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The variation with temperature of oxygen content in the electron-
doped superconductors Ln,. Ce CuQ, (Ln = lanthanide) have
been investigated systematically by thermogravimetric analysis.
The tendency to lose oxygen generally decreases with increasing
Ce content or decreasing La** size due to a decreasing degree of
internal stresses resulting from an improved bond length matching
between the (Ln, Ce)-0 and Cu—O bonds; this is supported by
bond valence sum calculations. With smaller a lattice parameters
asin Gd,_,Ce Cu0,, however, an increasing electrostatic repulsion
between the interstitial octahedral-site and the normal tetrahedral-
site oxygen atoms forces the excess interstitial oxygen atoms to be
lost at lower temperatures. It also causes the oxygen loss to occur
in two steps, one corresponding to the interstitial oxygen and the
other to the tetrahedral-site oxygen atoms. In contrast, the oxygen
loss occurs smoothly in one step for larger a lattice parameters as
in LaNd,_,Ce Cu0O,. © 1995 Academic Press, Inc.

1. INTRODUCTION

Copper oxide superconductors have intergrowth struc-
tures in which CuO, sheets alternate with other 4,0,
(A = alkaline earth or lanthanide} layers along the c-axis.
The stabilization of such structures requires bond length
matching between the Cu-0 and A-O bonds (1, 2). Any
bond length mismatch will result in a buildup of internal
stresses and may have important consequences: For ex-
ample, the p- vs n-type doping in the Ln,CuO, {(Ln =
lanthanide) oxides is determined by the type of internal
stresses—compressive vs tensile—as pointed out by
Goodenough (1). The internal stresses influence the distri-
bution of charges between the Cu(1)0, and Cu(2)0, layers
in YBa,Cu,0y,, phases (3, 4). The variation of the envi-
ronmental reactivity of YBa,Cu,0y, , phases with the oxy-
gen content has also been correlated to the internal
stresses (5).

The electron-doped superconductors Ln,_ (e CuO,
have CuQ, sheets alternating with the Ln,_ Ce O, fluorite
layers (Fig, 1). Direct electrostatic repulsion between the
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negatively charged O?” ions of the fluorite Ln—-O,-Ln
layers increases the g lattice parameter, which results in
a tensile stress in the Cu—Q bonds and a compressive
stress in the Ln—O bonds (1, 2). It is the tensile stress in
the Cu-O bonds of the T’ structure which makes the n-
type doping readily feasible and the p-type doping dif-
ficult.

The degree of bond length mismatch and the magni-
tude of internal stresses decrease as the Ln’* size in
Ln,. ,Ce CuQO, decreases. From a systematic variation
through Ln** size of the g lattice parameter, we have
shown recently (6} that a decreasing tensile stress in the
Cu-0O bonds causes a monotonic decrease in the Ce solu-
bility limit in Ln,_,Ce,CuQ, as the size of the Ln*" ion
decreases. We also showed from wet-chemical analysis
that the decreasing tensile stress causes a decrease in the
case with which oxygen vacancies can be created. For
a given N,-annealing temperature, the oxygen content
increases—i.e., the oxygen vacancy concentration de-
creases—with decreasing size of Ln’* ions or increasing
Ce concentration in Ln, ,Ce CuQ,. The decreasing oxy-
gen concentration necessitates a higher critical Ce con-
centration x, to induce the transition from antiferromag-
netic semiconductor to superconductor as the size of Ln3*
decreases, although the transition occurs at a fixed critical
electron concentration n, = 0.175 + 0.005 irrespective of
the Lx3* size, We show in this paper from thermogravime-
tric analysis (TGA) data how the internal stresses caused
by bond length mismatch in Ln,_ Ce,CuQ, influence the
variation of oxygen content and phase stability in N, atmo-
spheres at higher temperatures.

