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Abstract

Thermoanalytical methods provide important means for studying oxygen stoichiometries in
high T, superconducting cuprates. The optimum annealing temperature for a desired oxygen con-
tent in the superconducting product or in related materials can be established by thermogravimet-
ric measurements. By performing the final annealing in a thermobalance the amount of the in-
corporated or released oxygen can be conveniently both controlled and determined. Furthermore,
the absolute oxygen content in the end product can be analyzed by the thermogravimetric reduc-
tion method. Finally, the stability of the oxygen content under various atmospheres can be
checked utilizing either thermogravimetric or differential thermal analysis techniques. The po-
tential and applications of thermal analysis within the above themes of cuprate superconductor
research are reviewed and discussed using illustrative examples from the authors’ own experi-
mental works as well as from the literature.
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1. Introduction

The superconducting properties of all oxide superconductors are closely related
to mixed valence states of metals, controlled by chemical substitutions and the oxy-
gen stoichiometry of the material [1]. In the case of the high T, (critical temperature
of superconductivity) superconducting cuprates the transition temperature depends
crucially on the carrier concentration, generally referred to as the amount of excess
charge in the CuO, layers or the valence of copper. Increasing the oxygen content
will, in principle, increase the copper valence value and vice versa. Without reli-
able knowledge of the oxygen stoichiometries the properties of the studied samples
can not be interpreted.

The potential provided by thermoanalytical methods to study oxygen
stoichiometries in the cuprate superconductors was realized very soon after the dis-
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covery of these fascinating compounds [2-4]. In the present review this topic is dis-
cussed with selected examples from the authors’ own experiments as well as from
the literature data with special emphasis on the applications of thermogravimetry.

2. Studies on the annealing effects

A common feature of perovskite oxides is the ability to absorb and desorb oxy-
gen reversibly within certain limits set by the structure [5]. High T, cuprate super-
conductors possess perovskite related structures, and show variable oxygen contents
as well. Most prominent changes in oxygen stoichiometry are detected in the
REBa,Cu307_, and Pb,(Sr,Ba)y(RE,Ca)Cu;04.,., (RE= rare earth element) phases.
Because of the sensitivity of the oxidation degree for the synthesis conditions, suc-
cessful formation of the desired superconducting structure does not automatically
ensure that the properties of it are optimized from the superconductivity point of
view but postannealing treatments in oxygen partial pressures, higher or lower than
used for the synthesis, are often needed. Also, in order to prepare series of samples
with varying oxygen contents, postannealings under tightly controlled conditions
are essential to attain the desired stoichiometries. Temperature, oxygen partial pres-
sure and the cooling rate are the important parameters during the last annealing.
Thermogravimetry can be used for establishing the appropriate annealing condi-
tions, for the in situ detection of the amount of incorporated or released oxygen dur-
ing the annealing performed in a thermobalance as well as for following the changes
in the oxygen stoichiometry during various thermal cycles. In Sections 2.1-2.3 ex-
amples of such studies are discussed.

2.1. Investigation of the oxygen stoichiometry during various thermal cycles

The early results of the thermogravimetric experiments on the oxygen
stoichiometry of YBa;Cu30,_, during various thermal cycles were essential to learn
the importance of the slow cooling under an atmosphere of sufficient oxygen partial
pressure for the superconductivity of this compound [6—11]. During the high tem-
perature synthesis of YBa;Cu;05._, the oxygen deficient, tetragonal phase is first
formed. When cooling slowly down in an oxygen-rich atmosphere the tetragonal
phase turns into the superconducting orthorhombic form by accommodating oxygen
into the structure. The kinetics of the oxygenation/deoxygenation processes have
been studied by Tang and Lo [12] by means of TG (thermogravimetry) measure-
ments, and found to be diffusion-controlled with an activation energy of 1.3 eV for
samples having y close to 0.1. The chemical diffusion coefficient for a powder sam-
ple was determined to be 1071°cm? 57 at 500°C. This number is two to three orders
of magnitude smaller than values reported for sintered samples [13, 14]. In the case
of large or highly dense samples (e.g. single crystals) very slow cooling rates or an
additional annealing in flowing oxygen at temperatures between 400 and 500°C are
required for the complete oxidation. The highest oxygen content achieved for
YBa,Cus0,_, powders by long annealings in flowing oxygen around 400°C is
slightly below (y=0.04 [15]) the stoichiometric value.
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The oxygen release and uptake processes are reversible if the heating and cool-
ing cycles are carried out under same atmosphere, as can be seen from the TG
curves in Figs 1a— [15]. The mass loss of a fully oxidized material starts at about
350°C in both oxygen and nitrogen atmospheres (Figs 1a and b). Subsequent heat-
ing results in the oxygen-deficient phase of y=1.0 around 750°C in N, and above
900°C in O,, the exact temperatures depending on the heating programme. Upon
cooling down to room temperature the initial oxygen stoichiometry is recovered
only in the case of oxygen atmosphere (Fig. 1a). On the other hand, by recycling in
0, the oxygen content of an oxygen-deficient sample can be increased again (Fig. Ic).
Upon heating the oxygen incorporation starts already below 200°C. The maximum
mass is reached at 360°C, at which temperature the oxygen incorporation and re-
lease processes are balanced. According to DTA (differential thermal analysis)
measurements by Shelby ef al. [16] the oxygen release process is endothermic,
while the subsequent incorporation of oxygen corresponds to an exothermic peak.,

