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Abstract

Many physical-chemical properties of oxide superconductors depend on oxygen content and its dis-
tribution in the sample. Investigations of the thermal decomposition of the oxide superconductors in
dynamic vacuum are valuable, particularly in view of the high oxygen diffusion coefficient in these
cuprates. Dynamic vacuum protects against the readsorption of oxygen from the environment. Sam-
ples of the high-temperature superconductors were synthesised from stoichiometric mixtures of
high-purity oxides and carbonates.

The lattice parameters of all preparations were controlled, in both initial and final experiments
using a Stadi P (Stoe) diffractometer with a positron-sensitive detector (CuK,, radiation). The oxy-
gen content was measured by iodometric titration with a reproducibility of at least 0.02.

DC four-probe resistivity measurements were performed on pellets to which copper contacts
were attached by using silver paint. Thermogravimetric analyses (TG) were performed by using a
Cahn RG ultramicrobalance system.

The purpose of the present paper is to show the application of microbalance technique in study
of high-temperature superconductors.

Keywords: controlled environments, high-7; superconductors, kinetics, microgravimetric investi-
gation, oxide superconductors

Introduction

High-temperature superconductivity (HTS) is in the forefront of today’s technology.
The quality of the high-temperature superconducting films has been improved re-
markably by recent progress in film preparation process for oxide materials [1-4].

Below the critical temperature of the HTS materials [5], their surface resistance
at microwave frequency regions is lower than that of normal metals by one to three
orders of magnitude. By using these materials as the thin-film circuits of microwave
passive components, their conduction loss is dramatically reduced.
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High-Q resonators [6], low-loss filters [6—11] and other high-performance micro-
wave devices can be achieved even by the microstrip or stripline thin-film configuration.

Passive microwave filters are fabricated from thin-film HTS materials using pat-
terning techniques similar to those used in the semiconductor industry. Either
YBa,Cu,0, , (YBCO) or TICaBa,Cu,0, (TCBCO) materials may be utilised. YBCO
films are deposited in-situ by laser ablation on both sides of either 3-in magnesium
oxide (MgO) or lanthanum aluminate (LaAlO,) substrates.

Amorphous TCBCO precursor material is deposited on each side of an MgO
substrate by laser ablation. Epitaxial thin films are then formed during a post-deposi-
tion annealing process. MgO and LaAlO, substrates are chosen for their close match-
ing characteristics in terms of crystalline lattice and thermal coefficient of expansion
with respect to oxide superconductors. They also possess desirable dielectric con-
stants and low-loss tangents.

These components allow development of a new class of electrically tuneable cir-
cuits for communication systems [6—10]. Attributes such as small size, light mass,
and low loss make these components very attractive not only for NASA’s communi-
cation systems [10] but also for applications in the commercial communications in-
dustry at large.

The oxygen stoichiometry in high-7, superconductors [5] is a crucial physi-
cal-chemical problem because all these compounds are oxides and moreover, because
the superconducting properties are closely related to the mixed-valency states con-
tained in these compounds, mixed-valency states which are controlled by the oxygen
stoichiometry [12—14]. It is known that atmospheric contaminants such as CO, and
H,O can have strong effects on superconducting transition temperature, the critical
current density and the width superconducting transition of the superconductors.

Knowledge of the chemistry and thermodynamics of the superconducting oxides is
essential not only for prediction of the optimum processing conditions for the different
forms of the materials, but also for an understanding of the origins of the defects.

The microgravimetric method is very useful in analysis of oxide superconductors,
because it enables investigations in vacuum and controlled environments [15-47] in ap-
plications: thermogravimetric analysis for the study of solid state reactions [17, 19, 21,
29], kinetic and thermodynamics of reactions [36, 39, 40, 43, 44], determination of oxy-
gen content in redox reactions [16, 18, 20, 22-24,27-31, 33-38, 41] investigations corre-
lation of the deviation from stoichiometry and carrier concentration, adsorption and sur-
face properties these materials [45-47], as well as combined measurement mass and ad-
ditional parameters for example evolved gas analysis (EGA) [15].

