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Superconducting ceramics: preparation, XRD, 
SEM and EPR measurements to study 
the influence of compositional variations 
on superconductivity of La-(Ba/Sr/Ca)-CuO 
ceramic systems 
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A systematic substitution of strontium ions by barium and/or calcium ions in the 21-structure 
ternary oxide La 1.85Sro. 15CuO4_v, considered as the host system in this study, was carried out 
to produce four- and five-component metal oxides of the type Lal.85 (Sro.ls-xRx)CuO4_y 
where R = Ba and/or Ca and x <  0.1 5. A series of samples was prepared using an oxalate co- 
precipitation procedure where high-purity starting materials, usually required in solid-state 
pyrolysis reactions, were not required. The experimental conditions for co-precipitation, 
annealing and pulverization processes were optimized. The X-ray powder diffraction patterns 
were used to indicate when the materials would become superconducting after annealing. The 
transition temperatures, To, were measured from resistance versus temperature data which 
confirm that strontium is the best alkaline-earth metal among calcium, barium and strontium. 
Substitution or partial doping of strontium by calcium and/or barium in the host system 
decreased the To of these ceramics. SEM measurements were carried out to determine the 
grain size of these materials and characteristic electron paramagnetiC resonance spectra for 
these materials at different temperatures are reported. 

1. I n t r o d u c t i o n  
High-temperature superconductivity in 21-structure 
ternary (and also in quaternary) metal oxides is highly 
sensitive to compositional variations [1, 2]. The de- 
pendence of superconductivity on Sr 2§ content in 
ternary La2_xSrxCuO 4 identified x =0.15 as an 
optimum concentration with T c -- 36.5 K and a trans- 
ition width (a change in resistance from 10%- 
90%) of 3 K. Thus, Lal.s5 Sr0.15CuO 4 is the optimum 
stoichiometry for the 21-structure ternary oxide and 
any deviation from an La:Sr  ratio of 1.85:0.15 res- 
ulted in a decrease in the To of the material [1]. Most 
of the studies dealing with the compositional vari- 
ations involved replacement of one or more compon- 
ent in the La-Sr  CuO (or Y-Ba-CuO) systems, by 
another component of the same type which mostly 
resulted in a sizable reduction of T c, though not 
enough to destroy it [3-6]. Studies dealing with par- 
tial doping of rare-earth (RE) or alkaline-earth (AE) 
component in the known high-To material with an- 
other AE or RE keeping the overall RE or AE 
contents the same, have not been reported in the 
literature. 

The ceramic materials, having La :Cu  ratio of 
1.85:t.00 and strontium-doped with calcium and/or 
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barium to form quaternary oxides such that the total 
AE metal concentration remains at 0.15, are the sub- 
ject of this study which has been carried out as a part 
of our continuing research programme dealing with 
the preparation and characterization of superconduc- 
ting and semiconducting materials [7, 8]. A systematic 
substitution of strontium by barium and/or calcium 
ions was carried out in La 1.8 s Sro. 15CuO4 to prepare a 
series of samples using an oxalate co-precipitation 
procedure. The transition temperature, To, was found 
to be dependent upon sintering and annealing condi- 
tions [9]. Thus, the experimental conditions for 
co-precipitation, annealing, pulverization, effects of 
oxygen atmosphere, reaction with the porcelain cruc- 
ible and other experimental manipulations were op- 
timized. The X-ray diffraction (XRD) patterns of the 
powder, and scanning electron microscopy (SEM) 
measurements were used for characterization of these 
materials, while energy dispersive X-ray spectroscopy 
(EDX) was used for determining the RE:AE ratio in 
these samples. The resistance versus temperature 
measurements were carried out on all samples to 
determine the T c of these samples. Furthermore, we 
aimed at (a) optimization of experimental conditions 
and suitable modifications of the oxalate co- 
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TABLE I Stoichiometries of var ious  samples of 
La-(Ba/Sr/Ca)-CuO series with different AE contents 

precipitation method to prepare mixed R E - A E - C u O  
oxalates using reagent-grade starting materials, (b) 
optimization of calcination conditions which have 
strong impact upon powder characteristics such as 
particle size, morphology, phase composition and 
microscopic homogeneity, (c) systematic XRD studies 
showing the effects of compositional variations on the 
Tc of known superconducting ceramics, and (d) SEM 
measurements of a few representative samples to 
investigate their particle size, morphology and 
microstructures. A consistent set ofXRD, SEM and T c 
data is not available on the same series of ceramics 
samples using a similar preparative procedure and we 
directed our efforts toward obtaining a complete set of 
data for La (Sr/Ba/Ca) CuO 4 series having different 
AE concentrations. 