Kishio er al. [17] have determined by combined iodometric and thermo-
gravimetric analyses the equilibrium values of oxygen stoichiometry in the
YBa,Cu30,_, system at different temperatures (350-1000°C) as a function of oxy-
gen partial pressure in a range of 101 atm (Fig. 2). No discontinuity in y is ob-
served against the oxygen pressure around the tetragonal/orthorhombic phase tran-
sition area, indicating that the transition is higher than of first order. In a TG curve
the phase boundary is seen as a distinct inflection in the TG curve or as a minimum
or maximum in the DTG (differential thermogravimetry) curve. The structural
phase transition is not located at any constant oxygen content value but depends on
the pressure [18]. According to Kubo er al. [19] the phase boundary has a slope of
dy/dT =-4.7x107* K. In the REBa,Cu307_, system the transformation tempera-
ture tends to increase with decreasing ionic radii of the rare earth element [20].
Furthermore, the oxygen deficiency at the transformation point increases with in-
creasing transformation temperature. Replacing yttrium partly by calcium, on the
other hand, does not increase the average copper valence but the trivalent to diva-
lent substitution is counteracted by a decrease in oxygen content when the material
is synthesized under ambient pressure. Otherwise the obtained TG curves for the
(Y,Ca)Ba,Cu;07., system under various atmospheres are very similar to those of
corresponding non-doped samples [21].

In the HgBa,CaCu,0¢., compound as well, the oxygen release starts above
350 °C in an inert atmosphere. Confirmed by mass spectrometric analysis of Xu
et al. [22], the mass loss seen in TG curves (Fig. 3) below that temperature is due
to evaporation of mercury, probably existing in metallic form in grain boundaries.
Evolution of oxygen was detected by mass spectrometry between 350 and 450°C. At
the same temperature range a small but broad endotherm can be observed superim-
posed on the baseline of a QDTA (quantitative differential thermal analysis) curve
(Fig. 3). The mass losses above 600°C are already associated with the decomposi-
tion of the material. On the other hand, if oxygen-deficient HgBa,Ca, ,Cu,0,.,
samples are post-annealed the temperature corresponding to the maximum oxygen
incorporation depends both on n and the oxygen partial pressure. According to
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Fig. 1 Heating and cooling TG curves for a) YBa,Cu,0; o, in O,, b) YBa,Cu,0; 4, in N,
and ¢) YBa,Cu,Qq |, in O, (after [15])
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Fig. 3 Simultaneous TG/QDTA curves for the heating of HgBa,CaCu,0y +y in Ar (after [22])
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Fig. 4 Heating TG curves for Pb,Sr,YCu;04,, (¥ close to 0, but not determined) in various
atmospheres (after [26])

Tokiwa-Yamamoto et al. [23] this temperature increases from 204 to 268°C in an
oxygen atmosphere (1 atm) when going from the n=1 phase to the n=3 phase. A
decrease in the oxygen partial pressure by a factor of 10 seems to increase the op-
timum O,-loading temperature by ca. 10°C. With decreasing O, partial pressure
also the amount of incorporated oxygen is decreased.

