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The oxygen nonstoichiometry of La,_,Sr,CuQ,4_; (x = 0-0.3)
was measured as a function of Sr content, temperature
(400-1000°C), and oxygen partial pressure (P(O,)=
1-1x10""%atm) using high-temperature gravimetry and
coulometric titration. The oxygen nonstoichiometry ranges from
oxygen excess to oxygen deficiency one depending on P(O;) and
the Sr content, x. Oxygen excess was observed for specimens
with x less than 0.05. The dependence of oxygen excess non-
stoichiometry on oxygen partial pressures was found to be ex-
plained by a model with interstitial oxygen as a predominant
defect. In oxygen-deficient regions, partial molar enthalpy and
partial molar entropy of oxygen were calculated from the non-
stoichiometry data. It was revealed from the variation in partial
molar enthalpy that a strong interaction between the oxygen and
its vacancy exists in oxygen-deficient La,_,Sr,CuQ,_;. The ex-
perimentally obtained partial molar entropy of oxygen was com-
pared with those calculated assuming a so-called metal model,
a hopping conduction model, and a narrow band conduction
model, where the increase in oxygen vacancies hardly influences
the carrier concentration, the holes generated by oxidation of the
specimen are trapped by Cu ions, and the holes generated are
itinerant, respectively. The variation in partial molar entropy of
oxygen could be explained well by either the hopping model or
the narrow band conduction model. The oxygen partial pressures
required for the decomposition of La,_ Sr,CuQ,_; were also
measured through the nonstoichiometry measurement. Discon-
tinuity was observed in the dependence of oxygen partial pres-
sures for decomposition on Sr content between x = (.05 and 0.10,
suggesting an abrupt variation in the thermodynamic behavior of
La,_,Sr,CuQ,_; with the Sr content in this region. © 1997 Academic

Press

!To whom correspondence should be addressed.

0022-4596/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.

150

1. INTRODUCTION

Since the first discovery of high-T. superconductivity in
the La—Ba—Cu—-O system (1), numerous reports have been
published on high-T. superconducting oxides such as La, -«
Sr:CuO4-; (2), BazYCu3O7-5 (3), and Bi,Sr.Ca,Cuy+1
Ozn+6 (4). All the crystal structures of these high T, super-
conducting cuprates are so-called perovskite family. Among
these, the crystal structure of La,-.SryCuQO4-; is the
simplest K;NiFy type (5). Therefore, Las - <Sr.CuQ4 -5 has
often been employed in fundamental studies to elucidate the
superconducting mechanism of these cuprates ().

It has been also reported that the electrical properties of
these high-T. superconductors, such as superconducting
transition temperature and electrical conductivity at normal
state, are easily affected by oxygen deficiency (7). The effects
of oxygen deficiency on the crystal structure and the con-
duction behavior of Ba,YCu3;O,-s and Bi,Sr,Ca,Cu,+1
O2.+6 were studied by thermogravimetry and so on (8§, 9).
Several reports have also been published on oxygen defi-
ciency on La, - .Sr.CuQOy4 -s. However, there are no reports
that contain reliable thermodynamic analysis of the oxygen
vacancy and the thermodynamic stability of La,-,Sr,Cu
O4-;. Canerio and co-workers (10) and Serafini and co-
workers (11) measured the oxygen nonstoichiometry of
Lay §Sr0.2CuO4 5. They observed a plateau in the oxygen
partial pressure, P(O,) = 4 x 10~ 2 atm, in the plots of P(O>)
and ¢ at 900°C, which could be attributed to impurities
segregated in the grain boundaries. Idemoto and Fueki (12)
reported the nonstoichiometry of La; 76510.24CuO4 -5 and
insisted on a model in which oxygen defects were produced
by a single mechanism. That is, the holes generated by
oxidation of the specimen are localized in the Cu site, which
can be described as

