domain model. 

1. Introduction 

The praseodymium oxides belong to a 
fluorite-related homologous series Pr,0h-2 
of intermediate phases with narrow ranges 
of nonstoichiometry and with ordered 
structures (1-4). The phase diagram of pra- 
seodymium oxide according to Hyde et al. 
(I) is shown in Fig. 1. Iota (n = 7) and zeta 
(n = 9) phases belong to this homologous 
series with ordered oxygen vacancies form- 
ing a superlattice and have the common a 
and c axes but a different b axis both in 
direction and in length (2-4). 

The defect structure of the iota phase, 
fi7012tx, was discussed by Lau et al. (5) 
from the pressure dependence of the diffu- 
sion constant. The predominant defects 

were suggested to be neutral oxygen inter- 
stitials at low temperatures and a mixture of 
Frenkel defects with various charges at 
high temperatures. The intermediate pra- 
seodymium oxides consist of mixed va- 
lence cations, P13+ and w1+, with partially 
filled 4f shells forming a narrow band. The 
electrical conductivity has been explained 
with a hopping mechanism and a small po- 
laron theory (6-9). Honig et al. (8) found 
that the electrical conductivity of praseo- 
dymium oxides had a maximum around O/ 
Pr = 1.75 and that the electrical conductiv- 
ity of praseodymium oxides was propor- 
tional to the product of concentrations of 
PP and w’+ ions, [P?+][w’+] (a-10). 

The composition-pressure measure- 
ments between these intermediate phases 
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FIG. 1. Phase diagram of praseodymium oxides according to Hyde et al. (1). 

have shown that reproducible hysteresis 
loops are found when the phase-reaction 
cycle is completed between two phases (I, 
22-25). However, this kind of chemical 
hysteresis has been observed only in pres- 
sure-composition and the corresponding 
partial molar free energy-composition 
curves (16), while the measurements on 
other properties, such as the structure in 
situ and electrical conductivity along the 
hysteresis loop are needed to understand 
the nature and mechanism of hysteresis. 

In this paper, simultaneous measure- 
ments of oxygen pressure, composition, 
and electrical conductivity have been made 

at high temperatures in the phases PI-~O,~~~ 
and Pr9016+X and in the two-phase region. 
The defect structure, the electrical conduc- 
tion, and the hysteresis in this system have 
been discussed, based on the results from 
the three simultaneous measurements. 

2. Experimental 

The oxygen vapor pressure and the cor- 
responding O/Pr ratio were measured with 
a mercury manometer and the electrical 
conductivity was measured by the usual 
four-probe method, simultaneously. Five 
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pellets of praseodymium oxide were placed 
in a quartz sample tube and connected to a 
mercury manometer through a stopcock. 
Four platinum wire probes of 0.3 mm in 
diameter were inserted into one of the five 
pellets for the electrical conductivity mea- 
surement. The four platinum wires for elec- 
trical conductivity measurements and a Pt/ 
Pt 13% Rh thermocouple of 0.3 mm in 
diameter for temperature measurement of 
the sample were led through holes in the 
sample tube and sealed with epoxy-type 
resin. The O/Pr composition in the sample 
was determined by calculating the change 
in moles of oxygen in the vapor phase by 
the use of the pressure change, and the pre- 
determined dead volume of the apparatus. 
The dead volume of the sample tube was 29 
cm3 and that including one side of the ma- 
nometer was about 95 cm3. A correction of 
the volume was made due to the change of 
the manometer level. It was ascertained 
that no leakage occurred in the apparatus. 
The total weight of sample was 4.9832 g in 
the form of Pr01.714. The sensitivity of the 
O/Pr ratio measurement is determined by 
the dead volume of the apparatus and the 
amount of the sample. A change in 100 Pa 
in oxygen pressure corresponded to about 
0.002 units in O/Pr ratio. The precision of 
the composition measurement was esti- 
mated to be +0.0002 in the O/Pr ratio. The 
temperature of the sample was maintained 
constant within tl K by using a stabilized 
power supply and adjusting the current of 
the electrical furnace manually. 