In the case of the TI-based superconductors decomposition due to the loss of
thallium is observed around 600°C. According to TG measurements the mass
change of the T1,Ba,CuO, phase, corresponding to ca. 0.2 oxygen atoms per for-
mula unit, is reversible up to 585°C [24, 25].

The oxidation-reduction behaviour in the Pby(Sr,Ba),(RE,Ca)Cu;04.,, system is
more complex than in other superconducting cuprates. This is partly due to the
thermodynamic stability of simple Pb(IV) perovskites under oxidizing conditions.
Therefore, mildly reducing atmospheres are needed for the synthesis of the super-
conducting phase. Gallagher et al. [26] have by means of TG and DTA measure-
ments systematically studied the effects of oxygen partial pressure and temperature
on the oxygen content in various oxygen deficient Pb,Sry(RE,Ca)Cu;0g, ( samples.
Under O,-containing atmospheres the oxygen deficient material is reversibly oxi-
dized at 300-600°C. The extent of the oxidation-depends on the heating rate and
oxygen partial pressure (Fig. 4), but a very wide range of oxygen stoichiometries is
tolerated by the structure. Around 500°C the oxygen content exhibits a maximum.
The oxidative decomposition occurring above 630°C is irreversible.

2.2. Search for appropriate conditions for the final annealing

Quenching from the high synthesis temperatures leads to oxygen-deficient mate-
rials having inhomogeneous oxygen distribution. In order to prepare oxygen-defi-
cient YBa,Cu;0;._, samples without an oxygen gradient various gettering techniques
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Fig. 5 Heating TG curve for YBa,Cu,0Q,, in N, (after [28]). From this curve the proper tem-
perature (corresponding to the desired oxygen content) for the postannealing in N,
can be read when oxygen-deficient YBazCu3O7_y samples (0.1 <y <1.0) are prepared

have been successfully applied [27], but postannealing of oxygen-saturated material
in a flowing inert atmosphere at a fixed equilibrium temperature has proven to be
another useful possibility [28]. The proper temperature corresponding to the de-
sired oxygen content can be read from a TG curve measured for the oxygen satu-
rated starting material (Fig. 5). The reliability of the obtained oxygen content val-
ues can still be checked e.g. by iodometric titrations [28] or by utilizing the ther-
mogravimetric reduction technique (Section 3.1).

2.3. In situ detection of the amount of incorporated or released oxygen
during annealing

The amount of incorporated or released oxygen is most conveniently controlled
and determined by performing the annealing in a thermobalance. In [29, 30] this
kind of controlled-oxygen-loading results for a Pb,Ba;EuCu;0s ., sample have been
reported. Before the oxygen annealing the oxygen excess y of the as-synthesized ma-
terial was established (y=0.1610.02) by a coulometric titration technique [31, 32].
As can be seen from the obtained TG and DTG curves (Fig. 6), the mass gain starts
above 250°C. The optimum temperature for the oxygen-loading seems to be around
350°C, at which temperature the incorporation is fastest. The TG data of three par-
allel oxygen annealings revealed mass gains corresponding to 1.6310.01 oxygen at-
oms per formula unit. This means that the oxygen content (8 +y) of the sample after
the oxygen-loading is 9.79+0.03. In [33] the same method has been used to prepare
a series of PbySryEug 75Cag 25Cu304.,.y samples with varying oxygen content. Cap-
poni er al. [34], on the other hand, have monitored thermogravimetrically the
amount of incorporated oxygen into an oxygen-deficient Pb,Sr,YCu30g.,, sample at
a constant temperature of 447°C as a function of time (Fig. 7). The mass gain was
stabilized in ten hours, corresponding to an oxygen content increase by about 1.90
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Fig. 7 Isothermic TG curves for the in situ oxidation at 447°C in O, (solid line) and reduc-
tion at 497°C in N, (broken line) of Pb,Sr,YCu,0q, , (after [34])

atoms per formula unit. Conversely, when the final product was heat treated at
497°C in nitrogen it lost the same amount of oxygen.

Oxygen-deficient YBay(Cu,Fe);0,_, samples have been synthesized by Kallias er
al. [35] by removing oxygen from the as-prepared material in a thermobalance un-
der flowing argon. The samples were heated at a rate of 4°C min™!, and when the
desired value of y was achieved, the sample was cooled down to RT as fast as possible.