2. EXPERIMENTAL

The Ln, ,Ce,Cu0O, samples for Ln = La,_,Nd,, Nd,
Sm, and Eu were prepared by a coprecipitation technique
(6-8). Required quantities of predried L»,0;, ceric ammo-
nium nitrate, and Cu metal were dissolved in dilute nitric
acid, and the metal ions were coprecipitated as carbonates
by adding potassium carbonate until the pH rose to 7.
The coprecipitate was washed with water, dried at 100°C,
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FIG. 1. Crystal structure of T’ Nd,CuQ,.

and fired at 500°C for 6 hr. The resulting black powder
was ground, pelletized, and refired at 1000°C for 48 hr
with one intermittent grinding. Ln,_,Ce,CuQ, samples for
Ln=Gdand Gd,_,Dy, were synthesized by conventional
solid state procedures by firing required quantities of
Ln,Oy, Ce0,, and CuO first at 900°C for 20 hr and then
at 1050°C for 48 hr with one intermittent grinding. In both
the cases, the samples were allowed to cool in the furnace
by turning off the power after the final firing schedute.
The samples so obiained were characterized by X-ray
powder diffraction.

TGA plots were recorded with a Perkin—Elmer Series
7'thermal analysis system in N, atmosphere. A baseline
was first recorded with the empty platinum crucible under
conditions identical to that employed for the samples. The
baseline was then used for correcting the curves recorded
with the samples to avoid any error arising from buoyancy
or the instrument. The TGA curves were recorded by
loading about 100 mg of powdered sample into the plati-
num crucibfe. The noise level is much less than 0.005 mg,
which corresponds to an error of <0.005%. In addition,
the samples were all stored in a desiccator immediately
after synthesis and were removed from the desiccator just
before the TGA experiment. They were all purged with
N, at 100°C in the TGA instrument for about 2 hr before
recording the plot. These precautions were taken to avoid
any error that may add to the weight loss due to the
absorbed/adsorbed moisture and other species from the
ambient, With careful experimentation, the % weight
losses were found to be reproducible within +0.005%,
The products obtained after the TGA experiments were
characterized by X-ray diffraction to detect phase decom-
position and to identify the phases.
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In order to understand the effect of the heating rate on
the observed results, TGA experiments were first carried
out with different heating rates of 1, 2, 5, and 10°C/min
for LaNd,_ Ce CuQ, samples with x = 0.10 and 0.14, The
% weight loss at a given temperature was found to be
nearly the same (within £0.003%) for all heating rates of
=5°C/min; the heating rate of 10°C/min showed smaller
weight loss than that found with =5°C/min. Therefore, a
slow heating rate of 1°C/min was employed uniformly
for all the samples investigated in this paper to avoid
variations that could otherwise arise from kinetic effects.
Furthermore, no additional weight loss was found to occur
upon maintaining a sample of LaNd, ,Ce, ,CuQ, isother-
mally for several hours at 900°C, after heating it from 100
1o 900°C at a heating rate of 1°C/min. These experiments
reveal that the results presented are not influenced by any
adverse kinetic factor.

3. RESULTS AND DISCUSSION

3.1. LaNd,_ Ce,CuO, Phases

The T’ structure is stabilized for 0.09 = x = (.24 in
LaNd,_,Ce,Cu0Q, (6, 9, 10). For x < 0.09, T phase impuri-
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FIG.2, TGA plots recorded in N, atmosphere for LaNd, -, Ce  CuQy,:
{a) x = 0,10, (b) x = 0.14, (¢) x = 0.18, and (d) x = 0.23.
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FIG. 3. Variation with x of (a) the temperature T; at which oxygen

loss begins and (b) the amount of oxygen lost at 1000°C in N, atmosphere
for LaNd,_,Ce,Cu0),.

