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Study of lanthanum-deficient compositions in the 
systems La-Cu-O and La-Sr-Cu-O 
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The effect of varying lanthanum composition upon the formation of the non- 
superconducting La1.67Sr0.a3Cu205- s and the stoichiometry variation tolerance of the ternary 
system Laz xSrzCuO4 (with x=0 and 0.15) were investigated using a variety of techniques. 
Results indicate that total conversion to La2CuO4 from freeze-dried precursors with an 
La:Cu =2.00:1 ratio is achieved after sintering (1253 K, 12 h) and annealing in oxygen (773 K, 
6 h). Small variations in the stoichiometry of solids La2_xSrxCuO4 with x=0  and 0.15 were 
detected. Lanthanum-deficient composition in the ternary system induces the formation of 
the non-superconducting phase whose stoichiometry is better represented by 
Lal.60Sr040Cu205_~. The temperature-programmed reduction profiles of the cuprates can be 
associated with the formation of more or less stable intermediates. 

1. In troduct ion  
A solid with good superconducting properties should 
be a monophasic material with a well-defined 
stoichiometry. Deviations in the chemical composi- 
tion usually lead to a phase segregation which is not 
completely overcome after sintering. On the other 
hand, the synthesis procedure may also lead to solids 
showing preferential deficiency in some of its compo- 
nents or the appearance of impurities. In many cases, 
these effects are so large as to impair the development 
of high-To superconducting phases. This is why the 
precise control of the stoichiometry is a key factor to 
obtain the best superconducting behaviour. 

In a previous paper [1], we carried out a detailed 
study of the preparation of the freeze-dried precursors 
of the superconducting compound Lal.85 Sr0.15 CuO4 
starting from the corresponding acetates. A most rel- 
evant observation was the fusion of strontium acetate 
and the complex decomposition mechanism of the 
copper salt leading to the appearance of a transient 
liquid phase at temperatures around 600 K. This leads 
to two undesirable side effects [2]: (i) the impossibil- 
ity of decreasing the synthesis temperature of the 
superconducting oxide which was expected from the 
use of the cryochemical method, and (ii) the local 
composition fluctuations seem to generate lanthanum 
deficient regions where the non-superconducting ter- 
nary compound La1.67Sr0.33Cu2Os-s develops. 

Despite these difficulties it is possible to obtain 
monophasic oxides in the form of sintered pellets 
using powders calcined at 1253 K. The structural 
evolution observed in samples prepared under these 
synthesis conditions is consistent with the solid-state 
reaction between CuO, La(OH)3 and Lal.67Sro.33- 
Cu205-~ to yield total conversion to the supercon- 
ducting oxide [2]. 
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Further investigations [3] were performed to ob- 
tain single-phase powders by carefully designing and 
controlling the heating strategy used during the trans- 
formation of the precursor in the superconducting 
oxide. 

The aim of the present work was to check the effect 
of varying lanthanum composition upon the forma- 
tion of the non-superconducting compound 
Lal.67Sro.33CuzO5-s and the stoichiometry variation 
tolerance of the ternary system. Samples of 
Laz_xSrxCuO4 (x = 0 and 0.15) were prepared start- 
ing from freeze-dried precursors with La:Cu ratios 
varying around the nominal atomic ratio. The non- 
superconducting phase Lal.67Sro.33Cu2Os-~ was 
also synthetized. The solids were characterized 
through X-ray diffraction (XRD), iodometric titration, 
scanning electron microscopy (SEM) and temper- 
ature-programmed reduction (TPR). 

2. Experimental procedure 
2.1. Sample preparation 
Samples of Laz_xSrxCuO4 (with x = 0 and 0.15) and 
Lal.67Sr0.33Cu205-s were prepared from high-purity 
(99.99%) acetates of lanthanum, strontium and cop- 
per by freeze-drying. Individual water solutions of 
each reactant were chemically analysed and mixed in 
different cation relations La:Cu as indicated in 
Table I. Binary and ternary solutions (total cation 
concentration 0.23 moll-1) were flash-frozen by at- 
omization into a liquid-nitrogen vortex and dried un- 
der vacuum in a commercial freeze-dryer. More de- 
tails have been given elsewhere Eli. 

