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The s tudy of thallium nonsto ichiometry  in the thallium 2212 cuprate  by X-ray diffraction and electron 
microscopy has allowed a significant homogenei ty  range to be isolated. TI2_~Ba_,CaCu208= a with 0 -< 
x < 0.4. The H R E M  study showed that thallium deficiency is not accomodated  through an intergrowth 
mechan i sm but implies a statistical distribution of Tt a toms and vacancies  in the thallium double layers. 
However ,  it appeared that modulated areas can arise from ions'  and vacancies" local orderings in the 
(111) plane of  the rock salt layers; they result in satellites in the E.D. patterns.  The s tudy of the 
superconduct ing properties of  these oxides shows that the critical temperature  is not greatly affected 
by the thall ium nonstoichiometry,  whereas  hyd rogen -a rgon  annealings confirm the predominant  role 
of  oxygen non stoichiometry upon To's, allowing a (T~)R= 0 of  120 K to be reached for x = 0.4. The 
deterioration of  the  grain boundar ies  by hydrogen annealing is also studied. ~ 1992 Academic Press. Inc. 

Introduction 

The numerous studies of the supercon- 
ducting properties of the 2212-thallium cu- 
prate have shown that the critical tempera- 
ture of this phase can vary in a significant 
way, according to the authors, from 96 to 
about 108 K (1-7). This apparent divergence 
between the different results is explained 
by the variations of oxygen stoichiometry 
according to the experimental conditions of 
synthesis (8-13). Recent studies (14-17) 
have shown that the critical temperature of 
thallium cuprates can be increased several 
degrees and even several tens of degrees 
by hydrogen annealing at low temperature. 
However, oxygen is not the only factor 
which can influence the hole carrier density 
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in this oxide. Thallium is susceptible to mi- 
gration in the structure, from the rock salt- 
type layers toward the calcium sites, as 
shown from several structural studies (1, 
18-20). Consequently, it appears most 
likely that the stoichiometric composition 
TI2Ba2CaCu208 is not the only possible rep- 
resentative formula of the 2212 supercon- 
ductor. We report here on the relationships 
between thallium nonstoichiometry in this 
oxide and its structural and superconducting 
properties. 

Experimental 

Samples were prepared from mixtures of 
T1203, BaO2, CaO, and CuO in adequate 
molar ratios in order to obtain the nominal 
compositions T12_xBa2CaCu20~0 ~3x/2)- The 
powders were pressed in bars and heated in 
sealed quartz tubes at 890~ for 8 hr. The 
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Fro. 1 a. Idealized drawing of the 2212-type structure. 

weight of starting material was calculated so 
as to reach an oxygen pressure of about l0 
bars, admitting that BaO2 decomposes into 
BaO and molecular oxygen during reaction, 
and taking into consideration the approxi- 
mate dimensions of the tube. 

The powder X-ray diffraction patterns 
were registered by step scanning over an 
angular range of 10 ~ -< 20 -< 120 ~ in incre- 
ments of 0.02 ~ by means of a Philips diffrac- 
tometer using the C u K a  radiation. The 
Bragg reflections were used to refine the cell 
parameters and the crystal structure with 
the profile refinement computer  program 
DBW 3.2 (21). Scattering factors for ions 
were used. 

The electron diffraction study was per- 
formed with a JEOL 120 CX electron micro- 
scope fitted with a side entry goniometer 
(-+60 ~ ) and the high resolution electron mi- 
croscopy (HREM) with a JEM 200 CX mi- 
croscope fitted with a top entry goniometer 
(_+10 ~ and an objective lens with c s = 
0.8 mm. 