ties are formed. This system is near the upper limit of the
T’ phase field and any increase in the average size of
Ln**—by either an increase in La%* concentration or a
decrease in Ce content x—Ileads to the formation of T
phase impurities. A larger average La®* size in LaNd,_,
Ce,CuQ, increases the Ce solubility to 0.24 compared 10
a Ce solubility of 0.20 in Nd,_,Ce,CuQ,. The TGA plots
of LaNd,_,Ce,CuO, recorded in N, atmosphere under
identical conditions are shown in Fig, 2 for different values
of x. The observed weight loss at higher temperatures
is due to oxygen loss. The as-prepared La,_ Ce, CuOy,;
samples all have 0 < 8 = 0.02 excess oxygen atoms as
revealed by iodometric titration (6, 11). Other groups have
also found excess oxygen atoms in the as-prepared sam-
ples from iodometric analysis (12, 13) or TGA analysis
(14). The excess oxygen atoms presumably occupy the
empty octahedral interstitial sites within the (Ln, Ce),0,
fluorite layers. These interstitial atoms are stable to at
least 500°C. At higher temperatures, these interstitial oxy-
gen atoms along with some additional oxygen atoms from
the tetrahedral sites of the (Ln, Ce),0, fluorite layer are
lost to give Ln,_,Ce,Cu0Q, ;.

The temperature T, at which oxygen loss begins in-
creases with increasing Ce-doping x as shown in Fig. 3a.
The amount of oxygen lost per LaNd,_,Ce CuQ, formula
unit at 1000°C decreases with increasing x as shown in
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Fig. 3b. A similar trend is also found in previous investiga-
tions of the system Nd,_,Ce CuQ, (14, 15). The resuits
of Fig. 3 show that the removal of oxygen becomes
increasingly difficult as the value of x increases, which
is in agreement with the trend obtained from iodo-
metric analysis data (6, 11-13). The oxygen content
obtained from iodometric titration after annealing the
LaNd, ,Ce,CuO, samples at a constant temperature
T = 950°C in N, atmosphere for 20 hr increases with
increasing Ce content {6, 11).

The decreasing tendency to lose oXygen with increasing
Ce content can be understood on the basis of the internal
stresses introduced by bond length mismatch. The strain
arising from the internal stresses can be estimated using
the bond valence sum (BVS) model (3, 4). In the BVS
model, the bond valence s is calculated as

s = expl(R, — R)/B], [
where R is the equilibrium bond length and R and B are
constants. The values of R, and B have been tabulated
for several bond types (16). For most inorganic com-
pounds, the sum of the bond valences around a given
atom lies within 0.1 of its formal oxidation state (17) and
the BVS model can be used to obtain the oxidation states
in systems having mixed oxidation states (18, 19) such as
YBa,Cu,0q,, (3, 20-22). In the T' Ln,_,Ce CuQ,, the Cu
atoms have square-coplanar oxygen coordination and the
bond valence sum V at the Cu atom becomes

V =ds = 4expl(R, — R)/B]. (21

Rearrangement of Eq. [2] gives the equilibrium bond
length R expected from BVS for a given valence state V as

R =R,— BIn(V/4), (3]
Comparison of the equilibrium bond length obtained

TABLE 1
Calculation of Strain in LaNd,_,Ce Cu0, 45

Cu-0 bond iength

(A)
Formal Cu
x valence Measured®  BVS? AR (A) Strain (%)%
0.10 9 1.9897 1.943 0.0467 2.40
0.14 1.89 1.98%6 1.948 0.0416 2.15
0.18 1.85 1.9902 1.953 0.0372 £.93
0.20 1.83 1.9903 1.955 0.0353 1.81
0.23 1.80 1.9905 1.959 0.0315 1.62

¢ Obtained from measured lattice parameter as Ry, o = a/2.

¢ Caleulated based on bond valence sum (BVS) using Eq. [3].

¢ Difference between measured and calculated Cu—O bond lengths,
4 Obtained as (AR/BVS Cu-0 bond length) x 100
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FIG. 4. Variation of the amount of oxygen lost at 1000°C in N,
atmosphere with the strain in the Cu-O bond for LaNd,_,Ce CuQ,.
The strain was calculated using bond valence sum method.