Investigations of the thermal decomposition of the oxide superconductors in dy-
namic vacuum are valuable, particularly in view of the high oxygen diffusion coeffi-
cient in these cuprates [41]. Dynamic vacuum protects against the readsorption of ox-
ygen from the environment [15, 31, 32, 43, 44]. Hydrogen has an extremely simple
electronic structure and a small mass but is capable of causing substantial perturba-
tions of local electron density with a comparatively slight distortion of the lattice. The
introduction of hydrogen into a superconducting oxide might therefore provide im-
portant information about properties of the material [25, 26, 32, 37, 42, 44].
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Investigations of the influence of the oxygen isotope substitution on the properties
of the high-7, oxide superconductors [36] is very important in understanding the mecha-
nism of superconductivity [48]. The observation of an oxygen isotope effect provides
supporting evidence that phonons play a role in the electron pairing mechanism [49].

It is well known that temperature and mass can be measured with an accuracy
higher by several orders of magnitude, than it is still possible for the thermoanalyst to
determine the transformation temperatures or the mass changes due to overlapping
partial reactions. The purpose of the present paper is to show the application of Cahn
ultra-microbalance to study of high-temperature superconductors.

Experimental

All the samples of superconductors were prepared by direct solid state reaction using ox-
ides of at least 99.99% purity. The first and second calcinations were carried out at 930
and 970°C for 24 h, each with intermittent grinding at 600°C for 4 h in an oxygen flow.
The powder samples were then ground and pressed into pellets. Rectangular pellets of
size suitable for resistivity measurements were made and sintered in oxygen flow at
980°C for 20 h and then furnace cooled to room temperature. The oxygen contents were
measured by iodometric titration with reproducibility of at least 0.02. The DC four-probe
resistivity measurements were performed on the pellets to which copper contacts were at-
tached using silver paint. The in situ measurements of the oxygen loss were performed in
a Cahn RG ultramicrobalance system [50] permitting to follow the decomposition in a
dynamic vacuum of ~10™* Pa. The samples were heated up to temperature of the experi-
ment with a constant rate of 10°C min . Some samples of ‘214’ were annealed under dy-
namic vacuum (DV) at temperatures up to 1000°C for periods between 2040 h with
subsequent furnace cooling to room temperature. The initial mass of the samples of ‘123’
was ca. 80 mg and the drop of mass caused by the loss one oxygen atom per chemical
formula [(RE)BaZCu3O7—>(RE)Ba2Cu306+1/202T, RE (rare earth)] corresponded to
~2 mg. In order to determine disturbances which affect the accuracy of weighing in vac-
uum or in controlled atmosphere [50-53], blank runs were used to correct the data ob-
tained during kinetic runs.

Apparent mass changes did not exceed +20 pg. As the accuracy of the measure-
ments was better than +20 pg estimation of the content in the sample was at the level
of at least £0.01 per chemical formula. The system was first evacuated down to
10~ Pa and the sample was annealed at 120°C during 20 h to remove adsorbed gases
and moisture. After that samples were heated up to temperature of measurement with
a constant rate of 10°C min ™"

To assure the same distribution of the grain size small samples used in measure-
ments were for given RE always taken from a larger portion of an original (RE)Ba,Cu,0,
preparation. In most instances the measurement duration was long enough (sometimes up
to 200 h) to approach equilibrium. Interaction of hydrogen with La,CuO,, La, .Sr,,CuO,
and Sm, .,Ce,,,CuO, was studied in the same apparatus. Pure gaseous hydrogen, pro-
duced through the decomposition of the hydride of Ti, was then admitted into the evacu-
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ated balance chamber. The hydrogen pressure was 8-10* Pa. After that samples were
heated up to temperature of the experiment at low heating rate of 30°C h™.