The superconducting properties were 
studied by ac susceptibility and ac resisti- 
vity measurements at temperatures down to 
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Fro. 1 b. Experimental, calculated, and difference powder X-ray diffraction patterns for the TI1. 6 sample 
with BaCO 3 as impurity. 
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Atoms Parameters TIzBa,_CaCu,_O8 - ~ Tll.6Ba,CaCu208-~ 

Tl TI/Ca 3.66/0.34(2) 3.44/0.18(2) 
4e(1/4, 1/2, z) z 0.2134(1) 0.2132(1) 

B(,4)) 1.02(6) 0.50(5) 
Ba z 0.1216(1) 0.1213(1) 

4e(0, 0, z) B(A 2) 0.03(7) 0.53(6) 
Ca Ca/TI 1.66/0.34(2) 1.82/0.18(2) 

2a(0, 0, 0) B(A 2) 0.5(3) 0.3(2) 
Cu z 0.0535(2) 0.0545(2) 

4e(1/2, 1/2, z) B(A'-) 0.1(4) 0.2(1) 
O(1) z 0.0508(6) 0.0510(6) 

8g(0, 1/2, z) B(A 2) 1.0 1.0 
0(2) z 0.1428(10) 0.1461(8) 

4e(1/2, 1/2, z) B(A 2) 1.0 1.0 
0(3) z 0.2793(10) 0.2838(9) 

4e(1/2, 1/2, z) B(A 2) 1.0 1.0 
a(.~) 3.8565 ( 1 ) 3.8489( 1 ) 
c(A 2) 29.3122(9) 29.3153(7) 
Rp(%) 8.21 7.24 

/~,p(%) 10.67 9.40 
Rexp(C'~) 9.85 9.79 
Ri(%) 7.81 7.23 

4.2 K. No demagnetization corrections were 
made. 

Results and Discussion 

The X-ray diffraction analysis of the final 
products suggests that the 2212-type struc- 
ture is pure for 0 -< x < 0.40, leading to the 
formula Tlz_xBa2CaCu2Os+~. For the limit 
composit ion x = 0.4, some extra weak dif- 
fraction peaks were observed, some of them 
indicating the presence of BaCO 3 . 

Thallium Deficiency 

In order to check the possibility of  thal- 
lium deficiency in the 2212 structure, struc- 
tural refinements were performed on the 
two limits T12Ba2CaCu2Os• 5 and TI~.6Ba2Ca 
CuOs+ ~ , taking especially into consideration 
the occupancy factors of the cationic sites, 
i .e. ,  T1 and Ca sites. 

From the previous crystal structure deter- 

minations of the oxide Tl~Ba~CaCu2Os (1, 
19, 20) it is well known that the structure 
of this oxide consists of  double pyramidal 
copper layers intergrown with triple rock 
salt layers involving thallium bilayers. The 
previous works on single crystals and pow- 
ders have also shown, for this nominal com- 
position, the possibility of cation exchanges 
between thallium and calcium layers. In the 
present work, TI2Ba2CaCu2Os• was used as 
a reference assuming that crystallographic 
sites were fully occupied. 

T A B L E  II 

CALCULATED INTERATOMIC DISTANCES (IN A) FOR 
TII.6Ba2CaCu208=~ 

M - O  d M - O  d 

TI-O(2) 1.96(3) x 1 Ba-O(3) 2.78(3) x 1 
TI-O(31 2.08(3) • 1 
TI-O(3) 2.723(1) • 4 Ca-O(1) 2.44(2) x 8 
Ba -O( l )  2.82(1) • 4 Cu-O(1)  1.926 x 4 
Ba-O(2)  2.82(1) • 4 Cu-O(2)  2.68(3) • 1 
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FIG. 2. [100] HREM images of the thallium deficient phase: (a) a high evenness  of the contrast  is 
observed in most of the crystals; (b) enlargement of an image (focus value Af~ - 7 0 0  ,~) showing the 
correlation between the rows of white dots and the atomic layers. 
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Ftc. 3. (a) [010] electron diffraction pattern showing weak satellites (along [106]*); (b) schematic 
drawing. 