from Eq. [3] with that obtained from the measured lattice
parameter can provide an estimate of the strain present
in the Cu—0 bond. The values obtained by such a proce-
dure for LaNd,_,Cu CuO,,; are given in Table 1. The
values of B and R, in Eq. 3 were taken as provided by
Brown (3): B = 0.37, and R, = 1.679 A for the Cu?*-0%"
bond and 1.60 A for the Cu*-0?" bond. For intermediate
oxidation states between Cu’* and Cu™, a weighted aver-
age of the R, values for Cu?* and Cu* were used. The
as-prepared LaNd,_ Ce CuO,,; samples all had a & =
0.015 = 0.005, and an oxygen content of 4.015 was used
for all the samples in computnig the formal valence V of
Cu. The measured Cu-O bond lengths are larger than
the expected BVS values, which indicates that the Cu-O
bonds are under a tensile stress. The calculated % teasile
strain is given in the [ast column of Table 1. The difference
AR¢,_p between the expected and measured Cu—O bond
lengths and the % strain decrease with increasing Ce
content.

Creation of oxygen vacancies in Ln,_ Ce, CuQ,_; will
introduce antibonding electrons into the CuQ, sheets,
which can relieve the tensile stress in the Cu-O bonds.
Also, oxygen vacancies in the (Ln, Ce},O,_; fluorite layer
will reduce the electrostatic repulsion between the 0%
ions, which may tend to relieve slightly the compressive
stress in the (Ln, Ce)-O bonds. As the Ce content in
LaNd,_,Ce, CuQ, increases, the bond length mismatch
and the degree of internal stresses or strain (Table 1)
decrease, which results in a decreasing driving force for
the acceptance of antibonding electrons and creation of
oxygen vacancies. This is reflected in a decrease in T, and
oxygen loss (Fig. 3) with Ce content x. The variation of
the amount of oxygen lost at 1000°C with the Cu-O bond
strain is shown in Fig. 4. Closer to the solubility limit
x = 0.23 in LaNd,_,Ce,Cu0)y, it becomes increasingly
difficult to create oxygen vacancies due to a decreasing
internal stress.

ZHU AND MANTHIRAM

The concentration of Cu™ increases with increasing Ce
content in Ln, Ce CuQ,. Since Cu™* generally prefers
linear or tetrahedral oxygen coordination, it may be diffi-
cult to keep large concentrations of Cu™ in square-copla-
nar coordination. Although one can argue that an increas-
ing Cu* concentration with increasing Ce content may
make it increasingly difficult to create additional Cu* via
the creation of oxygen vacancies, we will see in the next
section that such a consideration could not account for
the variation of oxygen contents with Lr*" size for a
constant Ce content. The results discussed below will
show that the iternal stresses piay the primary role.

3.2. Lny 4Cey sCu0, Phases

We have monitored the variation of oxygen loss with
the size of Ln** for a given Ce content. The TGA plots
of Ln, gCeq ;sCuO, recorded in N, atmosphere are shown
in Fig. 5 for different Ln** ions. The temperature 7, at
which oxygen loss begins increases from 740°C in
LaNd,:Ce sCu0, to 800°C in Nd, 4sCe, 1sCu0,. Alsothe ~
amount of oxygen loss per formula unit at 1000°C de-
creases from 0.028 in the former to 0.017 in the latter. The
increasing difficulty of removing oxygen with decreasing
Ln* size is in agreement with the results obtained from
iodometric analysis of Nd,_,_, ,La,Ceq,,CuOy (6). The
observed trend can be understood to be due to the de-
creasing degree of bond length mismatch and internal
stresses with decreasing size of Ln*>" ions. The tensile
strain in the Cu—O bond decreases with decreasing Ln3*
size (Table 2).

However, the above trend does not seem to prevail
beyond Ln = Nd. Nearly the same T; = 800°C is found
for Ln = Nd and Sm, and an even lower T; = 750°C is
found for L.n = Eu and Gd. Also, the oxygen loss is found
to occur in two distinct steps for Lrn = Eu and Gd unlike
a smooth single-step loss for Lz = (La, Nd), Nd, and Sm.
The first sharp weight loss for Lr = Eu and Gd in the
temperature range 730 = T = 800°C corresponds to an
oxygen loss of about 0.01 per formula unit. The second
smooth drop for Ln = Eu in the temperature range
800 = T = 980°C corresponds to an oxygen loss of 0.01
per formula unit whereas that for Ln = Gd in the range
800 = T = 920°C corresponds to 0.005 oxygen. The third
sharp drop in both cases corresponds to a decomposition
of the Ln,_,Ce CuQ, phases to Ln,0,, CeO,, and Cu,0
as revealed by X-ray diffraction (Fig. 6).