The praseodymium oxide Pri20t2 with 
99.99% purity was furnished commercially. 
The oxide was dissolved in 5 N HN03 and 
the solution was adjusted to 1 N HN03 by 
the addition of NH3 gas. The oxalate, pre- 
cipitated with oxalic acid, was washed and 
subsequently decomposed to the oxide by 
heating at 1273 K for 48 hr. The oxide so 
obtained was kept at 973 K and under an 
oxygen pressure of 133 Pa in order to obtain 
the iota phase. 

3. Results 

Simultaneous measurements of oxygen 
pressure, composition, and electrical con- 
ductivity were made for the iota phase 
(Pr70121X) along the oxidation and reduction 
paths in an isothermal condition at 973 K. 
The iota phase with the O/Pr ratio 1.714 is 
known to be obtained by equilibrating the 
sample at 973 K and 133 Pa of oxygen pres- 
sure (1). Composition-pressure and electri- 
cal conductivity-pressure relations are 
shown in Figs. 2 and 3, respectively, where 
the O/Pr ratio was determined relative to 
the deviation from 1.714, which is taken as 
a reference. It is seen from Fig. 2 that the 
nonstoichiometric parameter 6 in Pr01.714+s 
takes both positive and negative values, in- 
dicating that the oxygen sublattice in iota 
phase has both interstitials and vacancies 
as defect species. The log (T vs log P plot in 
Fig. 3 forms a straight line in the oxygen 
pressure region below 4 kPa, with a slight 
positive slope of 0.005, but hysteresis be- 
tween the oxidation and reduction paths is 
encountered in the region above 4 kPa. This 
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FIG. 2. Composition-pressure diagram in the iota 
phase PTO,.,,~+~ at 973 K. 0, A show the oxidation 
path and 0, A the reduction path. The solid line repre- 
sents the equation S = K,PIR - KJ-1’6 and the broken 
line represents the equation 6 = K,P’” - K2P-I’*. 
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FIG. 3. Log vs log plot of electrical conductivity- 
oxygen pressure diagram near the iota phase at 973 K. 
0, A show the oxidation path and 0, A the reduction 
path. The linear part of the plot can be expressed as o 
= ,@.ooS* 

corresponds to the region of the two-phase 
mixture, Pr7012+X and PrOz-, (16) (see Fig. 
1). 

Simultaneous measurements of oxygen 
pressure, composition, and electrical con- 
ductivity were made for the zeta phase 
(Pr9016& along the oxidation and reduction 
paths at 838 K. The reference O/Pr ratio 
was determined to be 1.714 at 838 K and at 
an oxygen pressure of 13.3 Pa, according to 
a previous study (15). Composition vs pres- 
sure and electrical conductivity vs pressure 
relations are shown in Figs. 4 and 5, respec- 
tively. Only a substoichiometric composi- 
tion was obtained at this temperature and 
pressure below 4 kPa, as seen in Fig. 4. 
This is quite consistent with a previous 
thermogravimetric study (15). Figure 5 
shows that a straight line in the log u vs log 
P plot is obtained in the pressure region 
above 600 Pa, with a slight positive slope of 
0.031. Hysteresis between oxidation and 

FIG. 4. Composition-pressure diagram in the zeta 
phase PrO1.778+( at 838 K. 0, A show the oxidation 
path and 0, A the reduction path. The solid line repre- 
sents the equation S = K,P In - K2P-‘16 and the broken 
line represents the equation 6 = KIP’” - K2P-ln. 

reduction paths is encountered in the region 
below 600 Pa, which corresponds to the re- 
gion of the two-phase mixture, Pr7012+X and 
Pr9016-x (see Fig. 1). 
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FIG. 5. Log vs log plot of electrical conductivity- 
pressure diagram near the zeta phase at 838 K. 0, A 
show the oxidation path and 0, A the reduction path. 
The linear part of the plot can be expressed as u = 
,~o.m*~ 
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The results of simultaneous measure- 
ments at 838 K in the two-phase region be- 
tween the iota and zeta phases are shown in 
Figs. 6 and 7. The pressure-composition 
curve, shown in Fig. 6, represents a repro- 
ducible hysteresis loop, in good agreement 
with the previous thermogravimetric study 
(15). The electrical conductivity-composi- 
tion curve, given in Fig. 7, shows a some- 
what strange behavior. The electrical con- 
ductivity increases with increasing O/Pr 
ratio in the nonstoichiometric iota phase, 
then decreases in the two-phase region, and 
finally begins to increase again in the non- 
stoichiometric zeta phase. Hysteresis in 
electrical conductivity is found in the two- 
phase region, as it is in the pressure-com- 
position diagram shown in Fig. 6. 