Successive refinements of  the positional 
parameters,  of the ratio T1/Ca, and of  the 
isotropic thermal factors for cations allowed 
the R factors to be lowered to  Rp = 8.21%, 
Rwp = 10.67% (Re~ p = 9.85%), R i = 7.81%, 
where Rp ,  Rwp , and R i a r e  the agreement 
factors for profile, weighted profile, and in- 
tensity, respectively. The values of the dif- 
ferent variables are given in Table I. Our 
results confirm the presence of thallium on 
calcium sites with an amount of 17%, close 
to that observed by single crystal studies, 
i.e., ranging from 10% (20) to 15-28% (19). 
Concerning the thallium sites, our refine- 
ments lead to the " p r e s e n c e "  of 73 electrons 
instead of 78 electrons if they were fully 
occupied by thallium. This occupancy of 
thallium sites is also very close to that ob- 
served by Subramanian et al. (20) and Moro- 
sin et al. (19) who obtained 72 and 68-73 
electrons, respectively. Thus, for these ex- 
perimental conditions of synthesis, the ref- 
erence compound T12Ba2CaCu208 has not 
lost thallium, since it can be formulated 

[T11.s3Cao.17]RsBa2[Ca0.s3T10.]7]FCU2Os~ (RS 
for rock salt layers and F for the [Ca]~ 
fluorite-type layers located between the two 
[CuO2]~ pyramidal layers, Fig. la). 

For  the thallium deficient nominal compo- 
sition Tlk6Ba2CaCu209. 4 , the refined param- 
eters obtained for the stoichiometric 2212 
phase were used in a first step. As stated 
before, some extra diffraction peaks were 
observed in the diffraction pattern, some of  
them corresponding to BaCO 3 , which is the 
main impurity. The highest peak of  BaCO 3 
represented 4% in intensity of the highest 
peak of the 2212 phase. The other extra 
peaks, mainly at 26.5 ~ 28.9 ~ and 30.3 ~ (in 
20) appeared at a lower level and were not 
attributed. For  these reasons, only BaCO 3 
was introduced in the calculations as a sec- 
ondary phase. After refinement of the peak 
shape, the following R factors were ob- 
tained: Rp = 7.37%, Rwp = 9.56%, and 
R~ = 8.50%. At this stage, thallium defi- 
ciency was assumed. Starting from a full 
occupancy of the different cationic sites, 
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F~G. 4. HREM [010] image of a tiny part of a crystal, showing modulations of the contrast. The focus 
value is close to - 400 A (~ Scherzer value). The corresponding calculated image is inserted and the 
cations positions are represented. 

~-~(11"0 >rs ~ , ( ~ ; ~  T i 0 BaO 
~O01)rs �9 , ~  ~ ~BaO 

FIG. 5. Idealized drawing of the triple rock salt slice 
built up from four AO layers, (110)R S corresponds to 
(100)p, i.e., (100) of the 2212 structure. 

s u c c e s s i v e  r e f inemen t s  on  o c c u p a n c y  fac-  
tors  o f  t h o s e  s i tes  and  o f  pos i t i ona l  p a r a m e -  
te rs  led to the  R fac to r s  Rp = 7 .24%,  Rwp 
= 9.40%, and  Rj = 7.23%, for  the  a tomic  
c o o r d i n a t e s  g iven  in T a b l e  I. E x p e r i m e n t a l ,  
c a l cu l a t ed ,  and  d i f fe rence  p a t t e r n s  a re  p lo t -  
ted  in Fig.  lb .  The  mos t  i m p o r t a n t  r e su l t  o f  
t he se  ca lcu la t ions  dea l s  wi th  the  fac t  tha t  
one  o b s e r v e s  a s ignif icant  tha l l ium defi-  
c i ency  in the  rock  salt  l aye r s ,  s ince  one  ob-  
ta ins  68 e l ec t rons  on  these  s i tes ,  wh ich  cor-  
r e s p o n d s  to the  lowes t  va lue  o b t a i n e d  by  
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FIG. 6. Other example of contrast variations in (lll)Rs planes. A modulation with q = 2 x dl00 is 
observed in the right part of the image. The four AO layers of the rock salt slice are outlined (white). 