O; + 2Vi + 4Cutu = 208 + 4Cugy
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Here, the Kroger—Vink notation is employed for the expres-
sion of defects (13). Opila and Tuller (14) also carried out
a thermogravimetric measurement of La, ,Sr,CuO4-;
(x = 0-1) and insisted on the same mechanism as that of
Idemoto and Fueki for the generation of oxygen deficiency.
They also claimed that interstitial oxygen existed in Sr-free
La,CuOy4 5. However, their analyses are not conclusive
since their measurements were carried out in a narrow
range of oxygen partial pressures (logP(O,) =0-— 3.8)
with specimens containing impurities. The oxygen non-
stoichiometry of LaCuOy4 +;5, which did not contain Sr,
was also studied by Nishiyama et al. (15). They claimed that
the defect of La,CuQOy4. s with excess oxygen was either
interstitial oxygen in the lattice or a metal vacancy, which
could not be distinguished.

In the studies of oxygen nonstoichiometry of
La,,Sr,CuOy4 -, reported so far, the range of oxygen par-
tial pressures employed was limited to between 1 and
1073 atm and no measurement up to decomposition of
La;_,SryCuO4_; was reported. Furthermore, there have
been few systematic studies of oxygen nonstoichiometry in
La, - ,SryCuQOy4 -5 as a function of x, although the Sr content
greatly affected the electrical and superconducting proper-
ties of La,_.SryCuO4—-; (16). In this paper, the oxygen
nonstoichiometry of La;_,SryCuOs-; with x =0, 0.05,
0.10, 0.16, 0.20, and 0.30 is reported. The amount of oxygen
deficiency, d, was measured as a function of temperature, T,
in the range 400-1000°C and of P(O,) in the range
1-10~ 1'% atm, using a microthermobalance, coulometric tit-
ration, and iodometry. In the P(O) range employed in this
study, decomposition of the specimens is observed and the
thermodynamic stability of La, —,Sr,CuOg4 -5 is discussed.
The defect formation mechanism is also discussed using
a partial molar enthalpy and entropy of oxygen calculated
from the observed oxygen nonstoichiometry. The relation-
ship between oxygen deficiency and the electrical properties
of Las—SryCuOy4-; will be discussed in separate papers
(17, 18).

2. EXPERIMENTAL
2.1. Sample Preparation

The samples were prepared from mixtures of La,O;
(99.9%), SrCO3 (99.9%), and CuO (99.9%) by solid state
reaction. Prior to mixture, La,O5 was annealed at 1000°C
for 3 h in air to decompose impurities such as La(OH); and
La,(COj3);. SrCO; was dried in air at 150°C to remove
adsorbed water. CuO was annealed at 800°C for more than
24 h under 1atm of P(O,) and cooled slowly to room
temperature to make a copper valence of 2 4. After deter-
mination of their factors by iodometric titration, the oxides
and carbonate were mixed at a nominal ratio. The mixture
was calcined at 900°C for about 10 h and then heated at
1000°C for 12 h. The powder sample obtained was con-
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firmed to have a single-phase K,NiF,-type structure by
X-ray diffraction. The powders sample was pressed into
pellets at 10% kg/cm? and sintered at a temperature from
1050 to 1200°C for 3 h. Cation content of the sintered pellets
was measured by SEM-EDX. The measured cation content
agreed with the prescribed ratio within Ax = + 0.02. The
density of pellets used for the nonstoichiometry measure-
ment was about 70%.

2.2. Measurement of Oxygen Nonstoichiometry

Two methods were employed for measurement of the
oxygen nonstoichiometry of La,_ Sr,CuO,_;: thermo-
gravimetry and coulometric titration were used in the
ranges 1atm > P(O,) > 107%atm and 10~ *atm > P(O,)
> 10~ % atm, respectively. Thermogravimetry was not used
at the lower oxygen partial pressures because the equilib-
rium state would not be realized due to the slow rate of
reaction between the gas phase and the specimen.
Coulometric titration was not used in the higher oxygen
partial pressures since analysis of the data was not simple in
that range. The absolute value of oxygen deficiency was
determined by thermodynamic analyses of P(O,)-T-9 rela-
tionships and confirmed by iodometric titration.