4. Discussion 

4.1 The Defect Structure of the Iota 
(Pr7012+J and Zeta (Pr901& Phases 

The unit cells for the iota and zeta phases 
have been determined by electron diffrac- 
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FIG. 6. Composition-pressure diagram along the 
hysteresis loop between the iota and zeta phases at 838 
K. A, 0 show the oxidation path and A, 0 the reduc- 
tion path. 
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FIG. 7. Electrical conductivity-composition dia- 
gram along the hysteresis loop between the iota and 
zeta phases at 838 K. A, 0 show the oxidation path 
and A, l the reduction path. 

tion (2) as rhombohedral and triclinic, re- 
spectively, with two oxygen v?cancies per 
unit cell, aligned along the [211] axis of the 
fluorite sublattice. Figure 8 shows a struc- 
tural model for the iota and zeta phases 
based on the results by Ku_nzmann and 
Eyring (2) projected along [21 l]r = [ 1001, = 
[lOO], . The iota and zeta phases have com- 
mon a and c axes, but have a different b 
axis in both direction and in length, as 
shown in Fig. 8. 

Interstitials and vacancies of oxygen at- 
oms may be considered as a defect model 
for nonstoichiometric iota and zeta phases. 
Cations in the fluorite lattice form a FCC 
close-packed structure and interstitials and 
vacancies in cation sublattice would not 
easily be formed, compared with the mobile 
anion sublattice. Interstitials in the iota and 
zeta phases would mean the random occu- 
pation of the vacant positions marked with 
shaded or filled circles shown in Fig. 8. Lau 
et al. (5) discussed the defect structure of 
the nonstoichiometric iota phase (Pr~Oi2+J 
from the oxygen pressure dependence of 
the diffusion constant. They considered 
neutral oxygen interstitials, doubly ionized 
oxygen interstitials, doubly ionized oxygen 
vacancies, and neutral oxygen vacancies as 
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FIG. 8. A structural model for the iota (Pr,O,r) and 
zeta (Pr90t6) phases. A projection along [211]r = [lOOI, 
= [100]~ is shown. Small circles represent rows of 
metal atoms; larger circles are rows of oxygen atoms, 
where the same size circle represents the same level. 
The circles shaded in one direction represent oxygen 
vacancies for the iota phase, and the filled circles rep- 
resent oxygen vacancies for the zeta phase. The cir- 
cles shaded in two directions are oxygen vacancies 
common to both the iota and zeta phases. The unit 
cells for the iota and zeta phases are shown in solid 
and broken lines, respectively. Numbers with and 
without an underline marked at metal positions repre- 
sent the coordination numbers of cations for the iota 
and zeta phases, respectively. 

point defects in the iota phase. The diffu- 
sion constant, assumed to be proportional 
to the concentration of point defects, was 
expressed as 

D = atP% + (Y*P$ 
+ (Y3PO:/6 + a,PO:“. (1) 

Based on this model, the oxygen pressure 
dependence of the diffusion constant was 
explained. At low temperatures (-1017 K) 
the predominant point defects are neutral 
oxygen interstitials ((~2 = a3 = cud = 0) and 
at higher temperatures other terms become 
important. Considering the fact that electri- 
cal conductivity in the iota and zeta phases 
is nearly independent of the oxygen pres- 
sure, as seen in Figs. 3 and 5, neutral inter- 
stitials and vacancies are likely to be the 
predominant point defects in these phases. 
We introduce the nonstoichiometric param- 
eter 6 for l+-%714+6 and P~%TxT+~, 

S = [Oil - [VJ = K*POz - &P$, (2) 

where [Oil and [VJ are the concentrations 
of neutral oxygen interstitials and vacan- 
cies, respectively, and K1 and KZ are the 
equilibrium constants for the reactions 