The unexpectedly lower T; = 750°C found for Lxn = Eu
and Gd can be explained by considering the electrostatic
repulsion between the O~ jons. The smaller Eu’* and
Gd** ions lead to alower a lattice parameter, which causes
a decrease in the distance a/V2 between the oxygen
atoms in the tetrahedral sites of the fluorite layer as well
as the distance V6 a/4 between the oxygen atoms in the
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FIG. 5. TGA plots recorded in N, atmosphere for La, gCegsCu0,:
(a) LaNdg g5Ceq15Cu0y, (b) Nd, 45Cey5Cu0y, (€} Sm,y 55Ceq 3Cu0y, (d)
Eu,g;CeqsCu0,, and () Gd, 45Ceq;5Cu0,.

TABLE 2
Calculation of Strain in Ln, 4Ce (sCuQy 15

Cu-0 bond length

{4)
Formal Cu
Ln valence Measured® BVS? AR (A)  Strain (%)
Lag 5 Ndg . 1.88 19900  1.949 0.0410 211
Nd 1.88 19734 1949 00244 1.25
Gd 1.88 1.9500 1.949 0.0010 0.05

¢ Obtained from measured lattice parameter as Re,_q = a/2.

b Calculated based on bond valence sum (BVS) using Eq. [3].

¢ Difference berween measured and cafculated Cu-Q hond tengths.
4 Obtained as (AR/BVS Cu-O bend length) % 100.

¢ Corresponds to LaNd, 5 Cey s5Cu04)5.
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FIG. 6. X-ray diffraction patterns of the products obtained after
performing TGA experiment with the Ln 4Ceq sCu0, samples in N;
atm to 1000°C. The unmarked reflections all refer to undecomposed
Ln,_ Ce,CuQy; A refers to Cu,0O; * refers to CeO, or a mixture of CeO,
and Gd;0; {or Eu,0,), which have overlapping d values.

tetrahedral sites and octahedral interstitial sites. For ex-
ample, Gd, 4Cey ,sCu0, has a lattice parameter a = 3.902
A (23), which corresponds to a distance of %.76 A between
the tetrahedral oxygen atoms and 2.39 A between the
tetrahedral- and octahedral-site oxygen atoms. The de-
creasing oxygen—-oxygen distance with decreasing size of
Ln’* lon increases the electrostatic repulsion between
the tetrahedral- and octahedral-site oxygen atoms, which
forces the octahedral interstitial oxygen atoms to be lost
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first at a lower temperature 750 < T < 800°C. A loss of
about 0.01 oxygen atoms per formula unit in the first
step presumably corresponds to this. The smooth loss
occurring thereafter in the second step at 7 > 800°C cor-
responds to the removal of oxygen atoms from the tetrahe-
dral sites, A decrease in the removal of tetrahedral-site
oxygen atoms from 0.01 for L» = Eu to 0.005 for L» =
Gd before decomposition occurs is in accordance with a
decreasing tensile strain in the Cu—O bond with decreas-
ing size of Ln’" ion (Table 2). A relief of nearly all the
tensile stress in Gd, zCe, sC0,_; results in an inability
to sustain oxygen vacancies beyond 8 > 0.005 as indicated
by phase decomposition.