2. Experimental procedure 
2.1 General procedure for preparation 

of superconducting materials using 
the oxalate co-precipitation method 

All samples reported in this work were prepared by 
the oxalate co-precipitation method using the follow- 
ing general procedure. Stoichiometric amounts of re- 
agent-grade RE oxides, AE carbonates and CuO were 
dissolved in 20-30 ml concentrated nitric acid to 
obtain a clear bluish-green solution. The solution was 
boiled to almost dryness to remove NO2 gas and the 
residue was heated with 10% oxalic acid for complete 
precipitation of light-blue colour mixed RE, AE and 
copper oxalates. The oxalate mixture was centrifuged 
to separate the residue which was dried overnight, 
with two intermediate grindings, at about 90 ~ using 
an alumina crucible. The residue was then calcined for 
28 h at 860~ with three intermediate grindings to 
obtain a black homogeneous powder which was fur- 
ther calcined for about 15 h at 900 ~ The powder was 
hydraulically pressed into pellets (1 cm diameter, 3 4 
mm thick) under a pressure of about 20000 p.s.i. 
(103 p.s.i. = 6.8 N N mm 2). The pellets thus obtained 
were first sintered for 8-12 h at 800 900~ then 
pulverized into an homogeneous black powder and 
again sintered for another 8 h at 800-900~ com- 
pressed again into pellets at 30000 p.s.i., sintered for 
'12 h at 900 ~ for 2 h at 1100 ~ for 6 h at 900 ~ and 
slowly cooled to 450 ~ at a cooling rate of 50 ~ h -  1 
over a period of 8-10 h, and finally cooled to room 
temperature. Nine samples of La- (Ba /Sr /Ca) -CuO 
series with the compositions given in Table I were 
prepared using the above procedure. 

Sample Composition 

A Lai.85Sro 15CUO 4 
B La 1.60 Sro.40CuO 4 
C Lal.85(Sr = Ba = Ca = 0.05)CuO 4 
D Lal.ssBao. 1 sCuO4 
E Lal.8~(Sr = Ba = 0.075)CUO 4 
F Lal 8s(Sr - Ca = 0 . 0 7 5 ) C U O  4 

G Lal.85(Ba = Ca = 0.075)CUO 4 
H La185Cao.15CuO 4 
I La 1.60Ca0.4oCuO4 

2 = 0.0154 060 nm, 45 kV, 40 mA, 6.00 ~ take-offangle, 
1 ~ divergence slit, 0.2 mm receiving slit, graphite 
diffracted beam monochromator ,  rotating specimen, 
vacuum path, 35%-70% window, and 140 ~ high 
angular limit. The diffractometer was calibrated using 
a silicon powder standard. The diffractograms of each 
of the nine samples were obtained several times at 
various stages of fabrication to investigate any 
changes before and after sintering and annealing of 
each sample. Three diffractograms of representative 
Samples B, D and E are shown in Figs 1-3. 

2.3. SEM and EDX measurements 
High-To superconductors are polycrystalline mater- 
ials whose electrical, magnetic and mechanical 
properties are critically dependent upon their micro- 
structures. In order to investigate the grain size and 
the microstructure of the specimen, the SEM measure- 
ments were carried out on three representative sam- 
ples, A, D and E, using a Jeol JSM-35CF scanning 
electron microscope. Electrons from a filament under 
a pressure of about  10 -5 torr (1 torr = 133.322 Pa), 
accelerated by a voltage in the range of ~ 25 kV, were 
used. The electron beam was demagnetized in the 
condenser lens and then focused on to the uncoated 
sample cemented in the sample holder by silver paste. 
The scanning electron micrographs were taken at 
magnifications of X600, X4000 and X I0000 and are 
shown in Fig. 4. The chemical analyses for lanthanum, 
strontium, barium and copper were done by energy 
dispersive X-ray microanalysis (EDX) using a Kevex 
Micro-X7000 on the samples used for "SEM 
measurements. The results of EDX confirmed 
the following compositions for the three represent- 
ative samples analysed by EDX after 
annealing: Sample A = La1.ssSro.~sCuO4, Sample D 
= Lal.8sBao.15CuO4, and Sample E = 

Lax.85(Sr = Ba = 0.075)CUO4. 