2.2.1. Thermogravimetry. A gas flow-type thermo-
balance (CAHN1000) was used for the measurement in the
temperature range from 400 to 1000°C and in the P(O,)
range from 1 to 10~ *atm. The P(O,) was controlled by
mixing O, and Ar gas and monitored by a zirconia oxygen
sensor. The weight at equilibrium state at the specified
temperature and oxygen partial pressure was measured. The
amount of oxygen deficiency, J, was calculated from the
weight variation, assuming that it was caused only by the
variation of oxygen nonstoichiometry in the specimen.

2.2.2. Coulometric titration. The oxygen nonstoichio-
metry of La,_,.Sr,CuO,_; under the oxygen partial
pressures below 1073 atm was measured by coulometric
titration using a zirconia tube (19). Figure 1 shows a sche-
matic diagram of an apparatus for the coulometric titration.

Pt wire
r'd |
Pt mesh ‘ Y8z

Pt mesh

FIG. 1. Schematic diagram of the apparatus for coulometric titration.
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A platinum paste was painted on the outside of the tube,
which was baked at 900°C for 2 h to prepare the electrode.
A piece of sintered sample was weighed, placed inside the
tube, and pulverized with slight pressure so that the pow-
dered sample was in close contact with the tube wall.
A platinum mesh was attached to the powder sample as the
other electrode by mechanical pressure. Platinum wires
were employed as leads. The inside of the tube was then
evacuated and refilled with Ar gas. The pressure of Ar gas
was kept at about 10 mm Hg at room temperature to pre-
vent the influence of residual oxygen and to realize the
equilibrium state quickly. After the temperature was raised
to 800-1000°C, voltage was applied so that oxygen ions
could flow from the inside to the outside of the tube. The
amount of oxygen to be extracted from the sample was
controlled by the quantity of electricity passed through the
cell. After a specified quantity of electricity was used,
the electromotive force between the inside and the outside of
the tube was measured to calculate the equilibrium oxygen
partial pressure inside the tube. Under the condition that
the amount of oxygen inside the tube was negligibly small
compared with the oxygen deficiency of the specimen, i.e.,
P(0O,) < 1073 atm, the amount of oxygen deficiency, J, was
calculated using the equation

5 = C/QMF).

Here, C, M, and F represent the quantity of electricity, the
amount of the sample in moles, and the Faraday constant,
respectively.

2.2.3. lodometric titration. The La,_ Sr,CuQO,_; pellet
was annealed at 800°C under 1 atm of oxygen for more than
30 h. After an equilibrium state was realized, the sample was
quenched to a water-cooled temperature by a method sim-
ilar to that in (20). An appropriate amount of the sample
was dissolved in an HCI solution containing KI. I, was
liberated by the reactions

2Cu?* +417 - 2Cul + 1,
2Cu’* + 61~ - 2Cul + 21,.

The concentration of I, was determined with 0.1 N
Na,S,0; and the oxygen concentration was calculated (21).

3. RESULTS

Figure 2 shows the dependence of oxygen content on
log P(O,) of La,CuQy 4 ;. Relationships of downward con-
vex curves were observed between oxygen content and oxy-
gen partial pressures, suggesting that the oxygen content
was hyperstoichiometric, i.e., more than 4, At low P(O,),
oxygen content gradually reached a constant value and
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FIG. 2. Dependence of oxygen content of La,CuQO,_; on log P(O,) at
800-1000°C. Dashed lines represent log P(O,) for the decomposition of the
specimen.

a plateau was observed in the relationship between 6 and
log P(O,). According to Wagner (22), the slope of the  vs
log P(O,) plot shows a minimum at the point of the stoi-
chiometric composition. Therefore, the oxygen content at
the plateau was determined to be 4.000.

The iodometric titration of La,CuO,.; annealed at
800°C at P(O,) of 1atm was carried out to confirm the
oxygen content. Table 1 lists the results. The oxygen content
determined by iodometry agrees with the data from ther-
mogravimetry within experimental error. Also observed
were the log P(O,) values for the decomposition of
La,CuO, . s, indicated by dashed lines in Fig. 2.

