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The calcium and thallium nonstoichiometry in the 108 K superconductor Tl,Ba,CaCu,05 was studied
by high-resolution electron microscopy. It is shown that deviations from stoichiometry correspond to
intergrowth phenomena. The rock salt-type layers are often affected. One indeed observes thallium
monolayers which correspond to the replacement of the triple rock salt-type layer [(TIO),(BaO),] by a
double rock salt-type layer [(TIO}BaO),], i.e., to extended defects of formulation TIBa,CaCu,0;,
member n = 2 of the series (A0),(A'Cu0;_,),.. Intercalation of additional [CaOl.. layers in the rock salt-
type layers is also observed, which lead to quintuple layers [(BaO)xTI10),(CaO),]. Extended defects
corresponding to the replacement of one calcium layer by a thallium layer in the double oxygen-
deficient perovskite layers are also observed. Attention is drawn to the fact that such defects may

affect the dynamical equilibrium:

2Cudl) + TIII) = 2CudID) + TI(D)

and also change the Cu(III) content by modification of the charge balance.

The study of copper thallium oxides has
allowed new high-T, superconductors to be
isolated with critical temperatures ranging
from 75 to 125 K (I-10). The structural
analysis of those oxides allows a general
formula (7) (A0),(A'Cu0s_,),, to be estab-
lished which represents the intergrowth of
multiple rock salt-type layers [AO], (A =
Ba, TI) with multiple oxygen-deficient
perovskite layers [A'CuO;.,],, (A’ = Ba,
Ca). The oxygen and cationic deviation
from stoichiometry is a problem of major
importance in those oxides for the under-
standing of their superconducting proper-
ties.
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For example, the superconducting prop-
erties of the *“2212’ oxide, Tl;Ba,CaCu,Os,
whose structure (Fig. 1) has previously
been studied (3-4) can be explained in dif-
ferent ways. In a first approach, this 108 K
superconductor can be considered rigor-
ously stoichiometric, so that the mixed-va-
lence Cu(IIT)-Cu(II) necessary for the ap-
pearance of superconductivity would be
induced by a dynamical exchange between
thallium and copper according to the equi-
librium 2Cu(I) + TI(III) = 2Cu(IIl) +
TI(I); in this first hypothesis the thallium
layer would play the role of a reservoir of
holes. A second plausible model which
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F1G. 1. Idealized drawing of Tl,Ba,CaCu,03 struc-
ture; n =3 and m = 2.

would explain the mixed valence of copper
deals with either an oxygen excess stoichi-
ometry leading to the formulation Tl,Ba,
CaCu,O4,5, or with a cationic nonstoi-
chiometry involving thallium, barium, or
calcium. From this it is clear that the under-
standing of superconductivity in this oxide
requires a thorough investigation of the
homogeneity of the samples. This paper
deals with the HREM study of a ‘*2212”
oxide.

Experimental

The sample was prepared as previously
reported (5) from a stoichiometric mixture
of TLO;, BaO,, Ca, and CuO pressed in a
form of pellet and heated in a sealed quartz
tube. The X-ray analysis led to a pure te-
tragonal phase with @ = 3.86 A and ¢ =
29.388 A; the dc resistance measurements
yielded superconducting behavior with a
midpoint T, of 108 K. The X-ray powder
data clearly show thallium nonstoichiome-
try and the possibility of partial occupancy
of calcium sites by a heavier cation which
was assumed to be thallium, based on ion
size considerations (¢). The occupancy fac-
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tor of the oxygen site localized in the cal-
cium plane, i.e., between the CuOs pyra-
mids, was refined to 0.0.

The HREM study was performed on a
JEOL 200 CX electron microscope, operat-
ing at 200 kV, and the image calculations
were carried out with a multislice program,
using the X-ray powder data.

Results

The interpretation of the variations in the
image contrast in terms of nonstoichiomet-
ric features needs a correlation between
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F1G. 2. Example of the experimental and calculated
images. The structural parameters are those of Ref.
4); C; = 0.8 mm, 139 beams, crystal thickness = 30.9
A, a/2 = 0.8 mrad, focus spread = 150 A, and voltage
= 200 kV; the focus values are given in angstroms.
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[001]

Fi1G. 3. [100] and [001] electron diffraction patterns.

every image and the projected potential.
This was achieved through the comparison
between the experimental through-focus
series and the calculated images for various
crystal thicknesses. Some examples are
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given in Fig. 2. These images confirm the
‘‘intuitive’’ interpretation which was the
basis of our structural model. Thus, for a
focus value of 400 A, the white dots of the
image 2 can be correlated with the oxygen
positions. Conversely, for a focus value
close to —650 A, the white dots correspond
to the cation positions (except calcium) in
the same image 2. In that case, the barium
and thallium rows appear, in a striking way,
as four rows of shifted bright spots.

The investigation of the crystals showed
that [001] images cannot yield significant in-
formation on nonstoichiometry, owing to
the projection of the anions and cations
along the ¢ axis. On the contrary, [100] im-
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FiG. 4. Defect in rock salt-type layers: [(BaO),(T10)] layers appear in a [(BaO),(TIO),] matrix; they

are noted 3 and 4, respectively.
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Fi1G. 5. TIBa,CaCu,0, structure.
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ages provide essential information. It was
previously reported (10) that streaks are ob-
served along c* on some [100] electron dif-
fraction patterns (Fig. 3). It appears from
the observation of the corresponding
HREM images that these features are
mainly correlated with the existence of de-
fects in the rock salt-type layers.