2.2. X- ray  d i f f rac t ion  (XRD) m e a s u r e m e n t s  
Each sample for XRD analysis was ground to 200 
mesh size and about 1.5 g sample was cemented on top 
of an aluminium cylinder. The surface of the specimen 
was pressed, scraped and excess powder was removed 
to form a flat surface. The XRD patterns were 
recorded at room temperature using a vertical 
Q-20 scanning PW-1700 Philips diffractometer. The 
diffractometer operating conditions were: normal 
fine-focus sealed-off copper target X-ray tube, 

2.4. Resistance versus temperature 
measurements 

The collinear four-probe array was used for the meas- 
urement of the resistance, R(mohm), of the material 
versus the temperature, T(K), of the annealed pellets. 
The samples were of uniform thickness, rectangular- 
shape, and were sliced with a diamond-impregnated 
wire saw from the central part of a pellet. The contacts 
were made using pressed indium. The resistance was 
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Figure 1 Room-temperature XRD patterns of Sample E 
(Lal.ss(Sr = Ba = 0.075)CUO4: (a) before annealing and (b) after 
annealing, depicting a decrease in the peak intensity ratio (I~/I2) 
from 2.433 to 2.241 for the strongest peaks between 30 o and 35 o. 
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Figure 3 Room-temperature XRD patterns of Sample B 
(Lal.6oSro.4oCuO4: (a) before annealing and (b) after annealing 
depicting the disappearance of a triple peak and reversal of peaks 
between 25 ~ and 30 o. 
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measured over the temperature range 4.2 K-100 K. 
The sample temperatures were determined by a cali- 
brated germanium resistance thermometer embedded 
in the copper block used for mounting the samples. 
The data were plotted using K F U P M  Data  Pro- 
cessing Center facilities. The R - T  plots for the whole 
La- (Ba/Sr /Ca) -CuO series are given in Fig. 5. All 
curves are indicative of superconducting materials 
with a clear superconducting transition and the T c 
varying with the change in composition. 
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Figure 2 Room-temperature XRD patterns of Sample D 
(Lal.ssBao.lsCuO4: (a) before annealing and (b)after  annealing, 
depicting an increase in the peak intensity ratio (Iz/lz) from 2.293 to 
2.912 for the strongest peaks between 30 ~ and 35 o. 

2.5. Electron paramagnetic resonance (E'PR) 
measurements 

EPR measurements were performed with a Varian 
E-109 spectrometer interfaced with an E-953 data 
acquisition system at the X-band frequency of 
9.1 G H z  and a modulation of 100 kHz. Recorded 
spectra were digitized and stored on cassette tapes. 
The temperature was controlled by a Varian E-257 
variable temperature unit to within + 0.5~ The 
absolute temperature was checked at geometric centre 
of the cavity with a copper-constantan thermocouple 
and found to be accurate to + 1 ~ The microwave 
frequency was measured with a Hewlet t -Packard 
Model 5342 digital frequency counter. The magnetic 
field sweep was calibrated with a Varian E-500-2 self- 
tracking nuclear magnetic resonance gaussmeter with 
an accuracy of + 0.01G. A representative spectrum 
recorded on a 1 kG sweep is shown in Fig. 6. 
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mixed oxalates from their solution, (b) conversion of 
oxalates, as compared to carbonates, to oxides is 
easier, (c) annealing under an oxygen atmosphere was 
not necessary for the La (Ba/Sr/Ca) CuO series, in 
contrast to the ceramic oxides (Y/Gd) Ba CuO hav- 
ing the 123-structure [-9], (d) better stoichiometric 
ratios are obtained through this procedure, and (g) 
high reproducibility and general applicability over a 
wide variety of samples was possible. While using 
oxalate co-precipitation for preparing superconduc- 
ting material, the following should be carefully ob- 
served: (a) a porcelain crucible is not suitable during 
the firing process, (b) intermediate grinding at least 
twice during the first 12 h firing and pelletization is 
necessary, (c) annealing under an oxygen atmosphere 
and a slow cooling rate are required for 
(Y/Gd)-Ba-CuO series [9] while oxygen annealing is 
not necessary for La (Sr/Ba/Ca)-CuO series. 

Figure 4 Scanning electron micrographs of three representative 
samples (a) A, (b) D and (e) E showing the fine microstructure and 
crystal alignments in the samples X10 000. 