Finally for comparison, oxygen-depletion results for the simple LaCuO;
perovskite are shown in Fig. 8 [36]. Based on its chemical and structural properties,
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Fig. 8 TG curves for the in situ oxygen depletion of LaCuO, in Ar (after [36))

highly related to those of the cuprate superconductors, the LaCuQj;_, system has
been considered as a potential candidate for exhibiting superconductivity when op-
timally doped. The LaCuOj;_, framework is stable over a remarkably wide oxygen
stoichiometry range, i.e. 0<y<0.5, enabling the tuning of the copper valence value
continuously from +3.0 to +2.0. In this case, however, the oxygen release is not
reversible under an ambient atmosphere since the highly oxidized stoichiometric
LaCuO; form is stabilized only under very high oxygen pressures.

3. Determination of the absolute oxygen content

Since the oxygen content of the end product is one of the crucial characteristics
of the high T, cuprates determining the carrier concentration and further the critical
temperature, several methods of chemical analysis have been applied to establish
the absolute values of this parameter in different superconducting phases and re-
lated materials [37]. Besides the most widely used wet chemical redox methods,
various thermogravimetric approaches have been adapted as well for the studies of
superconducting cuprates. The absolute oxygen content can be determined by meas-
uring the mass loss accompanying either the synthesis or the total reduction of the
sample. Using a standard reference sample with an identical metal composition and
a known oxygen content, the unknown oxygen content can also be calculated from
the difference in the mass loss under an inert atmosphere detected by TG for the
studied sample relative to the standard one. From these three different thermoana-
lytical possibilities, the reduction method is preferred since the measurement con-
nected to the synthesis of the material can not be repeated for already existing sam-
ples and the inert atmosphere TG method always requires a good reference sample.

J. Thermal Anal., 48, 1997
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3.1. Thermogravimetric reduction

In the thermogravimetric reduction method the sample is heated to high tem-
peratures in a reducing atmosphere. The amount of oxygen in the starting material
can be calculated from the total mass loss during the thermal treatment if the reduc-
tion products are known. This method has been applied for the studies of high va-
lent copper compounds already before the time of superconducting cuprates, e.g.
for KCuO, in 1973 [38] and (La,Sr);Cu0,_y in 1981 [39]. For the oxygen content
studies of high T, cuprates the TG reduction method has also been used from the
very beginning [40-46].

Hydrogen is the most commonly used reductant, but if the reduction is per-
formed with CO the carbon dioxide gas formed can be additionally detected by IR
spectroscopy [47]. Superconducting cuprates may dissolve hydrogen to some extent
(e.g. YBa,Cu30,;H ¢ at 1 atm H, [48]) at low temperatures. The hydrogen-contain-
ing compounds formed are, however, metastable and decompose to the stable reac-
tion products of metallic copper and various alkaline earth and rare earth oxides at
higher temperatures [49]. The initial weight gain corresponding to the hydrogen in-
corporation is often difficult to detect within the accuracy of the measurement. In
Fig. 9 a typical reduction TG curve for the YBa,Cu;0,_, compound is shown. Heat-
ing the sample under a H,/Ar atmosphere results in a selective reduction of copper
to metallic state by 950°C, the exact temperature depending strongly on the hydro-
gen partial pressure in the reductant gas [50]. Yttrium and barium are maintained
in the reduction process as oxides. The stabilities of Y,03 and BaO under the con-
ditions concerned have been confirmed by Vlaeminck et al. [51] up to 1000°C.

The overall mass loss corresponding to the reduction reaction of YBa,Cu;0,_,
(Eq.(1)) may vary from 6.15% (y=1) to 8.41% (y=0). It is essential to follow the
reaction with a thermobalance of high sensitivity and to determine the mass loss at
950°C, because during cooling the mass of the sample gradually increases due to
the reaction of BaO with moisture or CQO,, forming Ba(OH), or BaCOs, respec-
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Fig. 9 Hydrogen reduction TG (solid line) and DTG (broken line) curves for YBazCu307_y
(after [4])
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tively. In order to get highly accurate results the effects of buoyancy, resulting in
mass gain equal to the mass of gas displaced by the sample, and other aerodynamic
forces have to be taken into account. The total experimental correction, necessary
to compensate these effects, corresponds to an error of ca. 0.01-0.02 in the oxygen
deficiency value y [51].