Morosin et al. (19) from single crystal  re- 
finements. One also observes  the presence  
of  thallium in the calcium sites; however ,  
the amount  of  thallium on the latter sites 
(9%) is much smaller than in the limit T12Ba2 
CaCBzO8_+ 6 (17%). Moreover ,  it is worth 
pointing out that the thallium content  de- 
duced f rom the structural s tudy is higher 
than that expec ted  f rom the nominal compo-  
sition, in agreement  with the presence  of 
impurities.  Thus the limit thallium deficient 
phase  can be formulated [Tll.72Cao.09]R S 
Ba2[Ca0.91T10.09]FCU208+~ �9 

Note  that the "O8"  composi t ion was at- 
tr ibuted to both compounds  in the calcula- 
tions, in spite of  the possible existence of 
oxygen nonstoichiometry,  owing to the fact 
that several  a t tempts  to refine oxygen occu- 
pancy did not allow significant variation of 
the R factor  to be detected. 

Electron Microscopy 

The two ext reme nominal composi t ions 
x = 0 and x = 0.4 were chosen for electron 

microscopy study. The systematic observa-  
tion and recording of numerous [I00] and 
[l l0] electron diffraction patterns showed 
for both oxides the absence of extra spots 
or diffuse streaks along c; this attests to the 
high regularity of  the layer stacking ac- 
cording to a 2212-type sequence,  in 
agreement  with the corresponding lattice 
images. Moreover ,  the H R E M  observat ions 
show a high evenness  of  the contrast  at the 
level of  the AO layers in most  of  the crystals 
and throughout large areas of  the crystals 
(Fig. 2a). This feature attests,  for the thal- 
lium deficient oxide, to the statistical distri- 
bution of thallium cations and vacancies in 
the rock salt layers. The experimental  
through focus series give evidence of similar 
images in both stoichiometric and thallium 
deficient oxides, in agreement  with the small 
differences of  the scattering factors in the 
[AO] layers. Figure 2b shows an example  
where a direct analysis of  the atomic planes 
allows the white dots to be correlated with 
cations~ positions for focus values close to 
- 700 A. 



FIG. 7. [100] image of a crystal showing strong undulations of the atomic layers; the amplitude of the 
phenomenon is similar to that of the bismuth oxides but the direction and the frequency are different. 

FIG. 8. (a) [001] electron diffraction pattern exhibiting satellites along [ 100]* and [010]*; (b) [001] image 
showing a modulation of the contrast established along a. In that part of the crystal, the periodicity is 
close to six times dt0o; (c) [001] image showing a bidimensional modulation. 

278 



THALLIUM NONSTOICHIOMETRY IN 2212-THALLIUM CUPRATE 279 

FIG. 8--Continued 
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F r o .  9.  n '  = 2 d e f e c t i v e  s l ice  m a n  n = 3 m a t r i x .  T h e  [TIO]= l a y e r s  a r e  b l a c k  a r r o w e d .  

Structure modulation. The main differ- 
ence between the stoichiometric and the 
thallium-deficient phase deals with the exis- 
tence of modulations of the structure. In 
the stoichiometric phase, one observes very 
rarely satellites in the E.D. patterns. To the 
contrary,  weak satellites are frequently ob- 
served in the [100] E.D. patterns of the thall- 
ium-deficient oxide. The incommensurate 
modulation with respect to the basic lattice 
is shown in Fig. 3; satellites lie along [106]*, 
and the wavelength of the modulation along 
A is close to 5.4 times the dl00 distance. This 
difference between the stoichiometric and 
thallium-deficient samples may explain the 
disagreement between the different authors 
about the existence of modulations which 
appeared at the beginning of the study of 
thallium cuprates (23, 25). 

The incommensurate satellites are sys- 
tematically associated with the existence of 
more or less extended areas where the con- 
trast is modulated. This suggests that the 
intensity of the satellites, which varies from 

one crystal to the other, is directly corre- 
lated to the extent of the modulated zone. 
Through focus series have been recorded 
for tiny modulated areas located on crystal 
edges. The interpretation of the contrast  of 
such images does not allow a reliable model 
to be proposed,  since the contrast  variations 
can be correlated either to changes of the 
ion nature (and vacancies) or to ion displace- 
ments or to both simultaneously. However ,  
some important information can be ob- 
tained: 

(i) The direction of the modulations is in 
agreement with the position of the satellites 
in the E.D. patterns and, in the same way, 
the wavelength along the a axis is con- 
sistent. 