The dried powders (precursors) were transferred 
to a transparent quartz tubular reactor (diameter 
0.05 m and length 0.60 m) [2] and calcined at a final 
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T A B  L E I Stoichiometry ratios for La Sr C u - O  compounds  pre- 
pared by the freeze-drying method 

Sample La Sr Cu 

13-002) thermal conductivity detector (TCD), was 
purged with the reducing gas for 2 h. The TCD output 
(hydrogen consumption) was recorded on a strip chart 
recorder. 

A 2.00 0.00 1 
B 1.95 0.00 1 
C 1.90 0.00 1 
D 1.85 0.00 1 
E 1.70 0.00 1 
F 1.75 0.15 1 
G 1.80 0.15 1 
H 1.95 0.15 1 
I 1.67 0.33 2 

temperature of Tr = 1253 K for 8 h. The heating rate 
was 50 K min- 1 upto 773 K and was then reduced to 
5 K rain-1 to T f .  The samples were slowly cooled to 
room temperature inside the oven at an estimated rate 
of 1 K min-1. In all cases, the thermal treatment was 
conducted in flowing air up to 893 K and then in 
flowing oxygen to room temperature, with a flow rate 
of 400 ml (STP) min - 1. 

The solids obtained were ground and pelletized 
(disc shape, diameter 12 mm, thickness 2-3 mm) at 
490 MPa for 6 min. These pellets were sintered under 
oxygen (flow rate 400ml (STP) min-1) at 
Tf = 1253 K for 12h. The heating rate was 
5 K min-1. The sintered samples were then slowly 
cooled inside the oven, always under an oxygen flow. 
Finally, the pellets were annealed in oxygen at 773 K 
for 6 h and again slowly cooled to room temperature, 
always in oxygen. 

2.2. Sample  charac te r i za t ion  
The X-ray diffractograms (XRD) of the samples were 
obtained at room temperature with a Rich-Seifert 
(Model Iso-Debyeflex 2002) instrument, using CuK~ 
radiation (X = 0.1542 nm) nickel filter and a scanning 
rate of 0.6 ~ min- 1. To further check for the possible 
presence of trace impurities, selected regions of the 
diffractograms were scanned at a slower rate of 
0.12Omin 1 while saturating the signals of the main 
component. 

The oxygen content of the calcined powders shown 
in Table I, was calculated using the procedure given 
by Appelman et al. [4]. Triplicate determinations of 
each sample were made. 

The morphology of oxide A (Table I) before mech- 
anical grinding was studied using a Jeol microscope 
(Model JSM-35C) operated at accelerating voltages of 
20-25 kV. Small fragments of the sample were glued 
to a metallic sample holder using silver paint. The 
preparations were covered with a thin gold layer to 
improve observations. 

TPR experiments were carried out on powders us- 
ing a standard TPR apparatus E5] and a H2/Ar 
(5/95 v/v%) stream (25 ml(STP)min- 1). For a typical 
measurement, 10 mg sample were loaded in a quartz 
reactor (diameter 7 mm) of the flow-through type. 
After connecting the reactor the whole TPR system, 
including tubing, gas manifold, and Gow-Mac (Model 

3. Results 
3.1. X-ray dif f ract ion 
The diffractogram (Fig. la) of sample A (La:Cu 
= 2.00: 1) shows that the thermal decomposition of 

the amorphous freeze-dried precursor at 1253 K (8 h) 
leads to the formation of La2CuO4(PDF 38-709) [6]. 
Residual impurities such as La(OH)3 (PDF 6-0585, 
36-1481) and CuO (PDF 5-0661 and 41-254) were 
detected using slower scanning rates and sharply in- 
creasing the intensity scale (Fig. lb). 

Similar patterns were obtained for samples B-E 
with La: Cu < 2.00:1 (Table I). The impurity phases 
frequently observed were La (OH)3, La202CO3 (PDF 
37-804) and occasionally CuO. 

Sintering followed by oxygen annealing led to 
monophasic powders for La:Cu = 2.00:1 (Fig. 2a), 
1.95:1 and 1.90:1 (Fig. 2.b) while lower ratios allowed 
the observation of the excess CuO (Fig. 2c). 