2YBa,Cus0,_,+(7-2)H, —
Y,0,+4Ba0 +6Cu +(7-2y)H,0 (1)

The loss of mass is stepwise when an YBa,Cu30-_ sample is reduced. Gallagher et
al. [52] have studied the intermediate products by interrupting the reduction process
at several temperatures; X-ray diffraction (XRD) measurements did not, however,
reveal any obvious intermediates, probably because of poor crystallinity or due to
partial reaction of the Ba and RE oxides to hydroxides or hydroxide hydrates with
the water vapour. It is, however, believed that the reduction process of YBa;Cu30;_,
starts with the removal of oxygen from the Cu-O chains [51, 53, 54]. This can be
seen e.g. by comparing the reduction curves obtained for YBa,Cu;0_, samples
with y varying between 0 and 1; the mass loss around the temperature range 350—
500°C correlates well with the initial oxygen content, while the changes at higher
temperatures than S00°C are rather independent of the oxygen content of the start-
ing sample. Consistently, the reduction curve of the Y,BaCuOj5 phase (no Cu-O
chains in the structure) does not exhibit any mass changes below 400°C. A complete
TG analysis gave a stoichiometry of Y,BaCuOs g for this non-superconducting ref-
erence compound [51]. The last plateau around 800°C in the reduction curve of
YBa,Cu30;_y corresponds most probably to CuyO and 2Cu. The Cu(l) oxide is
much more stable than CuO, which is reduced in a single step around 300°C
[51, 55].

Besides the above discussed studies on the YBa;Cu304_, compound, the TG re-
duction method has been successfully applied to the oxygen content evaluation of
other RE based cuprates, e.g. La,CuO,_ [56] and Nd,CuO,_, [57], as well.

The accuracy of the TG reduction method may be limited by difficulties in defining
either the resulting reduction products or the end point of the reduction pro-cess [58].
Even in the case of the reduction of YBa,Cu;0;_, formation of small amounts of
Y,Cu,05 has been suggested [59]. On the other hand, in the reduction residue of
LaBa,;Cu;30,_ the existence of the following components (in order of their relative
content) has been detected by careful XRD analyses: Cu, BaO, LaCuO,, BaCuO,,
Ba, La,03, La and CuO [60]. This means that estimations about the oxygen content
of the starting LaBa,Cu30,_, material can not be done in such a straightforward way
as in the case of the yttrium based compound. Song et al. [60] have used a kind of
reverse approach to establish the oxygen contents in LaBa;Cu30;_, samples: the fi-
nal degree of the reduction is supposed to be equal after the H,/Ar treatment at
900°C in all samples having a similar metal stoichiometry. This degree is defined us-
ing a stoichiometric mixture of La;03, BaCO; and CuO as a reference sample. Once
the final oxygen content after the reduction is known, the initial oxygen content in
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the studied sample can be easily calculated from the observed mass loss. Further-
more, although rare earth elements are found to remain at least mostly as oxides,
some of them exhibit two possible oxidation states. In [50 and 61] reduction data on
europium containing samples have been reported. No sign of divalent oxide was
found either in the high temperature X-ray diffraction simulation of the thermo-
gravimetric reduction or in the Mdssbauer study of the reduction residue [61].
Oxygen content analysis by means of thermogravimetric reduction is also com-
plicated by the presence of easily volatilized metals, and thus can not be recom-
mended for the Bi-, Pb, TI- or Hg-based materials. It has been, however, applied in
the cases of bismuth [61-65] and lead [66] cuprates by taking care to avoid loss of
these metals during the thermal treatment. The single step reduction reactions to
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Fig. 10 Hydrogen reduction TG curves for Bi,Sr,Ca, ;Eu, ;Cu,0;, . recorded using heating
rates of 2 (solid line), 5 (broken line) and 10°C min™’ (after [6Y1])
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Fig. 11 Hydrogen reduction TG curve for Pb,Sr,YCu,0, +y (after [66]). The additional mass
loss seen beyond 600°C is due to the evaporation of lead
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metallic copper and bismuth (Eq. (2)) or lead (Eq. (3)) are completed around
500-600°C, the exact temperatures depending on the heating programme [61]. The
additional changes in the sample mass seen sometimes in the thermograms (Figs 10
and 11) beyond these temperatures are due to the evaporation of Bi or Pb metals.