Figure 3 shows the relationship of oxygen content to
log P(O,) of La; ¢5Sry.05CuO,_4. The oxygen content at
the plateau observed at 1000°C and 0 > log P(O,) > — 1.5
was determined to be 4.000, which was confirmed by iodo-
metry as Table 1 lists. A hyperstoichiometric region was
observed at 800°C in the whole P(O,) range and at 900°C in
the log P(O,) range above — 4.4, while a hypostoichiomet-
ric region was found in the log P(O,) range below — 4.4 at
900°C and in the entire log P(O,) range at 1000°C. Dashed
lines in Fig. 3 represent log P(O,) for the decomposition of
the specimens.

TABLE 1
Oxygen Content of the Specimens Determined by
Thermogravimetry and Iodometry

Sample Oxygen content determined by
Thermogravimetry Todometry

La,CuOy. 5 4.009 4.005 £ 0.004
La, 95S1r0.05CuOy 4 5 4.003 4.004 + 0.003
La; 90Sr0.10CuOy4_5 4.000 4.002 + 0.003
La,; g4Sr¢.16CuO,_5 4.000 4.000 + 0.003
La,; §0S1r9.20CuO,_5 3.993 3.995 + 0.004
La; 70Sr0.30CuOy4 5 3.983 3.985 + 0.004

Note. The specimens were annealed at 800°C under 1atm of oxygen.
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FIG. 3. Dependence of oxygen content of La; 9551y 05CuO,_s on
log P(O,) at 800-1000°C. Dashed lines represent log P(O,) for the de-
composition of the specimen.

Figures 4, 5, 6, and 7 show the dependence of oxygen
content on oxygen partial pressures La,_  Sr,CuO,_; with
x = 0.10, 0.16, 0.20, and 0.30, respectively. In every speci-
men, the oxygen content of the specimen decreased as the
temperature increased and as the oxygen partial pressure
decreased. No discontinuity, such as was detected in the ¢ vs
log P(O,) curve of the specimen containing impurities
(10, 11), was observed in Figs. 4-7. Downward convex rela-
tionships between the oxygen content and the oxygen par-
tial pressures were not observed but upward convex
relationships were detected. This showed that not oxygen
excess but oxygen deficiency nonstoichiometry was stable in
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FIG. 4. Dependence of oxygen content of La; ¢oSrg.;0CuO4_; on
log P(O,) at 650-1000°C. Dashed lines represent log P(O,) for the de-
composition of the specimen.
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FIG. 5. Dependence of oxygen content of La; g4Srg1,CuO4_; on
log P(O,) at 650-1000°C. Dashed lines represent log P(O,) for the de-
composition of the specimen.

La,_ ., Sr,CuO,_; with x > 0.10 under the measurement
conditions. The oxygen content at the plateau in Figs. 4-7
was determined to be 4.000 by Wagner’s theory (22), which
was also confirmed by iodometry as listed in Table 1. The
decomposition of the specimens was observed below the
log P(O,) indicated by dashed lines in Figs. 4-7.

Figure 8 shows relationships between the oxygen content
and the oxygen partial pressure of La,_ Sr,CuO,_; at
900°C. Hyperstoichiometric and hypostoichiometric re-
gions were observed at Sr content below x < 0.05 and
x > 0.10, respectively. A plateau was observed at stoichio-
metric composition with x = 0.10. The amount of oxygen
deficiency, J, increased with the increase in the Sr content
and the decrease in the oxygen partial pressure at a constant
temperature.
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FIG. 6. Dependence of oxygen content of La; goSrg,0CuO4_; on
log P(O,) at 650-1000°C. Dashed lines represent log P(O,) for the de-
composition of the specimen.
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FIG. 7. Dependence of oxygen content of La; ;0Sr.30CuO4_s on
log P(O,) at 400-1000°C. Dashed lines represent log P(O,) for the de-
composition of the specimen.

4. DISCUSSION

In an analysis of defect structures of La,_, Sr,CuO,_j,
the oxygen nonstoichiometry data were considered from the
viewpoint of the thermodynamics of defect equilibrium.
Two regions, one with excess oxygen of x = 0 and 0.05 and
the other with oxygen deficiency of x = 0.05-0.30, were
distinguished. Also thermodynamically considered was the
thermodynamics of decomposition of La,_,Sr,CuO, _;.
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FIG. 8. Oxygen content of La,_,Sr,CuO,_; as a function of oxygen

partial pressure at 900°C. Greater oxygen deficiency was observed at
higher Sr content, x.