The far more numerous defects which af-
fect the AO layers are presented in Fig. 4
and were previously reported (10). The
contrast of this image corresponds to a fo-
cus value where the cation positions are

ti
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FI1G. 6. (a) Intercalation of (CaO) layers between the (T10) layers. (b) Idealized model of the defect

structure.
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Fi1G. 7. (a) The additional (CaO) layers can be interrupted in the bulk. (b) Idealized model of the
phenomenon. (¢) Example of a larger (CaO) layer.
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highlighted. The rock salt-type layers ap-
pear clearly to be made up either of four
[AO]. or of three [AO].. rows (A = Ba, Tl);
the local sequence is 4-P-4-P-3-P-4-P-3-P-
3-P-4-P-4-P, where the numbers 4 and 3
correspond to [(BaO),(TIO),] layers and
{(BaO),(TIO)] layers, respectively, and
where P represents the double oxygen-defi-
cient perovskite layer [CaCu,0s].. This fea-
ture can be described by the disappearance
of one TIO layer: this would correspond to
a “Ba-TI-Ba” sequence of the A cations
for a triple row, instead of the sequence of
four cations ‘‘Ba-TI-TI-Ba’’ in the normal
‘2212 matrix. Alternatively, this defect
can be expressed as the occurrence of an n
= 2 member of composition TIBa,CaCu,0,
in an n = 3 matrix (Fig. 5); such an observa-
tion leads to the characterization of a new
thallium family, namely [(BaO))(TIO)]
[A'CuOy_, ], (7-10).

The second type of defect which affects
the NaCl layers corresponds to the interca-
lation of additional [AO].. layers into their
mid position as shown in Fig. 6. Consider-
ing that the images where the cations ap-
pear as white dots are the best for such an
interpretation, we observe clearly six rows
of shifted white dots with the following in-
tensities: two bright, two weak, and two
bright. Such intermediate rows are as-
sumed to correspond to two additional rock
salt-type layers: their weak contrast is in
agreement with the presence of calcium ox-
ygen [CaO], layers (Fig. 6b).

These additional [CaO]. layers can be in-
finite (Fig. 6a) or can be interrupted as
shown in Fig. 7. In this latter case, the
NaCl-type layers are clearly visible even in
the thick part of the crystal where a normal
sequence is observed, whereas on the edge
of the crystal two additional rows are ob-
served. More than two rows are sometimes
intercalated, as shown in Fig. 7c.

Another defect is observed in Fig. 8§,
where the focus value is assumed to be
close to —650 A, i.e., where the white dots
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FiG. 8. (a) Experimental image of a stacking defect.
This is assumed to correspond to the replacement of a
Ca row by a Tl row, in agreement with the calculated
images of both layers superimposed with the experi-
mental image. (b) Idealized model of such a defect in a
2212 matrix.

are correlated with the positions of the cat-
ions, except for the calcium ions. The nor-
mal sequence is thus of six rows of white
spots, corresponding to the sequence:
*“‘Cu-Ba-TI--Tl-Ba-Cu.”’ The defect ap-
pears as eleven adjacent rows of shifted
white spots. A careful examination of these
images and especially of the distances be-
tween the rows shows that these defects
cannot simply be interpreted as a thicker
rock salt-type multilayer, but correspond to
a double defect: the bright contrast of the
middle row suggests that a calcium layer is
replaced by a thallium layer (Fig. 8b) lead-
ing to a double perovskite layer [TICu,0s].;
the latter is sandwiched between two
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thallium-deficient rock salt-type layers
[(BaO),(TIO)] (n = 2). Calculated images of
the two perovskite-type layers, [CaCu,0:s].,
and [TICu,0s].., are superimposed with the
experimental image; the difference in con-
trast of the Ca row (very weak dots) and the
Tl row (white dots) is well shown in both
images. The sequence of the eleven rows
can thus be represented as:

Cqu,5/BaOTlOBaO/Cu02,5Tl
Cu0,5/BaOTIOBaO/CuO, s.

This interpretation is in agreement with the
double nonstoichiometry on thallium and
calcium observed from X-ray powder data.

The present results show that the devia-
tion from stoichiometry for thallium and
calcium which can be observed by X-ray
diffraction (3—¢) results from intergrowth
phenomena which affect the rock salt-type
layers. Consequently, this deviation from
stoichiometry may play an important role in
the superconducting properties of those ox-
ides: It can indeed increase the Cu(III) con-
tent by changing the charge balance in the
bulk, but it can also affect the thallium lay-
ers and thus influence the role of hole reser-
voir of such layers. The synthesis of
2212 oxides by different methods—
changing the nominal composition and the
thermal treatment—Ileads to oxides which
appear as pure phases from X-ray diffrac-
tion analysis but which exhibit different
physical properties (11). The analysis of
these phases by high-resolution electron
microscopy, with the particular aim of
characterizing the nonstoichiometry fea-
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tures, may yield essential information on
the correlation between the microstruc-
tures and the superconducting behavior;
this work is in progress.
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