Bi,Sr,CaCuy0g, ,+(5+y)H; —
2Bi+2S8r0 +Ca0 +2Cu+(5+y)H,0 (2)

Pb,ST,YCu0g , ,+(4.5+y)H, -
2Pb+25r0 +0.5Y,0,+3Cu+(4.5+y)H,0 3)

In the case of YBa,Cu;0,_, the thermogravimetric reduction method sometimes
tends to give somewhat higher oxygen content values than the various titration
methods [55, 67]. This discrepancy has been explained by the presence of unreacted
BaCO; which decomposes in the thermobalance increasing the observed mass loss
considerably even as small amounts [55]. On the other hand, although the possible
volatilization of Bi metal might easily cause overestimated oxygen contents for the
bismuth cuprates when analyzed by the H,/TG method, such unusually large values
have not been observed [68].

3.2. Thermogravimetric detection of the mass loss under an inert
atmosphere

The (La,Sr),Cu0y.,, samples synthesized under ambient conditions are consid-
ered to possess rather constant oxygen content values close to y=0, but excess oxy-
gen above the stoichiometric value can be introduced into the structure by means of
high pressure, electrochemical, “soft chemical” or plasma oxidation techniques. In
thermogravimetric oxygen content analyses carried out under an inert atmosphere
as-synthesized material can be used as a reference for the oxidized samples. Rial er al.
[69] have studied oxygen stoichiometries in two (La;_Sr,);CuQO4., (x=0.025 and
0.045) samples oxidized chemically by hypobromite. In an argon atmosphere the
as-synthesized samples underwent at 250°C a very small mass loss corresponding
to y=0.01, while two overlapping mass losses beginning at temperatures around
160 and 260°C were detected for the oxidized samples (Fig. 12). The excess oxygen
was totally released by 300°C. The observed total mass losses for the oxidized
x=0.025 and 0.045 samples correspond to the y values of 0.13 and 0.11, respectively.

3.3. In situ synthesis of superconductors in a thermobalance

Kao and Ng [70] have used a very straightforward TG approach to investigate
oxygen contents in various bismuth cuprates. In their method the mass changes oc-
curring during the heat treatment processes simulating the normal synthesis condi-
tions are continuously monitored for different mixtures of Bi,O5, SrCO;, CaO and
CuO starting powders. Since the stoichiometry of their quaternary mixture
(Bi,03+25rC0O3+2Ca0 +4Cu0) does not correspond to any of the compositions of
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Fig. 12 Heating TG curves for as-synthesized (y=0.01) and “‘soft chemically” oxidized
(La,_,Sr),Cu0,,, (x=0.024 or 0.045) samples in Ar (after [69]). The oxygen con-
tents of the ox1dlzed samples can be calculated using the corresponding as-synthe-
sized samples as reference materials

Bi,Sr,Ca,_;Cu, Oy .+2q+ySuperconductors, further interpretation of the obtained oxygen
excess values (0.38 after the first heat treatment cycle in oxygen) is difficult, however,

4. Examples of other studies

Besides the most widely applied techniques and methods to study the oxygen
contents and annealing effects in superconducting cuprates (discussed in Chapters 2
and 3), various other interesting thermoanalytical approaches have been utilized. In
Sections 4.1-4.4 some examples of recent studies are given.

4.1. Vapor pressure studies on the oxygen stoichiometry in YBa,Cu30,_,

Results of an extensive vapor pressure study on the oxygen stoichiometry in
YBa,Cu;0-_, as a function of temperature (400-900°C) and oxygen pressure (up to
1 atm) have been reported by Guskov et al. [71]. The oxygen contents of the studied
samples were analyzed by the iodometric titration method as well. By taking the re-
ported data as a standard, vapor pressure scanning can be used for the precise de-
termination of the absolute oxygen content in YBa;Cu;y0,_ samples.