CuO,_; in the hyperstoichiometric region. Almost linear relationships
with a proportionality constant of about 1/6 were observed.

4.1. Defects in the Hyperstoichiometric Region

Figure 9 shows the relationships between log|d| and
log P(O,) for La,CuO, _s; and La, 4551.95CuO,_; in the
hyperstoichiometric region. In both specimens, an almost
linear relationship with a proportionality constant of about
1/6 was observed, although deviations due to large experi-
mental error were observed for the specimen with x = 0.05
in the log P(O,) range below — 2. Considering that the
electric carrier is a hole in both specimens (23), two kinds of
defects, a metal vacancy and interstitial oxygen, can be
considered.

Assuming that the metal vacancy is the predominant
defect, the defect equilibrium can be written as

1/20,(g) < O; + 1/4V¢, + 1/2VY, + 2Cug,.

Here, O3, V¢, Vi, and Cug, represent an oxygen ion at the
oxygen site in the crystal lattice, a doubly negatively
charged Cu vacancy, a triply negatively charged La va-
cancy, and a positively charged Cu ion at the Cu site
(normally Cu?*) in the crystal lattice, respectively. If
a quasichemical mass action law is satisfied,

K = [O31[V& I VA1 [Cuey 12/ P(O)'? 1]
where K is the equilibrium constant. Here, the electrical
neutrality condition for the semiconductor model is ex-
pressed as

[Cucu] =2[Veod + 3[Via] [2]
By substitution of Eq. [2] into Eq. [1], we can obtain the
relation

& oc [Via] oc P(O)* (3]



DEFECT CHEMISTRY OF La,_,Sr,CuO,_;

That is, defect concentration is proportional to the 1/5.5
power of oxygen partial pressure.

In the case where interstitial oxygen is assumed to be the
predominant defect, the defect equilibrium can be expressed
as

1/205(g) < O} + 2Cug,.

Here, O} denotes doubly negatively charged interstitial oxy-
gen. The quasichemical mass action law of the above defect
equilibrium can be expressed as

K =[0{][Cu¢,1?/P(0,)"? [4]
where K is the equilibrium constant. The electrical neutral-
ity condition for the semiconductor model can be expressed
as
2[0{] = [Cuey]- [5]
Substituting Eq. [ 5] into Eq. [4], we can obtain the relation-
ship
o oc [Of] oc P(O,)"". [6]
Thus, the defect concentration is proportional to the 1/6
power of oxygen partial pressure.

Due to experimental error, whether the slope of Fig. 9 is
1/6 or 1/5.5 cannot be determined. However, we suppose
that the predominant defect in the hyperstoichiometric
region of La,_,Sr,.CuO,_; would be interstitial oxygen
rather than the metal vacancy. From neutron diffraction of
powdered La,CuQ, o3, prepared at 600°C in 1-3 kbar O,,
Chillout et al. found that interstitial oxygen entered into the
rock salt layer (24). This result is qualitatively in good
agreement with our thermogravimetric results. The amount
of excess oxygen in our measured temperature and
log P(O,) range is so small that it cannot be distinguished in

La,CuO, . s prepared under O, or reduced atmosphere by
neutron diffraction study (25).

4.2. Defects in the Hypostoichiometric Region

In this section, the defect model for the oxygen-deficient
region is discussed. Figure 10 shows relationships between
log 6 and log P(O,) of the specimens with oxygen defi-
ciency. In the log P(O,) region above — 2, an almost linear
relationship with a proportionality constant of about — 1/2
was observed in every specimen. In this region, the defect
equilibrium can be expressed as

1/20, + V; <= O; + 2h'.
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FIG. 10. log o vs log P(O,) for La,_,Sr,CuO,_; in the hypostochio-
metric region at 900°C.