402 = Oi, (3) 

O,=V,+BO,. (4) 

The curve fitting of Eq. (2) to the experi- 
mental data is shown in Figs. 2 and 4 as 
broken lines. A good fit in the high pressure 
region is obtained, but a slight deviation is 
observed in the low pressure regions. To 
obtain a better fit, neutral oxygen intersti- 
tials and singly or doubly charged oxygen 
vacancies may be considered as the pre- 
dominant point defects; these are also con- 
sistent with the diffusion study (5). Here 
we take neutral oxygen interstitials and 
doubly charged oxygen vacancies as the 
predominant point defects in the iota and 
zeta phases. Then, 

6 = [OJ - [Vb] = KlP$ - KlP$“, (5) 

where K2 is a constant in the reaction 

o,= v&+&0,+26?-. (6) 

If the condition of the electroneutrality 
2[Vo] = [e-l can be applied, then 

116 
(7) 
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A better fit of Eq. (5) to composition-pres- 
sure curve is shown as solid lines in Figs. 2 
and 4. According to Eq. (7), however, the 
electrical conductivity of the iota and zeta 
phases should be proportional to P$ in the 
substoichiometric regions, but the experi- 
mental data do not follow this law, as seen 
in Figs. 3 and 5. This matter will be dis- 
cussed in the next section. 

4.2 Electrical Conduction in Iota and Zeta 
Phases 

(a) Electrical conduction in stoichiome- 
tric compositions. Honig et al. (7) mea- 
sured Seebeck coefficients and electrical 
conductivities above 913 K over a wide 
range of the O/Pr ratio from 1.5 to 1.8 using 
a single crystal sample and found that the 
Seebeck coefficient changed the sign 
around PrO1.75 from negative to positive as 
the O/Pr ratio increased and electrical con- 
ductivity became a maximum around 
Pr01.75. According to their discussion (8- 
IO), praseodymium oxides are p-type semi- 
conductors in the region O/Pr < 1.75 and 
become n-type in the region O/Pr > 1.75. 
The electrical conductivity is proportional 
to the number of carriers (electrons or 
holes) and also to the number of sites into 
which the carriers can jump, on the basis of 
hopping mechanism and the assumption 
that PP’ and PI-“+ ions are randomly dis- 
tributed. In this model, 

(T = nep a ns 0: [Pr3+][W+] 
a (x - 1.5)(2 - x), (8) 

where n is the charge carrier density, e the 
charge carried on the electron, p the charge 
carrier mobility, s the concentration of 
available sites to which the carrier can 
jump, [Pr3’] and [P#+] the concentrations 
of Pr3+ and Pr“+, respectively, and x the O/ 
Pr ratio of praseodymium oxide. 

However, the following phenomena ob- 
tained by the present study seem to be dif- 
ferent from the results by Honig et al. (8) 

and do not follow their model: (1) the com- 
positional dependence of electrical conduc- 
tivity, shown in Fig. 6, has a maximum at 
fi7012+x 3 then decreases as the O/Pr ratio 
increases, reaching a minimum at Pr9016-x, 
and then begins to increase again, quite dif- 
ferent from the behavior indicated by Eq. 
(8); (2) there is a small dependence of elec- 
trical conductivity on oxygen pressure in 
the Pr7012kX region as shown in Fig. 3 and a 
slightly positive dependence of electrical 
conductivity on oxygen pressure in the n- 
type Pr90r6kX region as shown in Fig. 5. 

The difference between the results by 
Honig et al. (8) and those by the present 
study may be due to the difference in tem- 
perature of the experiments; their results 
are obtained at 913 and 973 K where the 
iota and alpha phases are stable, while ours 
are obtained at 838 K where the iota and 
zeta phases are stable. 