NMR measurements were performed using the pulse SHR-100 spectrometer at
60 MHz. The lattice parameters of all preparations were controlled, in both initial and
final experiments, by the X-ray powder method (CuK, radiation) using STADI P
(STOE) diffractometer with position sensitive detector.

Results and discussion

The influence of the ionic radius of RE element on the bonding of the oxygen atoms
in the Cu(2)-O planes of ‘123’ compounds was investigated [43].

Time/h
Fig. 1 Plot of (1-x,) vs. time for yttrium preparation

The oxygen loss measurements were performed for different (RE)Ba,Cu,O,
(RE=Y, Er, Nd) preparations (in the initial state x=0) isothermally heated in the range
of 700-850°C. The decomposition of the samples was started after isothermal tem-
perature was reached. Pertinent oxygen loss curves are exemplified in Fig. 1 for
Y ,Ba,Cu,0O, preparation. Prior to further analysis, the oxygen loss data (x, values)
were normalized. In this case desorbing oxygen is associated with total decomposi-
tion of tetragonal structure of compounds into non-identified products, where in the
final stage cooper is monovalent. Final oxygen content always should be equal 5, in-
dependently of thermal decomposition.

The decomposition reaction of the type

(RE)Ba,Cu,0,~(RE)Ba,Cu,0,+1/20,T
(RE)Ba,Cu,0.~1/2(RE,0,)-2Ba0-3/2Cu,0
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carried out at constant temperature should follow a simple exponential relation (first or-
der process) if all grains of the preparation are of the same size. The bonding of the oxy-
gen atoms was investigated by gas evolution measurements and interpreted with a first
order desorption model for the evolution process [54]. The samples consisted of grains of
different size, decomposing with different rates, it was anticipated that the overall oxygen
loss may be described by the sum of appropriate number of exponential terms depending
on the grain size distribution. It has been found that for our powdered samples the num-
ber of such exponents can be limited to two terms corresponding to quick and slow de-
composition rates in which small and large grains are involved:

(I-x,)=Ae ' +Be™ (1)

where x, is the value reached after time ¢, and &, k, are the rate constants. The solid
lines in Fig. 1 were calculated using the above equation and appropriate constants. It
should be emphasised that the agreement between calculated and experimental re-
sults is quite good.

Utilizing the Arrhenius relation it was plotted logk (k, or k,) vs. reciprocal tempera-
ture (Fig. 2). The activation energies estimated for (RE)Ba,Cu,0, (RE=Er, Y, Nd) com-
pounds were 3, 2 eV; 3.0 and 2.7 eV, respectively. The activation energies of oxygen loss
are reciprocal function of (RE)*" ionic radius [54] in these cuprates.

Logk [k1,k2‘

1 1 | |

80 91 82 93 94 95 96 497 98
:DL ¢ T_'-"IK_]
Fig. 2 Arrhenius plots for yttrium preparation

Figure 3 shows the dependence of the critical temperature 7, on the oxygen defi-
ciency x for YBa,Cu,0, . The oxygen content dependence of 7, exhibits a typical
plateau at about 90 and about 60 K [12].

Studies of oxygen content and ordering in the different ‘123’ phases show that as
the RE ion size increases the rate of fall in 7, with oxygen content increases [55-57] and
the plateaux width become narrower.
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Fig. 3 Dependence of critical temperature 7, on oxygen deficiency for YBa,Cu;07

T, can also be influenced by partial substitution of the RE atoms or the Ba atoms
by atoms of lower or higher valence [58].