In sample F (La:Sr :Cu= 1.75:0.15:1), together 
with the superconducting phase Lal.85Sr0.1sCuO4 
(PDF 39-1041), La203 (PDF 5-0602) and Lal.67- 
Sro.33Cu2Os_ ~ (PDF 39-1498) appeared as impu- 
rities. The main diffraction lines appearing at 
20 = 29.9 ~ and 32.9 ~ respectively. After sintering and 
oxygen annealing, La203 disappeared but the non- 
superconducting compound was still there (Fig. 3a). 

Increasing the lanthanum proportion (La:Sr:Cu 
= 1.80:0.15:1) leads essentially to the same impu- 

rities (La(OH)3 replaces La203). In this case, however, 
sintering and oxygen annealing allowed the produc- 
tion of a monophasic oxide (Fig. 3b). 
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Figure 1 XRD patterns of sample A (La :Cu = 2.00: 1) calcined at 
1 2 5 3 K f o r  8 h in oxygen. (a) 2 0 = 1 0  ~ 70 ~ and(b)  2 0 = 2 2  ~ 40 ~ 
(magnified intensity and slow scan). (�9 La(OH)3, (A) CuO. 
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Figure 2 Magnified XRD patterns of binary oxides sintered at 
1253 K for 12 h and annealed at 773 K for 6 h, both in oxygen. 
(a) Sample A (La:Cu = 2.00:1), (b) sample C (La:Cu = 1.90:1) 
and (c) sample D (La:Cu = 1.85: 1). (A)CuO. 
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Figure 3 Magnified XRD patterns of ternary oxides sintered and 
annealed as in Fig. 2. (a)Sample F (La:Sr:Cu = 1.75:0.15:1), 
(b) sample G (La:Sr:Cu = 1.80:0.15:1), and (c) sample 
H (La:Sr:Cu=l.95:0.15:l). ([]) Lal.67Sro.33Cu2Os 8, (0) 
La(OH)3. 

�9 

34 36 38 40 

Note that in lanthanum-deficient samples, crystal- 
line CuO was not detected. 

Sample H, with excess lanthanum (La:Sr :Cu 
= 1.95:0.15:1), only shows the presence of La(OH)3 

(Fig. 3c). 
Sample I (La:Sr :Cu = 1.67:0.33:2) shows the non- 

superconducting phase Lal.67Sro.33Cu2Os-~ con- 
taminated with impurities revealed by the reflections 
appearing at 20 = 24.6 ~ 27.0 ~ 31.2 ~ 32.4 ~ 33.6 ~ 43.6 ~ 
and 48.2 ~ (Fig. 4a). These signals might be 
assigned to either La2CuO4 or Lal.asSro.lsCuO4 
and possibly to the non-oxygen-deficient perovskite 
LffCuO3 (PDF 25-291). Note that these spurious 
phases persist in the solid even after the thermal treat- 
ments performed to obtain the sintered pellets 
(Fig. 4b). 

Table II summarizes the main features observed in 
the diffractograms of the sintered pellets. 

3.2. Iodometric t i t r a t i o n  
The y values shown in Table III were calculated using 
the equation proposed by Appelman et al. [-4]. The 
atomic ratios used for these calculations were 
L a : C u = 2 . 0 0 : l  for samples A E, L a : S r : C u =  
1.85:0.15:1 for samples F H and L a : S r : C u =  
1.67:0.33:2 for sample I. 
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Figure 4 XRD patterns of sample I ( L a : S r : C u =  1.67:0.33:2). 
(a) Calcined powder as in Fig. 1 (20 = 10~176 and (b) after sin- 
tering and annealing as in Fig. 2 (20 = 22~176 ( + )  
La2CuO4-Lal.ssSro.isCuO4, (I~) LaCuO3. 
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T A B LE I I Composition and crystalline phases of binary and ter- 
nary oxides a 

La:(Sr):Cu ratio Impurity phases 

2.00:1 None 
1.95 : 1 None 
1.90:1 None 
1.85 : 1 Trace CuO 
1.70:1 Slight CuO 
1 . 7 5 : 0 . 1 5 : 1  Lal.6oSro.4oCu2055 
1.80:0.15:1 None 
1.95:0.15:1 La203, La(OH)3 
1.67:0.33:1 La2CuO4Lal.85 Sro.ls CuOg/LaCuO3 
1.85:0.15:1 [2] None 

a After sintering and annealing in flowing oxygen. 