Here, V; and h" represent a doubly negatively charged
oxygen vacancy and a positively charged itinerant hole,
respectively. The quasichemical mass action law can be
expressed as

K = [W2A[V:1P(0,)'12), [7]
where K is the equilibrium constant. The electrical neutral-
ity condition can be expressed as

[h] + 2[ V5] = [Srr.]. [8]
In this region, Eq. [8] can be approximated as
[h'] = [SrL.] 9]

because of the small amount of . By substitution of Eq. [9]
into Eq. [7], we obtain the relation

8 =[Vi]oc P(O,) 12,

In the log P(O,) region below — 2 where the number of
oxygen vacancies increases, almost linear relationships be-
tween log ¢ and log P(O,) were also observed; however, the
proportionality constant gradually increased with increased
Sr content from about —1 at x =0.05 to about —1/6 at
x = 0.30. This behavior resembles that of the oxygen defi-
ciency of La; _,Sr,CoOj;_;, to which an analysis of defects
based on the simple semiconductor model cannot be ap-
plied (26). Therefore, we concluded that a simple defect
model such as that applied in the hyperstoichiometric
region of La,CuQ, ,; was not appropriate in the hypo-
stoichiometric region of La, _ ,Sr,CuO, _s. Accordingly, the
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variation in oxygen partial molar enthalpy, AH,, and that in
oxygen partial molar entropy, AS,, were analyzed. AH, and
AS, were calculated from the data depicted in Figs. 2-7
using the equations (27)

AH, = {0(Apow/T)/0(1/T)jp
1/2{0(RIn P(0,))/0(1/T)}p

AS, = — {0(Apto) /0T }p

— 1/2{6(RT In P(0,))/0T }p,

where Au, denotes the chemical potential of oxygen in
solids at 1 atm. AH, and AS, for a specimen with specified
0 can be calculated from the inclination of the plots of
RIn P(O;) vs 1/T and RT In P(O,) vs T, respectively.
Figures 11 and 12 show the relationship between ¢ and
calculated AH, and AS,, respectively. A discontinuity in the
behavior of AH, and AS,, was observed between the hyper-
stoichiometric and hypostoichiometric regions, suggesting
different mechanisms for generation of oxygen defects in the
two regions. In the hypostoichiometric region, AH, in-
creased with the increase in x, in good agreement with the
increase in ¢ with increased x as shown in Fig. 8. The insets
of Figs. 11 and 12 show AH, and AS, calculated from the
nonstoichiometry data of the hypostoichiometric region,
respectively. It was observed that AH, depends on both
x and 9. In the region where 6 was smaller than 0.03, the
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FIG. 11. Partial molar enthalpy of oxygen, AH,, calculated from non-
stoichiometry data. A difference in the behavior of AH, was observed
between the hyperstoichiometric and hypostoichiometric regions. AH,
increases as x increases in the hypostoichiometric region. The inset shows
the dependence of AH, on oxygen deficiency in the hypostoichiometric
region. The transverse axis is enlarged. A nearly linear relationship was
observed at large 0.
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FIG. 12. Partial molar entropy of oxygen, AS,, calculated from non-
stoichiometry data. A difference in the behavior of AS, was observed
between the hyperstoichiometric and hypostoichiometric regions. The inset
shows the dependence of AS, on oxygen deficiency in the hypostoichiomet-
ric region. Solid curves reprersent AS, (config.) curve fitting results cal-
culated using the hopping or narrow band conduction model, explained in
the text.

relationship between AH, and ¢ could not be clarified due to
large experimental error. However, almost linear relation-
ships were observed between AH, and 0 in the region where
0 was larger than 0.03, indicating that the thermodynamic
behavior of the oxygen vacancy in the large J region is like
that of a regular solution rather than that of an ideal
solution. In other words, the vacancy—oxygen interaction is
stronger than the mean value of vacancy—vacancy and oxy-
gen—oxygen interaction.