A decreasing internal stress leads to an increasing in-
ability to sustain oxygen vacancies with decreasing size
of La*". This is reflected in the phase decomposition tem-
peratures of Ln, 4Ce; ;CuQ;, in N, atm. The phase de-
composition becomes more and more severe as the size

Waight (Wt. %)

RN (PR S RN DN — |
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Temperature {*C)

FIG. 7. TGA plots recorded in N, atmosphere for Gd,_,Ce Cu0,:
{a) x = 0.0, {b) x = 0.05, (&) x = 0.10, (d) x = 0.12, and (e} x = Q.15.
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FIG. 8. Variation with x of (a) the temperature T, at which oxygen
loss begins and (b) the total amount of oxygen lost before decomposition
begins for Gd,_,Ce, CuQ, in N, atmosphere.

of Ln*" decreases. Accordingly, the decomposition oc-
curs at about 920°C for Ln = Gd, and at about 980°C for
Ln = Bu. No decomposition is observed for Ln = (La,
Nd) and Nd at T = 1000°C. The decomposition appears
to just begin at 1000°C for Ln = Sm as shown by the
traces of CeQ, impurity in the X-ray diffraction pattern
{Fig. 6). An X-ray diffraction analysis of the products
obtained after performing the TGA experiment at 1000°C
reveals that the amount of decomposition products in-
creases with decreasing size of Ln®* ion.

3.3 Gd,. Ce Culy Phases

Gd, , Cu,CuO, phases are formed for 0 = x = 0.15 (6,
10, 23, 24); For x > 0.13, a Gd4,Cu,O5 impurity phase is
formed. A smaller Gd** size limits the Ce solubility to
0.15. The TGA plots of Gd,_ Ce,CuO, recorded in N,
atmosphere under identical conditions are shown in Fig.
7 for different values of x. This system is near the lower
limit of the T’ phase field and several interesting observa-
tions are found,

The temperature T; at which oxygen loss begins in-
creases from 700°C at x = 0 to 760°C at x = 0.05, and
remains constant thereafter (Fig. 8a). The phases all begin
to disproportionate in the temperature range 9505 = T <
920°C into Gd,0;, Ce0,, and Cu,O as indicated by a sharp
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weight loss as well as an X-ray diffraction analysis of
the products. Below the decomposition temperature, the
oxygen loss occurs smoothly in one step for x = 0.0 as
in the case of Nd,4Ce,;sCuQ,, but in two steps for
0.05 = x = 0.15 as in the case of Eu, zCeq ,sCu0, (Fig.
5). The first loss in the temperature range 760 < T <
B00°C corresponds to the removal of interstitial oxygen
atoms from the octahedral sites. The second loss, if any,
in the temperature range 800 = T = 920°C corresponds
to the removal of oxygen atoms from the tetrahedral sites.
The first loss becomes more pronounced as the value of
x increases, while the second loss becomes less pro-
nounced, i.e., the amount of oxygen lost from octahedral
interstitial sites increases with x, while that from tetrahe-
dral sites decreases with x at least in the range 0.05 =
x = 0.12. The second loss is not observed for x = 0.10
and 0.12, but the end member with x = (.15 seems to
have a small second loss. The total amount of oxygen lost
below the decomposition temperature T = 920°C s plotted
as a function of x in Fig. Bb. It decreases with x in the
range 0.0 = x = 0.10 and increases again in the range
0.12 = x = 0.15.

We now turn to a discussion of the above results. The
initial increase in 7; in Fig. 8, as well as the decreasing
tendency to lose oxygen from the tetrahedral sites, are
due to the decreasing internal stresses with increasing Ce
content. The decrease in the total amount of oxygen lost
with x in the range 0.0 = x = 0.10 is also in accordance
with this expectation. Although a decreasing degree of
internal stresses would be expected to increase T; with
increasing x, T; remains constant at 760°C for 0.05 =
x = 0.15. This is because a larger electrostatic repulsion
between the tetrahedral- and octahedral-site oxygen
atoms—originating from a smaller lattice parameter g =
3.90 A—forces the interstitial oxygen atoms to be lost at
alower T,