In air, the orthorhombic to tetragonal phase transition temperature decreases
rapidly with increasing RE size from =750°C for Er to #550°C for Nd [59]. The im-
plications are that tetragonal REBCO exists over much wider temperature region for
large RE’s e.g. in air, tetragonal YBCO exists over a temperature range of
~1003-650°C=353°C, whereas the corresponding polymorph of NdBCO exists over
the temperature range ~1142-550°C=592°C. In effect the REBCO’s of larger RE size
have a higher entropy and oxygen is more disordered than for the smaller RE’s. Con-
sequently, the low temperature ordered superstructures are predicted to form at lower
temperatures and higher oxygen contents for the larger RE’s. Experimental evidence
for this comes from the thermodynamic studies of NdBaCuO [60].

The existence of two plateaux at 90 K and 60 K in 7, vs. oxygen stoichiometry
plots is related to the existence of the different oxygen superstructure regions. A
phase separation model has been put forward to explain the effect [61-68] . Evidence
for phase separation near 7-x=7.0 has been demonstrated by Claus ef al. [66] in the
structural and electrical characterisation studies of single crystals. The same crystal
was found to have two distinct ‘c’ parameters and the resistivity and magnetic sus-
ceptibility were found to be broadened at T.. In another study on single crystals, the
‘¢’ parameter was found to increase beyond optimal doping and a distinct double
transition was observed in susceptibility data [68].

The use of doping to modify the defect structure and properties in REBCO is
growing in importance in relation to both device manufacture (e.g. for barrier layers
and contacts) and bulk processing (e.g. for seeding and joining). For doping on all the
possible cation sites in REBCO there is known to be a strong influence on the oxygen
content, ordering and mobility. Future progress in applications of doped REBCO ma-
terials will stand to gain from detailed studies of the influence of chemistry on oxy-
gen thermodynamics and kinetics.
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Fig. 4 Gravimetrical kinetic curve for the process of interaction of hydrogen with La, §Sr,CuO4

Influence of hydrogen on the magnetic and superconducting properties of La,CuQO,,
La, (Sr,,CuO, systems has been studied. It has been established that the interaction of hy-
drogen with the insulating La,CuO, samples results in reduction of oxygen [22, 24,
26, 37] while the reaction of H, with La, Sr,,CuO, can be interpreted as a several parallel
and follow-up reactions as is shown in Fig. 4. The mass loss corresponds to an oxygen
loss (reduction from cuprate to Cu,O), a mass gain to the solution of hydrogen. The mass
however can also increase, if the water vapour, which is formed by the reduction of the
oxygen content does not evaporate but reacts with La,O, to hydroxide La(OH), [37]. The
hydroxide decompose as the temperature is further increased. The final step occurs at the
formation of metallic copper Cu’ at equilibrium conditions.

Table 1 Lattice constants and unit-cell volume of HyLa, 3Sro,CuO4.