In the model by Honig et al. (8), the mo- 
bility of charge carriers is independent of 
site occupancy, since Pr3+ and W+ ions are 
assumed to be randomly distributed in the 
praseodymium oxides. However, accord- 
ing to several structural studies (3, 4), Pr3+ 
and Pr“+ ions are ordered in the intermedi- 
ate phases. The coordination numbers for 
the ordered metal positions in the iota and 
zeta phases can be obtained from the 
results by Von Dreele and Eyring (4) and 
Tuenge and Eyring (3), as marked at the 
metal positions in Fig. 8. For the stoi- 
chiometric compositions, praseodymium 
ions in one unit cell are composed of 

Pr(6) x 1 + Pr(7) x 6 

for the iota phase (PI-,~,~), and 

(9) 

Pr(6) X 1 + Pr(7) x 6 + Pr(8) x 2 (10) 

for the zeta phase, where Pr(n) means a 
praseodymium ion surrounded by n 02- 
ions; Pr(6) is thought to correspond Pr3+, 
PI-(~), to PI=“‘, and Pr(7) corresponds either 
to PIj+ or Pla+, and should be regarded as 
pIj.5+ as the average. As another formula- 
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tion of Pr70i2 and Pr90i6 we write 

and 

(Pr3’ * Prp+)o:; (11) 

(Pr3+ * P$+ * Pri+)O:,, (12) 

respectively. It is believed that praseodym- 
ium ions form a narrow band and the elec- 
trical conduction in praseodymium oxides 
occurs via a hopping mechanism (&IO), 
i.e., the jumping of electrons or holes be- 
tween Pr3+ and Pti+ sites. As shown in Eqs. 
(9)-(12), there are three kinds of cation 
sites. Among these three sites, Pr(7) or 
Pr3.‘+ site would be the easiest site to jump 
to or from, because this site involves the 
variable valence Pr3+ or Pi-“‘. Then, in a 
first approximation, the electrical conduc- 
tivity of intermediate praseodymium oxides 
should be proportional to the concentration 
of Pr(7) in a unit volume. Since the numbers 
of Pr(7) in a unit cell are equal in Pr,O,, and 
Pr90i6 and since the unit cell volume of 
Pr& is smaller than that of Pr90u, the 
electrical conductivity of Pr70i2 is greater 
than that of Pr90i6 as shown in Fig. 7. 

Honig’s model has provided a general ex- 
planation on the composition dependence 
of electrical conductivity and Seebeck ef- 
fects of praseodymium oxides over a wide 
composition, range. The present results 
show that in the intermediate phases, 
where both the cation and anion sublattices 
are ordered, the ordering effect in the cat- 
ion sublattice and the contribution of point 
defects should be taken into account in the 
detailed analysis of the charges of electrical 
conductivity with composition and with ox- 
ygen pressures. 

(b) Electrical conduction in nonstoi- 
chiometric compositions. The slightly posi- 
tive slopes of the plot log cr-log PO2 in both 
~7012”x and Pr90L6kX phases can be inter- 
preted in a manner similar to the preceding 
discussion, in that the concentration of 
Pr(7) is the main factor influencing the elec- 
trical conductivity, although Pr7012kX is 

thought to be p-type and Pr~016+x, to be an 
n-type semiconductor, according to the 
Seebeck coefficient (8). 

The predominant defects of hyperstoi- 
chiometric Pr7012+X are thought to be neu- 
tral oxygen interstitials, judging from Fig. 
2, and from the compositional dependence 
of diffusion constant. If one neutral oxygen 
atom is introduced per unit cell of Pr70i2, 
the change of cation sublattice may be ex- 
pressed as 

Pr(6) x 1 + PI-(~) x 6 --, Pr(7*) x 1 
+ Pr(7) x 5 + Pr@*) x 1, (12) 

where Pr(7*) is a praseodymium ion sur- 
rounded by six O*- ions and one neutral 
oxygen atom, and Pr@*) is a praseodymium 
ion surrounded by seven O*- ions and one 
neutral oxygen atom. The charge in the cat- 
ion sublattice remains constant in Eq. (12), 
and this would be a reason for the very 
small slope of the log c vs log PO2 relation- 
ship in Fig. 3. The decrease in concentra- 
tion of Pr(6) and the increase in concentra- 
tion Pr(7*) is also represented properly in 
Eq. (12). The charge of Pr(7*) would be 
mostly Pr3+, but this cation is more likely to 
be involved in the charge exchange be- 
tween Pr3+ and Pt’+ ions than Pr(6), be- 
cause the seventh adjacent neutral oxygen 
is more electronegative and is apt to attract 
electrons from the Pr(7*) site. Therefore, 
neutral oxygen atoms would contribute to 
an increase in the electrical conductivity by 
increasing the probability of hopping. 