TABLE III  Oxygen content of La-Cu-O and La Sr Cu-O 
powders obtained by iodometric analysis 

Sample Mass 9 S.D. y • 3S.D. 
(mg) 

A 85.00 4 .0072  0.000 10 4.0072 • 0.0003 
B 85.00 4 .0076 0.000 64 4.0076 +_ 0.0014 
C 85.00 4 .0068 0.000 69 4.0068 • 0.0021 
D 85.00 4 .0068 0.00069 4.0068 +_ 0.0021 
E 85.00 4 .0079 0.00064 4.0079 ___ 0.0019 
F 80.00 4 .0017  0.00075 4.0017 • 0.0023 
G 80.00 4.0008 
H 80.00 3 .9925 0.00069 3.9925 • 0.0021 
I 46.80 4.9924 
From [3] b 85 .00  3.9987 

a M e a n  v a l u e ,  n = 3.  

u La:Sr:Cu = 1.85:0.15: 1. 

3.3. SEM observations 
Fig. 5a shows an overa l l  view of sample  A frag- 
ments  (La:  Cu = 2 :00 :  1) as o b t a i n e d  fo l lowing the 
the rmal  t rea tment .  I t  shows g lobu la r  fo rma t ions  
with pores  of va ry ing  size which defines a sur- 
face wi th  i r r egu la r  profile.  Fig.  5b and  c shows 
at  h igher  magni f i ca t ion  a c o m p a c t  m ic ros t ruc tu r e  
made  up of po lyhed r i c  gra ins  of wel l -def ined bor -  
ders  smal le r  t han  5 gm. In  this solid,  mos t  gra ins  
revealed  the presence of l amel lae  sets with a typica l  
th ickness  of the  o rde r  of 0.1 gm. Less frequent ly,  
par t ic les  of  rough ly  0.2-0.3 gm were obse rved  as 
inc lus ions  of i n t e rg r anu l a r  and  i n t r a g r a n u l a r  reg ions  
(Fig. 5d). 

3.4. Temperature-programmed reduction 
Figs  6 and  7 show the r educ t ion  profi les  of sam-  
ples A I. Sample  A ( L a : C u  = 2.00:1) shows the 
m a x i m u m  h y d r o g e n  c o n s u m p t i o n  at  730 K accom-  
pan ied  by  a lower  in tens i ty  peak  cent red  at  
606 K (Fig. 6a). S imi lar  b e h a v i o u r  was obse rved  
in the l an thanum-de f i c i en t  samples  B - E .  Wi th  
increas ing  l a n t h a n u m  deficiency, the lower  t emper -  
a tu re  peak  ( 6 1 1 - 6 1 9 K )  becomes  be t te r  defined 
while the r e so lu t ion  of the o the r  peaks  is also affec- 
ted. On  the o ther  hand,  the  m a x i m u m  h y d r o g e n  
c o n s u m p t i o n  peak  t e m p e r a t u r e  does  no t  co r re la te  
with l a n t h a n u m  deficiency. The  r educ t ion  of all these 
samples  s tar ts  at  a r o u n d  540 K and ends at  800 K 

(Fig. 6b e). 

Figure 5 Morphological features of sample A (La: Cu = 2.00: 1) before grinding. (a) Irregular surface, (b) packing of polyhedral grains, and 
(c, d) growth layers or hillock. 
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Figure 6 TPR profiles of binary oxides calcined as in Fig. 1. 
(a) Sample A (La:Cu =2.00:1),  (b) sample B (La:Cu = 1.95:1), 
(c) sample C (La:Cu = 1.90:1), (d) sample D (La:Cu = 1.85:1), 
and (e) sample E (La:Cu = 1.70: 1). 