(ii) Images where cations are highlighted 
showed that thallium and barium atoms in 
[AO]~ layers are mainly hit by the variations 
of contrast,  whereas [Ca]~ appear as the less 
disturbed. Images where the low electronic 
density zones are brightest showed that the 
oxygen sites are also involved in the modu- 
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FIG. 10. n' = 2.66: (a) image of a part of a crystal where an n' = 2.66 member is observed. It 

corresponds to the regular sequence [n = 3, n = 3, n = 2]; (b) high resolution image of a crystal edge 
of one member 2.66; (c) idealized drawing of the intergrowth n' = 2.66. 

lation; an example is shown in Fig. 4. In that 
[010] image, recorded for a focus value close 
to - 4 0 0  A (close to Scherzer value), the 
white dots are correlated to oxygen atoms 
and oxygen vacancies; the image calculated 
for a nonmodulated zone (same focus value) 
is inserted for comparison, and the positions 
of cations are drawn as black dots and stars. 
It appears clearly that the modulation of 
contrast hit also the anions (and vacancies) 
sites. Moreover from these images, varia- 

tions of the positions of the ions are also 
observable, leading to slightly wavy rock 
salt layers. 

These observations suggest that the mod- 
ulations arise from both variations in local 
composition and atomic positions. It is re- 
markable that the atomic planes affected by 
these variations are the (I I 1)Rs planes of the 
rock salt structure, i.e., the close packed 
layers as shown in Fig. 4 (long arrow) and 
Fig. 5. 
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n = 3  
n'- 2 

FIG. 11. Original defect  showing the variation of  the rock salt slice thickness in the bulk. In the left 
part o f  the image a periodicity corresponding to n = 3 is observed. On the right part, the n' = 2 
defective member  is easily observable.  Note  that this defect  implies a local distortion of  the crystal 
and a misorientation of  the adjacent area. 

(iii) In some parts of the crystals, modula- 
tions exhibiting a different wavelength are 
observed. They correspond to similar varia- 
tions of the contrast in the (II1)RS planes. 
An example is shown in the right part of Fig. 
6, where the q value is close to 2 • dl00; for 
this focus value (~ -775 A) the white dots 
are correlated with the cation positions, and 
it clearly appears that, in the same way, the 
contrast variation is especially perceptible 
at the level of the rock salt layers (RS). 

(iv) In other parts of the crystals, viewed 
along [100], strong undulations of the atomic 
planes are observed; the amplitude of the 
phenomenon is similar to that observed in 
the bismuth oxides. However, they differ by 
the direction (100)p ,  t h e  frequency (they are 
rare), and the nature of the atomic displace- 
ment; in the thallium compound the contrast 
is locally so disturbed that no correlation 
can be made between the image and the 
structure projection (Fig. 7). 

(v) Along [001], modulations of the con- 
trast are observed too, involving the exis- 

tence of satellites on E.D. patterns. One 
example is given in Figs. 8a to 8c. The elec- 
tron diffraction pattern corresponding to the 
selected area (Fig. 8a) exhibits satellites ly- 
ing along [100]** and [010]*, as a result of 
the establishment of the modulation along 
the two equivalent directions of the tetrago- 
nal cell. The examination of these satellites 
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FIG. 12. ac susceptibilities x'(T) of  the T12 (1), TI1. 8 
(2), and Tll. 6 (3) as-synthesized samples. 
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FIG. 13. ac susceptibilities x'(T) of the A r - H  2 270~ 
annealed samples. Tll.8 : 30 min (1), 60 min (1 '); Tlt.6 : 30 
min (2), 90 min (2'). 