3. Results and discussion 
3.1. The oxalate co-precipitation method 
This method of preparation has the advantage of 
using the reagent-grade starting materials as com- 
pared to high-purity materials needed in the solid- 
state pyrolysis method. On the basis of the fabrication 
procedure and the concurrent XRD/SEM measure- 
ments carried out during the fabrication of the 
materials, it could be concluded that the oxalate co- 
precipitation technique has several additional advant- 
ages over the commonly used solid-state pyrolysis 
method. Some of these advantages are due to the fact 
that when using the oxalate co-precipitation proced- 
ure (a) smaller grain size and better homogeneity are 
obtained through controlled precipitation of the 
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3.2. XRD patterns for La(Ba/Sr/Ca) CuO 
series 

The XRD patterns (Figs 1-3) revealed almost identical 
line positions before and after annealing with the 
annealed samples having relatively sharper peaks and 
diminished background absorptions. No general rela- 
tionship between the peak intensity ratios of the sam- 
ples, before and after annealing, could be delineated 
from the strongest XRD peaks appearing in the range 
30.0 ~ 35.0 ~ The peak intensity ratio (I1/I2) before 
and after annealing of Sample E (Lal.ss(Sr = Ba = 
0.075)CUO4) (Fig. 1) decreases while the 
reverse took place in the case of Sample D 
(Lal.ssBa0.15CuO4) (Fig. 2) where the AE contents 
were changed from Sr = Ba = 0.075 (Sample E) to 
only Ba = 0.15 (Sample D). From consideration of the 
ionic radii [10] (Ba 2+ =0.134nm, and Sr2+= 
0.112 nm), one could estimate that the replacement of 
Ba 2+, with larger radius, by Sr 2+ would affect the 
CuO 2 layers in the ceramic materials. This should 
eventually be reflected in the Tc measurement (see 
below). Annealing the compressed pellet of the black 
powder for 6-9 h at 900~ sharpened peaks and 
reduced the background intensities of all samples in 
the La(Ba/Sr/Ca)-CuO series (Figs 1-3). When the 
Sr 2+ content was increased to 0.40 (Sample B) the 
peaks at 25.0 ~ 30.0 ~ which were split into triplets in 
the unannealed sample, reversed in shape after an- 
nealing, which was not the case with the rest of the 
samlSles having strontium ions equal to or less than 
0.15. There were three peaks in the range 22.0 ~ ~ 
in Sample B before annealing, but after annealing, the 
intensity of the first peak increased, and the other two 
peaks disappeared completely. The group of XRD 
peaks at 37.0o-40.0 ~ 47.0~ ~ and 52.00-55.0 ~ 
increased in intensity for all samples after annealing 
but no shape reversal was observed. The XRD pat- 
terns of Samples D, E, F, G and H showed no peak 
reversal except that the intensities were slightly in- 
creased and all minor background absorption peaks 
completely disappeared after the samples were an- 
nealed, which was expected because the sintering 
mechanism is of practical importance and is the best 



12 

10 

~ 6  
E 

a: 

| 

/ / 
| 

3 - - B  El ----- '-E] - ~ - ~ "  

~ i ~ i  ~ 
~ . i  ----~ 

./o.---- - - o ~ e ~  

i o 

( r  i i t B -  
I I I I l l l 

10 20 30 40 50 60 70 80 90 
I-(K) 

Figure 5 Resis tance R (mohm), as a function of temperature ,  T(K), showing  the effects of compos i t iona l  var ia t ions  on the T c of var ious  

samples  prepared  dur ing  this study. ( �9  Sr = 0.15, (O)  Sr = 0.40, ([B) Sr = Ba = Ca  = 0.05), ( i )  Ba = 0.15, (zS) Sr = Ba = 0.075, (A)  Sr 

= Ca  = 0.75, (@) Ba = Ca  = 0.075. 

20  

15 

.d 

~o 
<,9 

5 10 15 20 25 30 35 4.0 

G-value {x1021 

Figure 6 ESR der ivat ive  spect ra  for the host  sample  as a function of 

temperature .  

way to control the development of microstructure 
1-11]. 

3.3. SEM and  EDX studies 
Scanning electron micrographs at X4000 and 
X10000 (Fig. 4) revealed that all samples of 
La-(Sr/Br/Ca) CuO series were uniformly mixed, 

which is one of the advantages of the co-precipitation 
method. Sample D was more condensed, with smaller 
grain size compared to Samples A and E. Variation in 
atomic radii affect the grain growth, which takes place 
during the sintering mechanism. It is clear from 
scanning electron micrographs and EDX analyses 
that only one phase was present in all 
La-(Sr/Ba/Ca) CuO samples of 21-structure except 
Sample B. Microstructures have some relationship 
with the To. Although no definitive conclusion can be 
drawn, our results suggest that as the grain size de- 
creases, the transition temperatures also decrease. The 
grain size ranges from 0.5 4.85 mm with the smaller 
grains equiaxed, while the larger are irregular in 
shape. Sample A shows a grain size of about 4.85 mm 
(T~ = 36.5 K), while Sample D shows a grain size of 
0.86 mm (T~ = 29.5 K). Also, quantitative analyses 
confirmed the cation ratio of 2 : 1 for the La : Cu in all 
samples of the La-(Ba/Sr/Ca)-CuO series. 