In the ternary oxides F, G and H with 
La:Sr :Cu=l .75:0.1:5:1 ,  1:80:0.15:1 and 1:95: 
0.15: 1, the reduction occurs in a single step centred 
around 725-730 K. The profiles show that reduction 
starts at ~ 580 K and ends at 800 K (Fig. 7a-c). 

Several peaks appeared in sample I (La:Sr:Cu 
= 1.67:0.33:2), indicating that the reduction occurs 

in several steps in the temperature range 534-800 K 
(Fig. 7d). The maximum hydrogen consumption is 
now centred at 640 K. 

4.  D i s c u s s i o n  
4.1. Composition and crystalline phases 
4. 1. 1. L a - C u - O  sys tem 
The X-ray data show that it is not possible to obtain 
a monophasic powder when the freeze-dried precursor 
with La:Cu = 2.00:1 is calcined at 1253 K for 8 h. 
The impurities detected (CuO and La(OH)3) indi- 
cate incomplete conversion to La2CuO4 which is 
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Figure 7 TPR profiles of ternary oxides as in Fig. 1 (a) Sample 
F ( L a : S r : C u = l . 7 5 : 0 . 1 5 : l ) ,  (b )sample  G ( L a : S r : C u = l . 8 0 :  
0.15:1), (c) sample H L a : S r : C u =  1.95:0.15:1), and (d) sample 
I (La:Sr :Cu = 1.67:0.33:2). 

completed after sintering and annealing in oxygen 
(Figs 1 and 2a). 

Similarly to what has been reported for 
La~.s 5 Sr0.15Cu4 [2], the partial melting of the precur- 
sors at around 600 K becomes the limiting factor 
which precludes the synthesis of LazCuO4 at lower 
temperatures. 

The lanthanum-deficient samples B-E also contain 
similar impurities. Minimum amounts were detected 
in sample C (La:Cu = 1.90:1) containing traces of 
L a z O z C O  3 and possibly CuO. This is probably due to 
incomplete reaction (caused by heterogeneity in the 
starting materials) for it is possible to reach total 
conversion after sintering and annealing in oxygen. 

In view of this, CuO should be detected as impurity 
in samples B-E. In fact, the X-ray patterns confirmed 
the presence of CuO in sintered pellets of composi- 
tions La: Cu _< 1.85: 1 (Fig. 2c). Therefore, it may be 
possible to obtain monophasic oxides in the composi- 
tion range La:Cu = 2.00 1.90:1 (Fig. 2a and b). 
Note, however, that the amount of excess CuO which 
should be present in samples B and C (Table I), if their 
compositions do not differ from the nominal values, is 
0.5 and 1.0 wt/wt%, respectively. Thus, the absence of 
CuO in the diffractograms may be due to lack of 
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sensitivity rather than a variation in the lanthanum 
stoichiometry. 

Several authors [7-9] have reported that the most 
favourable La:Cu ratio to obtain La2CuO4 is slightly 
lower than 2. In this vein, Lewandowski et al. [10] 
have reported that the K2NiF4-type phase in the 
La-Co-O system is lanthanum deficient with one- 
twelfth of the lanthanum sites vacant, yielding 
a La/Co ratio of 1.83 rather than 2.00. They proposed 
a new stoichiometry for these compounds represented 
by La~.85CoO4_s with 0 _< 8 < 0.15. However, for 
La2CuO4 with the same structure, it is generally 
agreed that no lanthanum vacancies are present 
[11-13]. 

4. 1.2. La -Sr -Cu-O system 
The diffractograms of samples F and G show that the 
thermal decomposition of lanthanum-deficient pre- 
cursors leads to powders containing the following 
crystalline phases: Lal.shSr0.ahCuO4, La203/ 
La(OH)3 and Lat.67Sro.33CuzOs-8. This behaviour 
has also been observed in stoichiometric precursors 
La:Sr:Cu = 1.85:0.15:1 [2]. After sintering and an- 
nealing in oxygen, monophasic pellets were obtained 
due to the occurrence of the following reaction [2] 