shows that three main sys tems  of  nodes  are 
observed ,  co r respond ing  to q ~ 4.3, 5.4, and 
12; it should be noted that for  such areas,  
the reflections cor respond ing  to/7 + k r 2n 
are somet imes  observed ,  at test ing to a local 
loss o f  the symmet ry .  Figure 8b shows a 
zone  where  the modula t ion  is establ ished 
along a single direct ion but where  the peri- 
odici ty  is variable along that direction.  In 
the second  zone  o f  the crystal  (Fig. 8c), the 
modula t ions  set up along two or thogonal  di- 
rect ions  with two different periodicit ies 
(5 • dl00 and 6 x d010), leading to an appar-  
ent  bidimensional  modulat ion.  

The  fact  that  satellites, corre la ted with 

localized modula ted  domains  in the crystals ,  
are only obse rved  in the thall ium-deficient  
oxide suggests  that  they are direct ly corre-  
lated with the cat ion and anion deficiency.  
These  modula t ions  arise indeed in mos t  o f  
the crystals ;  however ,  their limited extents  
(410%)  show that they do not co r re spond  to 
a sys temat ical  p h e n o m e n o n  but co r r e spond  
only to local order ings  of  T1, O. and va- 
cancies.  

Layer stacking. For  the exper imenta l  
condi t ions  descr ibed  above  very  few in- 
te rgrowth  defects  are obse rved  as well in 
the s toichiometr ic  oxides as in the thallium- 
deficient oxides.  They  obey  the general  laws 
previous ly  descr ibed  (22, 23). Consider ing  
the general  formula  ( A C u O 3 _ x )  m (.40) n , this 
thallium cuprate  co r re sponds  to m = 2 and 
n = 3. Only  two defect ive perovski te  layers 
m '  = I and m '  = 3 are observed ,  thus dif- 
fering f rom the m = 2 matrix by zXrn = _+ 1. 
A little more  numerous  are the defect ive 
rock salt slabs. They  a lways  co r re sponds  to 
n'  = 2 members ;  on average,  only two or  
three events  are obse rved  in a crystal  o f  
several  mic romete r s  width. These  defects  
are clearly obse rved  on images where  the 
[AO]~ layers are highlighted: four  rows  of  
white dots  co r respond ing  to the sequence  
B a O - T 1 0 - T I O - B a O  are highlighted in the 
n = 3 members ,  whereas  only three rows,  
co r respond ing  to the sequence  B a O -  
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FIG. 14a. Electrical resistance versus temperature of Fro. 14b. Electrical resistance versus temperature of 
the TII. 6 as-synthesized sample, the 90 min Ar-H 2 annealed Tll. 6 sample. 
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FIG. 15. [010] image showing the amorphization on the crystal edges of annealed samples. 

T 1 0 - B a O ,  are observed in the defective 
n' = 2 layer (Fig. 9). Last ly it should be 
noted that the n'  = 2 members  somet imes 
arise in locally ordered intergrowths with 
n = 3 members ;  the new sequence is al- 
ways In = 3, n = 3, n = 2] i.e., n '  = 2.66 
(Fig. 10). 

One original type of defect,  dealing with 
the layer stacking, has been observed (Fig. 
11); it corresponds  to the disappearance of 
a [T10]~ layer in the bulk. On the left part 
of  the crystal,  a regular periodicity of  1.4 
nm is observed,  corresponding to the half c 
value of an n = 3 member .  On the right part,  
it appears  clearly that an n'  = 2 defective 
layer has replaced the n = 3 layer. It should 
be noted that this defect involves a local 
distortion of the crystal  (bottom left part  of  
the image). 

Although the most  frequent layer stacking 
defect corresponds to the existence of thal- 
lium monolayer ,  the rareness of the event  
allows one to rule out a mechanism of  in- 
tergrowth for accomodat ing thallium defi- 
ciency. From this study, it appears  that thal- 
lium atoms and vacancies can be considered 
as statistically distributed over  the double 

T10 layers,  but that this ion deficiency can 
result in local orderings which mainly arise 
in the ( l l l )Rs plane. In that way, satellites 
and modulations could be considered as in- 
dicative of cation and anion deficiency in 
the rock salt layers. 