As noted in the preceding section, if we 
use the band model, the slope in the log u 
vs log Po2 plot in hypostoichiometric 
Pr90i6+ should be -4 according to Eqs. 
(5)-(7), whereas the experimental result in 
Fig. 5 shows a small positive value of 0.031. 
The electrons ascribed to the doubly 
charged oxygen vacancies may be localized 
near the praseodymium ions according to 
the narrow band model (5-9), changing 
IV+ into Pti+. If one oxygen vacancy is 
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introduced in two unit cells of Pr90r6, the 
change of the cation sublattice may be 
given as 

PI-(~) x 1 + Pr(7) X 6 + PI@) x 2 --, Pr(6) 
x 2 + Pr(7) X 6 + Pr(8) x 1, (13) 

and another corresponding expression is 
given as 

(Pi$+ * Pr+5+ * P++)o:i,. (14) 

No change in the concentration of Pr(7) is 
expected from Eqs. (13) and (14): this 
would be the main reason for a slight slope 
in the log u vs log PO2 plot in Fig. 5. The 
loss of oxygen ions in the oxide would 
change the electric field in the oxide and 
contribute to changes in the oxygen pres- 
sure dependence of electrical conductivity, 
but the reason for the decreasing depen- 
dence of electrical conductivity with de- 
creasing pressure is not clear at present. 

4.3 Chemical Hysteresis between the Iota 
and Zeta Phases 

Chemical hysteresis between the oxida- 
tion and reduction paths in the rare earth 
oxides is a well-known phenomenon (I, 
11-25). A thermodynamic model (24) 
based on the regular solution theory has 
been proposed for the hysteresis loop, in 
which the gross features of the main hyster- 
esis loop are reproduced, but this model 
cannot account for the fact that truly con- 
stant oxygen pressure regions are never ob- 
served in pressure-composition measure- 
ments (M), as can be seen in Fig. 6. The 
thermodynamic model is based on the idea 
of metastability, i.e., the system continues 
to remain in a state corresponding to a free 
energy local minimum, even when that min- 
imum is not the lowest one. The metastable 
states are formed by balancing the interfa- 
cial energy between the two phases with 
the mixing entropy of the two phases (24, 

26). The necessity of the domain model has 
been stressed by Lin et al. (17, 18) in order 
to understand the nature of hysteresis more 
rigorously. Their model assumes that the 
distribution of domain sizes is the same for 
both the oxidation and reduction paths. 

As seen in Fig. 7, the electrical conduc- 
tivity o shows a hysteresis loop, indicating 
that the distribution of domain sizes is dif- 
ferent between the oxidation and reduction 
paths; this effect may be interpreted as fol- 
lows: After showing a maximum in 
&7012+x 7 u rapidly decreases with increase 
of the O/Pr ratio by the oxidation because 
of the appearance of the zeta phase (in 
which o is lower as compared with the iota 
phase), in the matrix of the iota phase, and 
because of scattering effects at the interface 
of the two phases. Close to PrO1.74 the slope 
of the decreasing curve in u becomes small 
up to the composition of roughly Pr01.76, 
where the iota phase persists as a matrix, 
even though the volume fraction of iota 
phase is less than half. When the O/Pr ratio 
is increased above the PrO1.76 composition, 
the iota phase no longer exists as a matrix, 
but rather as islands, and o approaches the 
reduction path. Turning to the reduction 
path from the zeta phase, o gradually in- 
creases with decrease of the O/Pr ratio be- 
cause of the appearance of a highly conduc- 
tive iota phase, but the scattering effect at 
the interface of the two phases suppresses 
the increase in u. The gradual increase in o 
persists up to the composition PI-O,.~~, 
where the zeta phase exists as a matrix. 
When the 04% ratio is decreased below the 
composition PI-O,.~~, the zeta phase no 
longer exists as a matrix and (T approaches 
the oxidation path. When we compare u in 
the two-phase region (for example, at 
PI-O~.~~~), along the oxidation path and the 
reduction path, we see that the former is 
greater than the latter. The former phase is 
thought to be composed of islands of the 
zeta phase in a matrix of the iota phase and 
vice versa for the latter case, because o 
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mainly reflects the electrical conductivity 
of the matrix component. 