3.4. Resistance, R(mohm), versus 
temperature, T(K) 

Resistance versus temperature curves for nine samples 
of the La-(Ba/Sr/Ca) CuO series are shown in Fig. 5. 
The resistance was measured over the temperature 
range 4.2-100K. The To, To(onset ) and transition 
width for La(Br/Sr/Ca)CuO4 are listed in Table II. 
The To(onset) point is defined as the intersection of 
straight lines extrapolated from the normal-state res- 
istance and the sharp drop in resistance. Transition 
width is defined as the temperature width correspond- 
ing to a change in resistance from 10% to 90% and the 
mid-point of the transition width is the transition 
temperature, To. 
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TAB LE II  Compositional variations and transition temperature data for the La-(Ba/Sr /Ca)-CuO series having 21-structure. 

Sample Composition To(onset) (K) T0 (K) Width (K) 

A Lal.s 5 Sro.15CNO4 37 36.5 3 
B La 1.60 Sro,40CuO4 25 23.0 6 
C Lai.ss(Sr = Ba = Ca = 0.05)CuO 4 32 26.5 9 
D Lal.~sBao.15CuO 4 31 29.5 7 
E La1.85(Sr - Ba = 0.075)CUO 4 36 34.5 3 
F Lal.85(Sr = Ca = 0.075)CUO4 36 32.0 8 
G Lal.ss(Ba - Ca - 0.075)CUO 4 27 23.0 6 
H Lal.ssCao.15CUO4 26 23.0 6 
I La 1.6oCao.4oCuO4 22 17.5 7 

All samples exhibited a linear decrease in resistance 
showing a considerable variation when the concentra- 
tion of lanthanum and copper was kept constant 
(equal to that in Sample A) and calcium and/or 
barium were substituted for strontium such that the 
total AE contents in the resulting four- or five-com- 
ponefit metal oxide systems remained at 0.15. The 
To(onset) was reduced by 10 K from 37 K for Sample 
A with Sr = 0.15 to 27 K for Sample G with Ca = Ba 
= 0.075, and the corresponding transition width was 

broadened by a factor of 2. However, the transition 
temperature decreased by approximately 10% for up 
to 50% substitution of barium and/or calcium for 
strontium (Samples E and F). Further substitution of 
both barium and calcium for strontium to produce 
five-component oxide systems with Sr = Ca = Ba 
= 0.05 (Sample C) resulted in a significant suppres- 

sion of the T~ as well as To(onset) and the transition 
width increased to 9K.  Total replacement of 
strontium by calcium or barium (Samples D and H), 
resulted in the reduction of both To and To(onset). The 
transition widths were approximately 6 .5K for 
La Ba-CuO or La -Ca  CuO with Ba or Ca = 0.15 
and La-Ba/Ca  CuO with Ba = Ca = 0.075, in con- 
trast to 3 K for L a - S r - C u O  (Sample A). The To for the 
L a - B a - C u O  (Ba = 0.15) was about 6 K higher than 
for the La -Ca  CuO (Ca = 0.15) and both were lower 
than that of the La Sr CuO (Sr = 0.15) system. An 
increase in strontium content to 0.4 with concomitant 
decrease in the lanthanum content from 1.85 to 1.60, 
resulted in suppression of T~ from 36.5 K to 23.0 K, 
and complete replacement of strontium by calcium 
further suppressed Tc to 17.5 K. In addition, Sample B 
appears to have two mixed phases with an initial 
To(onset) of approximately 43 K. 

3.5. EPR m e a s u r e m e n t s  
On the assumption that the copper oxide layers in the 
ceramics are responsible for their superconductivity, 
the EPR studies were undertaken with the expectation 
that the Cu 2 + ion with a 3d 9 valence configuration 
should be observable in the EPR of these ceramics. To 
date, only a few EPR studies on high-T c superconduc- 
tors have been reported [12-15] and some authors 
[15, 16] have reported the absence of any detectable 
Cu 2 + signals in these ceramics. EPR of a polycrystal- 
line sample shown in Fig. 6 was recorded at the 
temperature interval of 80 298 K using liquid ni- 
trogen cooling system. Unlike very weak or absence of 
EPR signals reported earlier [17] for YBa2Cu30~, 
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quite clear signals but without any fine structure, were 
observed even at room temperature in the lanthanum- 
containing ceramics investigated here. The intensity of 
the broad signals for all samples increased as the 
temperature was decreased, irrespective of the nature 
and the amount  of the dopant  in the parent sample. 
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