4.2. Oxygen isotope studies in YBa,Cu;07_,

Isotope effect studies, especially experiments concerning oxygen isotopic substi-
tutions, are considered to be important for the understanding of the mechanism of
high T, superconductivity. As the observed isotope effects are small, 1t is important
to use well characterized samples. YBa,Cu;0,_, samples with high %0 content can
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Fig. 13 TG curves for the isotope exchange in an '*0-enriched YBa,Cu,0, , sample
(after [72])

be prepared by oxidizing Y, Ba and Cu metals in 180, atmosphere. The resulting
isotope content can be easily determined with a simple thermogravimetric experi-
ment, since in natural oxygen the isotope exchange takes place mainly in the tem-
perature range of 300—470°C (Fig. 13). The results obtained by Conder et al. [72]
by TG for the 130 isotope content of the as-synthesized sample showed good agree-
ment with SIMS (secondary ion mass spectrometry) data.

100

{WT. %)

99

WEIGHT

98

I ] i | ] | { I

100 200 300 400 500 600 700 800
TEMPERATURE (°C)

Fig. 14 Heating TG curves for YBa,(Cu, Fe),0; , with x=0.00 (solid line), 0.01 (broken
line), 0.03 (dotted line) and 0.04 (dotted-broken line) in Ar indicating the presence

of small amounts of YBa,Cu,0,_, impurities even at very low Fe concentrations
(after [74])
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4.3. Confirmation of the oxygen stability of YBa,Cu,Oy_,

Because of the structural similarities, the d values of the strongest peaks in the
XRD patterns of YBa;Cu30;._y and YBa,Cu,Og_y coincide, which makes it difficult
to distinguish between these two phases in diffraction studies [73]. In order to de-
tect small amounts of YBa,Cu30;_, impurities, TG measurements on the oxygen
stability of various non-doped and Eu-, Ca- and Fe-doped YBa,Cu,Ojg_, samples
have been utilized [73~76]. The YBa,Cu30-._, structure starts to lose oxygen around
350°C (Section 2.1 ), while the YBa,Cu 03y compound is stable up to 670°C even
in an inert atmosphere. In the case of YBay(Cu,Fe)4Oq_, samples, TG measure-
ments carried out under an argon atmosphere revealed a reduction in the oxygen
stability, seen as an increasing amount of mass loss at around 300°C with increasing
iron substitution level (Fig. 14), much before the first impurity peaks were seen in
the XRD spectra [74, 75].

4.4. Effects of internal stresses on the oxygen stoichiometry in
(RE| Cey),CuOy 4,

Zhu and Manthiram [77] have investigated by TG systematically the effects of
internal stresses on the oxygen stoichiometry in the (RE;_Ce,),Cu0y.., system. As-
synthesized (RE;_,Ce,),CuQ4., samples all have excess oxygen corresponding to
0<y<0.02. At temperatures higher than 500°C these excess oxygen atoms, occupy-
ing empty octahedral interstitial sites within the (RE,Ce),0; fluorite layers, along
with some oxygen atoms from the tetrahedral sites of the same layer are lost. The
tendency to lose oxygen was found to decrease with increasing Ce content or de-
creasing RE®™ size, due to a decreasing degree of internal stresses. The internal
stresses result from the bond length mismatch between the (RE,Ce),0, and CuO,
layers. With the smaller rare earth elements (e.g. Gd) an increasing electrostatic repul-
sion between the interstitial octahedral-site and the normal tetrahedral-site oxygen at-
oms forces the excess interstitial oxygen atoms to be lost at lower temperatures. In that
case the total mass loss occurs in two distinct steps. On the other hand, with the larger
rare earth elements (e.g. La) the mass loss occurs smoothly in one step.

5. Conclusions

Thermoanalytical methods, especially thermogravimetry, have been widely ap-
plied to solve various problems related to the oxygen stoichiometry of high T, su-
perconducting cuprates. Most versatile approaches and numerous studies have been
published on the YBa,Cu;30;_,compound but also in the case of the other rare earth
or lead cuprates TA methods have proven to be indispensable in order to learn some
special features of the oxygen stoichiometry characteristics. The accuracy of a prop-
erly executed thermogravimetric determination is comparable or superior to other
quantitative analytical techniques and furthermore straightforward and often less
time-consuming, Finally, although the easy evaporation of bismuth, thallium and
mercury somewhat restricts the applicability of thermogravimetry, interesting stud-
ies have been successfully conducted on these materials as well.
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Recently a large number of superconducting cuprate families has been discov-
ered utilizing very high oxygen pressures for the syntheses [78]. Oxygen
stoichiometry studies of these new high pressure phases is a challenging topic for
future research.

* ok k
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