A model of domains is shown in Fig. 9, 
where the B phase extends in the same di- 
rection in the matrix of the A phase. This 
model is based on the experimental results 
(19) of the reduction of the zeta phase un- 
der the electron beam of the electron micro- 
scope, where the coherent intergrowth of 
iota phase is seen to occur in layers extend- 
ing along the c direction common to the iota 
and zeta lattices. The parallel movements 
of vacancies, indicated by arrows shown in 
Fig. 8, would produce one layer of the iota 
phase from the matrix of the zeta phase. 
Nine layers of iota phase or seven layers of 
zeta phase result in the coherent inter- 
growth with the matrix of the zeta or the 
iota phase, respectively. This coherent in- 
tergrowth arises from the structural similar- 
ity between the iota and zeta phases and 
constitutes the main reason for hysteresis 
between the two phases. 

From a thermodynamic point of view, 
the free energy of the system including the 
domain effect may be expressed by the sum 

FIG. 9. A domain model for the texture of two-phase 
mixture in the hysteresis region. Islands of domains B 
coherently intergrow from the matrix phase A, extend- 
ing in one direction. 

of the chemical potential terms of domains 
A and B, the interfacial term between the 
domains A and B, the term due to size ef- 
fect of domains, and the mixing entropy be- 
tween the domains A and B (18). The pres- 
ence of hysteresis may be explained as a 
metastable state involving a local minimum 
of the free energy, by balancing the interfa- 
cial term, the term due to size effect, and 
the mixing entropy. The domain model de- 
scribed in the present study assumes that 
the distribution of domains depends on the 
path. This assumption claims that the inter- 
facial energy between domains also de- 
pends on the path, since the metastable 
state of a local minimum of free energy is 
determined by balancing the interfacial 
term, the term due to size effect, and the 
mixing entropy. 

5. Concluding Remarks 

(1) The electrical conductivities of non- 
stoichiometric PI-,~O,~~~ and Pr40165X 
phases are found to increase very slightly 
with oxygen pressure, and the composi- 
tion-oxygen relations for these phases are 
expressed by the relations x = K1P1’2 - 
K2P-1'6. These are interpreted as indicating 
that the predominant point defects in these 
phases are neutral oxygen interstitials and 
doubly charged oxygen vacancies. 

(2) The electrical conductivity has a max- 
imum for the hyperstoichiometric iota 
phase (Pr7012+J, decreases in the two- 
phase region as the O/Pr ratio increases, 
then has a minimum at a hypostoichiomet- 
tic zeta phase (Pr70&, and increases 
again in the nonstoichiometric zeta phase. 
These phenomena have been discussed on 
the basis of the hopping model with differ- 
ent mobilities of charge carriers, which de- 
rive from the different sites of the ordered 
cation sublattice. Among these sites the 
seven coordinated praseodymium ions are 
thought to play a major role in electrical 
conduction. 
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(3) The electrical conductivity-composi- 
tion diagram, as well as the oxygen pres- 
sure-composition diagram, exhibits a re- 
producible hysteresis loop. The hysteresis 
is discussed on the basis of a domain 
model. The difference in electrical conduc- 
tivity between the oxidation and reduction 
paths is interpreted as the difference in the 
domain structure, namely, the texture of a 
matrix of the A phase and islands of the B 
phase become reversed when the path is 
reversed. 

(4) The electrical conductivity measure- 
ment on pressed pellets may include sur- 
face or grain boundary effects. In the 
present study, however, not only the elec- 
trical conductivity but also oxygen pressure 
and composition were measured simulta- 
neously. The reproducibility of the electri- 
cal conductivity measurements was suffi- 
ciently good and the phase change, which 
represents a bulk property, was detected by 
the electrical conductivity measurements, 
as well as by the composition measure- 
ments. Therefore, it is believed that the 
electrical conductivity of the pressed pel- 
lets used in the present study mainly re- 
flects the change of the bulk property. 
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