Influence of Thallium Nonstoichiometry 
upon Superconductivity 

The 2212 Tc varies f rom 95 to 105 K de- 
pending on the synthesis conditions: tem- 
perature,  pressure,  heating time (18, 14). So 
all the samples (TI 2 and deficients) were syn- 
thesized together in order to allow a compar-  
ison between the superconduct ing proper-  
ties. The magnetization curve versus 
tempera ture  for the Tll. 6 sample (Fig. 12) is 
very close to that obtained for the T12 sample 
in the same experimental  conditions, i.e., 
for as synthesized materials prepared in a 
sealed tube with an oxygen pressure of  
about 8-10 bars and heated at 890~ for 8 
hr. One observes  a Tc of 96 K for TI 1.6 to be 
compared  to 104 K for T12. This suggests 
that the hole carrier density does not vary 
dramatically f rom T12 to TI1. 6 oxide for simi- 
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lar experimental conditions, leading for T11.6 
to an increase of oxygen vacancies with re- 
spect to TI 2. This view point is supported 
by the modulation of the structure, espe- 
cially in the rock salt layers observed by 
HREM for Tll. 6 sample; the latter may be 
due to the presence of oxygen vacancies, 
implying a displacive modulation of the 
atoms and also a modulated distribution of 
oxygen and vacancies over the anionic sites. 
The slight differences between Tc values can 
be explained by the difficulty to control the 
oxygen pressure with accurracy during the 
synthesis according to our experimental 
method. 

The annealing effect of the thallium-defi- 
cient 2212 oxides, in an Ar/H 2 atmosphere, 
is very similar to that observed previously 
for stoichiometric T12Ba2CaCu2Os+ ~. An- 
nealing of two Tll.s and Tll. 6 samples in an 
Ar/H 2 flow (90%-10%) at 270~ during 30 
rain allows their critical temperature to be 
increased up to 114 K, whereas a longer 
annealing of 90 rain increases T c to 120 K 
for the Tll. 6 sample (Fig. 13). This improve- 
ment of Tc's by annealing under a reducing 
atmosphere confirms the predominant role 
of oxygen content in these phases with re- 
spect to thallium nonstoichiometry. As pre- 
viously shown for T12, the reducing atmo- 
sphere annealing tends to affect the grain 
boundaries; such an effect is clearly visible 
for the Tll. 6 sample from susceptibility and 
resistivity curves. One indeed observes that 
at low temperature the X' value decreases 
from -1 .4  for the as-synthesized value to 
-0 .6  for the 90 rain-annealed sample (Fig. 
13). In the same way, the resistivity curve 
of the as-synthesized sample (Fig. 14a) ex- 
hibits a metallic character above Tc (95 K), 
whereas the 90-rain hydrogen-annealed Tll. 6 
sample shows no evidence of metallic be- 
havior (Fig. 14b) above T~, though its criti- 
cal temperature has been increased to 120 
K. These results are in perfect agreement 
with the electron microscopy observations, 
which show that the modulated structure 

inside the grains remains untouched for 
short annealing times, but that for long an- 
nealing times amorphization appears on the 
surface of the grains, explaining the grain 
boundary effects (Fig. 15). 

Concluding Remarks 

These results show that the thallium non- 
stoichiometry in the 2212-type structure 
does not affect greatly the superconducting 
properties of this material; they confirm that 
the oxygen nonstoichiometry remains the 
most important factor, since it allows the 
hole carrier density to be optimized in order 
to reach a critical temperature of 120 K, i.e., 
very close to that observed for the 2223- 
thallium cuprate. The modulated character 
of the rock salt layers in the thallium- 
deficient compounds does not seem to in- 
fluence Tc's. Nevertheless, a detailed study 
of these layers should be interesting, if one 
admits that a homogeneous distribution of 
oxygen in the structure should allow the su- 
perconducting properties of these oxides to 
be improved. 
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