La2_zSrzCueOs + [2(1 + p)] La(OH)3 + p CuO --+ 

(2 + p) La2_ySryCuO4 + [3(1 + p)]H20 (1) 

where p = 2 - y. The structural evolution observed in 
samples F and G after sintering and annealing in 
oxygen is consistent with this mechanism. A limited 
lanthanum deficiency (La:Sr:Cu = 1.80:0.15:1) still 
allows the synthesis of a monophasic oxide. However, 
if this deficiency increases (La: Sr: Cu = 1.75 : 0.15 : 1), 
the superconducting phase coexists with Lal.67Sro.33- 
Cu205_~ as impurity (Fig. 3a and b). This result is 
consistent with the phase diagram of the LazO3 SrO 
CuO system [14]. The phase diagram also shows 
at these compositions the presence of CuO which 
was not detected by XRD in any of the solids pre- 
pared. 

The synthesis of a monophasic solid with 
La:Sr:Cu = 1.80:0.15:1 brings up again the possible 
existence of lanthanum vacancies. Chiang et al. [15] 
have proposed that the composition of the equilib- 
rated monophasic compound may be represented by 
the following stoichiometry: Lal.85-~Sro.~hCuO4. 
Furthermore, Braden et al. [16] have reported the 
detection of roughly 1% vacancies in the site occupied 
by La/Sr. They studied the neutron diffraction pat- 
terns of single crystals of Laz_xSrxCuO4+~. 

In the case of excess lanthanum, the phase diagram 
shows the coexistence of Lal.shSro.~hCuO4 and 
La203 as was the case for sample H, 
La:Sr:Cu = 1.95:0.15:1 (Fig. 2c). La203 is easily hy- 
drated and this is why the sintered pellets usually 
disintegrate as reported previously Eh]. Note that des- 
pite the compositional heterogeneity induced by par- 
tial melting of the precursors, the formation of the 
non-superconducting oxide is inhibited by excess 
La203. 
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The presence of impurities in sample I (La:Sr: 
Cu = 1.67:0.33:2) even after sintering and oxygen an- 
nealing may be explained if it is accepted that the 
composition of the non-superconducting phase differs 
somewhat from the above stoichiometry. In fact, 
Huang et al. [17] observed the presence of similar 
phases in the sintered solid obtained from La203, 
CuO and SrCO3 in the proportion needed to syn- 
thetize Laa.67Sr0.33Cu2Oh-8. 

On the other hand, the formation of the supercon- 
ducting phase and CuO is expected from the phase 
diagrams [143 when trying to synthesize the com- 
pound Las-xSrxCusO20-8 for x < 1.6. Our results 
thus confirm those of De Leeuw etal .  [14] and 
Murayama et al. [18] who reported the formation of 
a solid solution for 1.6 _< x < 2.0. These results are at 
variance with those of Er=Rakho et al. [19] and To- 
kura et al. [20] who reported the production of mono- 
phasic compounds with lower strontium content. 

In view of the above, it is likely that the non-super- 
conducting phase which appears when trying to ob- 
tain La~.shSr0.15CuO4 from either stoichiometric or 
lanthanum-deficient precursors, is not Lal.67Sro.33- 
CuzOh-8. Instead, its composition should be repres- 
ented by La:Sr:Cu = 1.60:0.40:2 in disagreement 
with Payzant eta l .  [21]. However, the different 
stoichiometry should not affect the reaction scheme 
suggested E21] for the formation of this impurity 
phase. 

4.2. Oxygen stoichiometry 
The y values for the binary samples A-E do not show 
any statistically significant differences. This y value 
coincides with data reported in the literature for 
LazCuO4 [4]. The impurities detected in the diffracto- 
grams are not enough to modify the calculated 
y value. 

The ternary oxides obtained from lanthanum-defi- 
cient precursors (samples F and G show slight excess 
of oxygen compared to monophasic powder of nom- 
inal composition (Table III). This difference may be 
due to the presence of the non-superconducting phase 
as residual impurity. 