Although AS, of the specimens with large x and small
o0 included large errors, it increased with the increase in
0 where 0 was large enough. Here, the configuration entropy
of oxygen, AS, (config.), which could be calculated from the
various defect models, was compared with the experi-
mentally obtained AS,. The partial molar entropy of oxy-
gen, AS,, is the summation of the vibration partial molar
entropy of oxygen, AS, (vib.), and the configuration partial
molar entropy of oxygen, AS, (config.). When continuous
change in oxygen nonstoichiometry, o, is observed in the
same phase and the same defect equilibrium is realized,
AS, should be described by the configuration entropy of
oxygen, AS, (config.), since the term AS, (vib.) hardly
changes (28).

At first, a so-called metal model, where oxygen vacancies
were randomly distributed and did not influence the con-
centration of the electron carrier, was assumed. The defect
equilibrium can be expressed as

1/20, + VI < OF + 2h'.
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The quasichemical mass action law can be expressed as
K = ([O51[h"I)ALV51P(02) 2y

*(2(03)y ()2)/(y(V5) 7(02) ). [10]
K and v represent the equilibrium constant and the activity
coefficient, respectively. In the metal model [h”] can be
regarded as a constant because it is independent of oxygen
deficiency. Thus, K can be described as

K = C{(4 = 9)/6}P(O;)" "7, [11]
where C is a product of [h]* and (y(OY)y(h)?)/
(7(V)y(0,)17?), which can be regarded as a constant. Since

the variation in Gibbs free energy, AG, can be expressed in
terms of the equilibrium constant, K, as

AG= — RTInK, [12]

AG can be written as

AG = — RT In P(O,)" "> — RTIn{(4 — 6)/8} — RTInC.
[13]

The second term on the right side of Eq. [13] corresponds
to the configuration partial molar entropy; therefore, AS,
(config.) can be expressed as

AS,(config.) = — R In{(4 — 9)/3}. [14]
The dependence of AS, (config.) on ¢ calculated by this
equation is shown in Fig. 13a.

Next, AS, (config.) was calculated using a hopping con-
duction model, where oxygen vacancies were positively
charged and holes generated by oxidation of the specimens
were trapped by Cu ions. The defect equilibrium can be
expressed as

1/20, + Vi + 2Cug, < O} + 2Cug,.
Here, Cug, indicates an electrically neutral Cu atom in the

Cu site in the crystal lattice. The quasichemical mass action
law is expressed as

K = ([O71[Cuc, I)ALVS1[Cué, 1 P(0,)1?)
- (2(09)7(Cuc ) (V) (Cua)*(0,)12). [15]
The electrical neutral condition is described by the formula

[Sri.] = [Cuca] + 2[ V5] [16]
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FIG. 13. Calculated results of AS, (config.) based on the metal model
(a), the hopping conduction model (b), and the narrow band conduction
model (c).

Since [Sri.] = x, [Vy] =0 and [Cug,] + [Cug,] =1, the
following equations can be derived from Eq. [16]:

[Cut,]=1+20—x [17]

[Cugy] = x — 20. [18]
By substitution of Egs. [17] and [18] into Eq. [15], the
equilibrium constant, K, can be written as

K = {4 —09)/o}-{(x — 20)/(1 + 20 — x)}*P(O3)" /- 7(y).
[19]

Here, n(y) is equal to (y(05)7(Cuc,)?)/(r(V5)y(Cug,)?
7(03)?). By carrying out a calculation similar to that of the
metal model, AS, (config.) can be expressed as

AS,(config) = — RIn{(4 — 8)/5} {(x — 20)/(1 + 26 — x)}%.
[20]

The dependence of AS, (config.) on §, calculated using
Eq. [20] is shown in Fig. 13b.

Third, a narrow band conduction model was employed
for the calculation of AS, (config.). In this model, itinerant
holes can be generated by oxidation of the specimens in
a conduction band with narrow dispersion. Semimetallic
conduction behavior can be expected since mobility of the
generated hole should be lower than that in metals. The
defect equilibrium was expressed as

1/20, + V; = O; + 2h'.
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The quasichemical mass action law can be expressed as

K = ([Os1[hI)ALVS1P(02)1?)