ooy, Qe Mot s Cosenis G
La; §Srp,CuOy4 4.00 0.00 3.774 13.232 188.43
400°C DV 3.98 0.00 3.774 13.229 188.42
900°C DV 3.97 0.00 3.774 13.224 188.35
950°C DV 3.96 0.00 3.774 13.224 188.35
La, ¢St ,Cu03.99 3.99 0.02 3.776 13.237 188.74
La; §S1p,CuO; 08 3.98 0.10 3.774 13.267 188.94
La; §S1p,CuO;.99 3.99 0.30 3.774 13.322 189.72
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Studies of the hydrogenated samples by X-ray structural analysis showed that
the reflections characteristic of the tetragonal structure of the original sample persist,
but their intensity decreased with increasing hydrogen concentration, and the noise
increases. This ‘amorphization’ of the X-ray diffraction patterns apparently results
from the grinding of the samples, to dimensions smaller than a certain critical dimen-
sion in the region <0.1 um. No secondary phases were present in the diffraction pat-
terns. In addition, an analysis of the X-ray diffraction patterns showed that the lattice
constant along the tetragonal axis increases systematically with increasing hydrogen
concentration (Table 1). In this manner were produced samples of H La, (Sr,,CuO,
with x=0, 0.02, 0.1, 0.3 and 0.866. The results of the iodometric titration measure-
ments are also given in Table 1. It is surprising that this system loses only one percent
oxygen even if it is annealed in dynamic vacuum at 950°C which is equivalent to the
calcination temperature of the compound. In present case it was observed almost a
negligible change in the a and ¢ parameters with increasing oxygen vacancies (Ta-
ble 1). Formation of 1% oxygen vacancies does not produce much change in the lat-
tice parameters. To determine the superconducting transition temperature, it has been
measured the 7fmagnetic susceptibility. In samples with x>0.1, the superconductivity
was suppressed essentially completely. In the sample with x=0.02, on the other hand
(Fig. 5), the transition onset temperature 7, corresponding to the slope change in y,
remained the same as that of the original sample. The amount of superconducting
phase, however, decreased by a factor of 1.5. The absorption of hydrogen thus results
in a decrease in the amount of superconducting phase in the cuprate. In other words,
the superconductivity is suppressed in certain parts of the cuprate (phase separation).
The hydrogen concentration in the sample with x=0.1, at which the superconductivity
is suppressed, is approximately equal to the concentration of the Sr dopant atoms in
this ceramic. At this concentration, the mechanism for the suppression of the super-
conductivity by hydrogen in the lanthanum-strontium ceramic is probably associated
with a neutralization of holes as hydrogen localises in a copper-oxygen plane. That
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.
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Fig. 5 Temperature dependence of the magnetic susceptibility of HyLa, sSro,CuO4
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hydrogen can localise in this plane, in the positions with the co-ordinates (1/2, 1/2, 0)
and (0, 0, 1/2), is confirmed by an analysis of the sizes of the interstices based on
crystallographic data and the ionic radii of the elements. These positions are equiva-
lent, and each has four O* ions (with an ionic radius of 1.40 A) in its neighbourhood.
These oxygen ions form interstices with the size of about 1 A — the optimum size for
being filled by hydrogen atom. Along the tetragonal axis, these positions lie between
two La’" cations, whose interaction with the hydrogen cation (proton) is apparently
the reason for the increase in the lattice constant ¢ (Fig. 6).
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Fig. 6 Localization of hydrogen atoms in the unit cell of La; gSrg,CuO,

NMR measurements at a frequency of 60 MHz for a sample with x=0.866,
showed that the proton-resonance signal is a single symmetric line of Gaussian shape
with a width of 63 kHz, which is essentially independent of the temperature. It has
been estimated the width of the NMR line caused by the dipole interaction of proton
with nearest La and Cu nuclei and protons, with oxygen occupying the positions un-
der consideration.

From appropriate formulas [25] it has been estimated the linewidth to be
~30 kHz, or comparable to the width found experimentally. Finally, there is yet an-
other circumstance: if hydrogen does occupy these positions, the composition of the
resulting samples will be H, jLa, Sr,,CuO,. This composition is close to the compo-
sition with the maximum hydrogen content found in experiments, from the saturation
of the lanthanum-strontium ceramic with hydrogen. It follows from results that hy-
drogen occupies position in the centre of the Cu—O planes of the unit cell. This posi-
tion are in a region of a distribution of the electron density of oxygen. The obtained
results indicate that the quantum chemistry calculations are extremely necessary for
mechanism and theory of high-7, superconductivity.
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Conclusions

The results obtained indicate that phase separation in high-7,, superconductors is con-
nected with heterogeneous distribution of charges in Cu(2)—-O planes. For systematic
progress, basic research into the thermodynamics and materials chemistry should
proceed in parallel with processing studies.

More experiments on well-characterised samples are required, and quantum chem-
istry calculations are extremely necessary, because the role of geometric and electronic
factors in these compounds is still unclear. Such calculations can be fundamental for the-
ory and mechanism of high-7,, superconductivity.

Further progress in the synthesis of useful materials for either basic research or engi-
neering applications for a wide range of rare earth’s, and with appropriate dopant addi-
tions is necessary for successful application of these materials in bulk and thin film form.
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