Note, however, that sample G becomes monophasic 
after sintering and annealing in oxygen (Fig. 3b). To 
interpret these data, the crystallographic model of 
Galy et al. [22] may be applied for oxygen under- 
stoichiometry of basic M2CuO4 structure (KeNiF4- 
type) with M2 = Lae xSrx. They suggest that in order 
to reach y < 4 it is necessary to eliminate a layer of 
(MO), parallel to the IT01] plane. Following this 
deformation, the structure may collapse to form a lat- 
tice with the general formula Mz_hCuO4_8. This 
means that oxygen sub-stoichiometry must be accom- 
panied by non-stoichiometry of M. The chemistry 
related to their system should be represented as 

2 +  3 +  La2_xSrx_sCul_~Cux 04-8 or Laz_sCuO4 8. 
The oxygen content calculated from the experi- 

mental Cu(III) fraction considering the ratio 
La:Sr:Cu = 1.80:0.15:1 is y =  3.9242 (~ =0.0758). 
The same calculations performed for the lanthanum- 
deficient samples B and C yield y = 3.9324 



(8 = 0.0676) and y = 3.8565 (~ = 0.1435), respectively. 
These 8 values are consistent with the model proposed 
by Galy et  al. [22] which allows an explanation for the 
small variations in composition detected in these 
mixed valence copper oxides. 

Because the uncertainty in determining y is 
_+ 0.0021, the oxygen content of sample H (La:Sr:Cu 
= 1.95:0.15 : 1) is lower than the values determined in 

monophasic powders of nominal composition 
(Table III). This deficiency might be due to the error 
involved in considering that 100% of the sample is 
Lal.s 5 Sro. 15 CuOr while the corresponding diffracto- 
gram shows that it contains a measurable amount of 
La(OH)3. 

If the y value for sample I is calculated on the basis 
of the stoichiometric ratio La:Sr :Cu = 1.60:0.40:2, 
y = 4.9561 results. The oxygen deficiency now be- 
comes coincident with the value reported by Er- 
Rakho et  al. [19] for the oxide La6.4Srl.6CusO19.8r 
Note that the impurities present which are included in 
the experimental value do not affect the absolute value 
of y. 

4.3. Surface morphology 
The macrostructure observed in Fig. 5a (sample A, 
La:Cu = 2.00: 1) is characteristic of partial melting of 
the precursor during thermal treatment. The globular 
formations and macropores originate in the sudden 
expulsion of gases through a viscous quasi-liquid 
phase. The same picture was observed in the ternary 
oxides [2]. In both cases the selection of high heating 
rates (50Kmin -1) coupled with r f =  1253K and 
slow cooling rates (1 Kmin  -1) leads to a micro- 
structure made up of grains in the 3-5 gm range 
([2], Fig. 5b) which reflect the sintering of melted 
oxides. 

The pyramid (or hillock) structures observed in 
almost all grains (Fig. 5c and d) are similar to those 
described by Sun et  al. [23] in single crystals of YBCO 
grown using the CuO-flux technique. These structures 
result from the interaction of many screw dislocations 
according to the growth mechanism advanced by 
these authors. The square spiral morphology of some 
grains (Fig. 5d) was associated with low temperature 
of formation and indicates that the growth anisotropy 
of the different crystallographic direction became pro- 
nounced. 

The differences detected in the morphology in the 
growth spirals in samples of composition La: Sr: Cu 
=1.85:0.15:1 (circular) E2] and L a : C u = 2 . 0 0 : l  

(square) may be related to differences in the height of 
the spiral gauge. Sun et  al. [23] have reported that the 
smaller this dimension, the lower was the polygonaliz- 
ation of the spiral observed. 

On the other hand, Marella et  al. [-24] have ob- 
served that the presence of rectangles in platelets 
grown from partially melted bulk YBa2 Cu30 7- ~ may 
be explained by the presence of a fine dispersion of 
particles of secondary phases such as Y2Ba2CuOs or 
CuO. The details illustrated in Fig. 5d would indicate 
that both effects could explain the surface morphology 
of La2CuOr and Lal.85Sro.15CuO4. 

4.4. Reduction of cuprates 
The TPR profiles of samples A-E (La:Cu = 2.00 
-1.70: 1) are characterized by the presence of three 
reduction peaks (Fig. 6). The 606-619 K signal may 
be assigned to CuO reduction (detected by XRD). The 
reduction peak of pure CuO calcined at 1213 K (5 h) 
occurs at 611 640K [15]. This assignment is also 
consistent with the increasing size of this signal with 
decreasing La/Cu ratios. The other two higher tem- 
perature peaks are assigned to the reduction of 
La2CuO4. The results seem to indicate that Cu 2+ 
reduces to Cu ~ in two steps, involving Cu § as pro- 
posed by Ueda et  al. [25]. 