- ((03)y (0)A)/((V5)7(02)"2). [21]
The electrical neutrality condition is expressed as
[Sri.] = [h7] + 2[ VS [22]
Since [Sri,] = x and [Vy] =9,
[h] = x — 20. [23]

Therefore, the equilibrium constant, K, is expressed as

K = {(4 = 0)/0}(x = 20)*P(0;)"'2-m(y),  [24]
where 7(y) = (7(05)y(h)*)/(7(V5)y(02)'"?). Therefore, the
next equation for AS, (config.) can be obtained:
AS,(config) = — RIn{(4 — 9)/0}(x —20)>.  [25]
Figure 13c shows results of calculation using Eq. [25].
Comparison of Fig. 13 with the inset of Fig. 12 revealed
that the metal model was not appropriate for explanation of
the dependence of AS, (config.) on J since AS, (config.)
depended on both x and ¢. In addition, nearly constant AS,
(config.) should be observed at a higher J region for the
metal model, in disagreement with the experimental results.
Dependence of observed AS, (config.) on 6 and x showed
fairly good correspondence with AS, (config.) calculated
using a hopping or narrow band conduction model, as
shown in the solid curves in the inset of Fig. 12. However,
whether holes generated by oxidation of the specimens were
trapped or itinerant could not be determined since the
calculated results were almost the same with both models.
Measurements of the electrical transport would be required
for the determination of behavior of the holes; these
measurements will be presented in a separate paper (17).

4.3. Temperature Dependence of Oxygen Partial Pressure
for Decomposition of La, - Sr.CuQO4_;

Oxygen partial pressure for decomposition La,_,Sr,
CuO,_; was determined by coulometric titration and is
indicated by a dashed line in Figs. 2-7. The dependence of
oxygen partial pressure for decomposition of
La,_,Sr,CuO,_; on the reciprocal of the temperature is
shown in Fig. 14. A linear relationship whose slope was
affected by the variation in enthalpy for the decomposition
was observed for each specimen; however, the specimens
with x = 0 and 0.05 and those with x = 0.10, 0.16, 0.20, and
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FIG. 14. Dependence of log P(O,) for decomposition of the specimens
on the reciprocal of temperature. Linear relationships were observed.

0.30 showed different slopes. Figure 15 shows variations
in oxygen partial pressure for the decomposition with Sr
content at 700-1000°C. The oxygen partial pressure for
decomposition was nearly independent of Sr content for the
specimen with x < 0.05. However, it increased with in-
creased Sr content for La,_,Sr,CuO,_; with x > 0.10,
showing correspondence with the increase in Cu mean val-
ence. A discontinuity was observed in the dependence of the
oxygen partial pressure for decomposition on the Sr content
between the specimens with x = 0.05 and x = 0.10, sugges-
ting a difference in thermodynamic behavior.
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FIG. 15. Variation of oxygen partial pressure for decomposition of
La,_,Sr.CuO,_; on Sr content at 700-1000°C.
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5. CONCLUSION

(1) The dependence of the oxygen nonstoichiometry of
La,_,Sr,CuO,_; on oxygen partial pressure and temper-
ature was determined by thermogravimetry and coulo-
metric titration. La, _ ,Sr,CuO, _; with x = 0 to 0.05 shows
oxygen excess nonstoichiometry, whereas that with
x greater than 0.10 shows only an oxygen-deficient region.

(2) In the oxygen hyperstoichiometric region, interstitial
oxygen is more probable than metal vacancy as a predomi-
nant defect, since the relationships between log|d| and
log P(O,) could be better explained by the interstitial oxy-
gen model. This consideration agrees well with the results of
neutron diffraction study.

(3) In the oxygen-deficient region, the configuration en-
tropy of oxygen could be explained either by the hopping or
by the narrow band conduction model but not by the metal
model. Whether the holes generated by oxidation were
localized around Cu ions or were itinerant could not be
determined by thermogravimetric measurement only.

(4) In the dependence of the oxygen partial pressure for
the decomposition of La,_ Sr,CuO,_; on the Sr content,
a discontinuity was observed between the specimens with
x < 0.05 and those with x > 0.10. Abrupt variation in the
thermodynamic behavior of La, _ .Sr,CuO, _; in the region
between x = 0.05 and 0.10 was suggested.
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