The increase in the amount of octahedral interstitial
oxygen with x needs further consideration. The system
Gd,_,Ce,CuQ, is near the lower limit of the T’ phase field
and the internal stresses are relatively lower (Table 2).
Near the solubility limit x = 0.13, the tensile stress in the
Cu-OQ bonds and the compressive stress in the (Gd, Ce)-0
bonds may all be relieved at the synthesis temperature
T = 1000°C. However, as the sample is cooled from the
synthesis temperature, a small amount of compressive
stress in the Cu—O bonds and tensile stress in the (Gd,
Ce)-0 bonds may set in due to a larger thermal contrac-
tion of the more ionic (Gd, Ce)-0O bonds compared to
that of the less ionic Cu-O bonds (8). These internal
stresses can be relieved by accommodating excess inter-
stitial oxygen atoms in the octahedral sites at lower tem-
peratures similar to that found in the tetrahedral intersti-
tial sites of La,CuQ,,; (25-27). But the electrostatic
repulsion between the tetrahedral- and octahedral-site ox-
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ygen atoms, arising from the smaller @ lattice parameters
of the system Gd,_,Ce,CuQy, will oppose the accommo-
dation of interstitial oxygen atoms. The tendency to ac-
commodate on cooling interstitial oxygen atoms will,
therefore, increase with x due to an increasing compres-
sive stress in the Cu-0O bonds. This is reflected in an
increase of interstitial oxygen atoms with x (Fig. 7). The
increase in interstitial oxygen could also reduce the Cu”
concentration arising from an increasing Ce content. The
increasing interstitial oxygen atoms with x results in a
reversal of the trend of total oxygen lost (Fig. 8b) near
the solubility limit 0.12 = x = 0.15.

The temperature at which Gd,_,Ce, CuQ, phases begin
to decompose increases slightly with x; it increases from
905°C at x = 0.010 920°C at x = 0.15. Also the temperature
at which decomposition completes increases with x. The
decomposition is complete at 1000°C for x = 0, as indiated
by a flattening of the TGA curve, but at progressively
higher temperatures for x > 0 (Fig. 9). This conclusion
is also supported by an X-ray diffraction analysis of the
products obtained after performing the TGA experiment



498

to 1000°C. The x = 0 sample showed reflections due to
only Gd,0; and Cu,0 while the samples with x = 0.05
showed reflections due to undecomposed Gd,_,Ce,CuQ,
in addition to Gd,0,, CeQ,, and Cu,0; the amount of
undecomposed Gd,_ Ce CuQ, increased with x. The
smaller Ce?* ions seem to bond more strongly to the Q2
ions and increase marginally the phase stability,

We also compare in Fig. 9 the TGA plots of
Gd, 4Dy, ,Cu0, and GdDy, Ce, ,Cu0, with those of
Gd,CuQ, and Gd,¢Cey sCu0y. Gd, Dy, Cu, repre-
sents the lowest limit for the T’ phase field and decom-
poses at a lower temperature than Gd,CuQ,, as one wouid
expect from decreasing size of Ln*". Incorporation of Ce
into GdDy, oCe, ,CuQy increases the phase decomposition
temperature similar to that in Gd, 4sCe; sCu0Q,.

4. CONCLUSIONS

The variation of oxygen loss with Ce content and the
size of Ln3* has been investigated systematically by TGA
and the results are summarized below:

1. With increasing Ce content in LaNd,_,Ce CuO, or
decreasing Ln** size in Ln,_,Ce CuQ, for Ln
(La,_yNd,) and Nd, the temperature at which oxygen
loss begins increases and the amount of loss at a given
temperature T = 1000°C decreases due to a decreasing
degree of internal stresses. The strain in the Cu-0 bond
calculated from bond valence sum is in support of this ob-
servation,

2. The oxygen loss occurs in a smooth single step for
larger Ln = (La, Nd), Nd, and Sm, but in two distinct steps
for smaller Ln = Eu or Gd. An increasing electrostatic re-
pulsion between the oxygen atoms in the octahedral inter-
stitial and tetrahedral sites forces the interstitial oxygen
atoms to be lost at lower temperatures in the latter cases.

3. A smooth single-step loss for larger Ln seems to
indicate that the difference in activation energies for the
removal of oxygen atoms from the octahedral interstitial
and the tetrahedral sites is small.
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