The reduction profiles of the ternary samples F, 
G and H show a single reduction peak except for 
a low-intensity signal observed for sample F at 613 K 
(Fig. 7a c). Note that varying the lanthanum com- 
position does not affect either the profiles or the re- 
ducibility of these solids. The maximum hydrogen 
consumption observed at 725-730 K is very close to 
the values reported for monophasic powders 
L a : S r : C u =  1.85:0.15:1 [3]. These results are not 
coincident with those reported by Ueda et  al. [25] for 
La2_~SrxCuO4 (x=0,0.15,0.3  and 0.6). These 
authors have suggested that the partial substitution of 
Sr 2§ for La 3 § accelerates the reduction of copper. 
They also reported a significant decrease in the inten- 
sity of the peak assigned to Cu § reduction with in- 
creasing Sr 2 § content. In fact, the sample with x = 0.6 
showed a single reduction peak. 

The TPR profile assigned to sample I (La:Sr: 
Cu = 1.67:0.33:2) reflects a more complex behaviour 
characterized by the presence of several reduction 
peaks (Fig. 7d). The maximum hydrogen consump- 
tion at 640 K indicates that this sample is easier to 
reduce than La2CuOr (Fig. 6a) and Lal.ssSro.15- 
CuO4 [3] but similar to CuO [26]. 

The reduction process occurring in several steps 
may be ascribed to the type of oxygen-deficient perov- 
skite structure affected by the presence of impurities. 

5. Conclusions 
The synthesis of La2CuO4 by thermal decomposition 
of freeze-dried precursors at a final temperature of 
1253 K (8 h) does not lead to a monophasic solid. The 
total conversion to the desired product is achieved 
after sintering (1253 K, 12 h) and annealing in oxygen 
(773 K, 6 h). The limiting factor in this process is the 
formation of a transient liquid phase at around 600 K 
which has already been observed in ternary mixtures 
of acetates E2]. 

The study of lanthanum-deficient formulations al- 
lowed the detection of small variations in the stoi- 
chiometry of solids La2_xSrxCuO4 with x = 0 and 
0.15. Monophasic sintered pellets were obtained with 
the following starting compositions: La: Cu = 1.95:1 
and 1.90:1 and La:Sr :Cu = 1.80:0.15:1. Lower lan- 
thanum contents lead to the appearance of CuO in 
solids with x = 0 or the non-superconducting phase 
Lal.6oSro.4oCu2Os-8 in samples with x = 0.15. The 
experimental evidence presented here is consistent 
with a crystallographic model proposed by Galy et aI. 
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[22] which describes the formation of phases 
M2-sCuO4 8, where M 2 --- La2-xSrx. 

The structural evolution observed in samples with 
x = 0.15 confirmed the effect of lanthanum composi- 
tion in the formation of the ternary non-supercon- 
ducting oxide and its reaction according to the scheme 
proposed previously for Lal.85Sro.lsCuO4 [2]. In- 
deed, the synthesis of the non-superconducting phase 
from freeze-dried precursors of composition 
La:Sr:Cu = 1.67:0.33:2 indicated that its stoichio- 
metry is better represented by Lal.6oSro.4oCu2- 
05-5,  a result which is consistent with the phase 
diagram of the La203-SrO-CuO system. 

A detailed observation of the partially melted ox- 
ides of composition La:Cu = 2:00:1 allowed the 
identification of growth arcs and spirals of square- 
shaped morphology. These observations suggest 
a screw dislocation growth mechanism along the 
c-axis similar to that observed in epitaxially grown 
thin films and single crystals, obtained using the flux 
method [23]. 

The reduction of the cuprates occurs between 550 
and 800 K. The different TPR profiles can be asso- 
ciated with the formation of more or less stable inter- 
mediates which could be identified through in situ 
experiments at high temperature using techniques 
such as XRD and EPR. 
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