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A thallium cuprate, Tl;Ba;Sr;Cu;0,,, whose structure can be
derived by systematically shearing the “1201” structure has been
synthesized for the first time. It crystallizes in an orthorhombic
cell with @=3.7536(2) A, b=30.631(2) A, ¢=9.219(1) A, and
A-type symmetry. This new structure consists of “1201” ribbons
parallel to (010) which are three CuQg octahedra wide and are
interconnected through “T1,A,0,” ribbons whose cationic con-
figuration is that of the rock salt structure. This phase can be
considered to be the m =3 member of a new series with the
generic formulation (Tl4,CuOs),,- T, 4,0, with 4=Ba,Sr.
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INTRODUCTION

The application of shearing mechanisms to the super-
conducting layered cuprates and oxycarbonates, transverse
to the copper layers, has allowed several series of original
structures to be generated. This is the case of some of the
copper oxycarbonates involving thallium or mercury (1, 2).
The thallium based compounds derive from the super-
conductor Tly sPbg sSr,Cu,(CO5)O5 (3) an intergrowth of
the “1201” Tly sPbg sSr,CuO5 and Sr,Cu(CO3)0, (S,CC)
phases, obtained by a single shear. Through the shear plane,
the copper layers are not interrupted allowing super-
conducting properties to be retained.

Besides these true shear structures, other series of phases
have been synthesized by applying similar shearing
mechanisms to the bismuth cuprates and oxycarbonates.
In this way, collapsed bismuth phases, derived from the
superconductors  Bi,Sr,CuQg, Bi,Sr,CaCu,0Og, and
Bi,Sr,Cu,(CO3)0g, have been synthesized (4-6). These
compounds are generated by the periodic formation of
shear planes transverse to the copper layers every m oc-
tahedra with respect to the mother structure. They differ
from the Tl or Hg based oxycarbonates by the fact that the
copper layers are interrupted resulting in the loss of super-
conductivity. Moreover, the composition at the junction
between two identical shifted blocks is different from the

matrix, forming a thin layer a few angstroms thick, with
a structure different from that of the mother phase. Conse-
quently, these phases are not considered to be true shear
structures and for this reason are called “collapsed” or
shear-like phases.

The strategy for the discovery of these new structures is
based on very slight variations of compositions with respect
to the mother structure, especially with the introduction of
copper deficiency with respect to other cations. It can also
be achieved with the variation of the Ba/Sr ratio. Curiously,
no such collapsed structures derived from the thallium cu-
prates have been obtained to date. For this reason we have
investigated the system Tl-Ba—-Sr—Cu-O, around the com-
position TI(Ba, Sr),CuOs5 (7), introducing a significant cop-
per deficiency. We report herein on a new cuprate
TlsBa;SrsCus;O,9 with an original structure, derived from
the “1201” structure by a shearing mechanism.

EXPERIMENTAL

The samples were prepared by solid state reaction start-
ing from the nominal 1201 composition according to the
formulation Tl ,,Ba,_,Sr,Cu;_,Os5_;, with x varying
from 0 to 0.5 and y from 1 to 1.75. The starting oxides were
T1,04, BaO, and SrCuO,. BaO, was chosen in order to
avoid the presence of carbonates. Mixtures were ground,
pressed in the form of bars, and introduced in alumina
crucibles. They were then placed in evacuated silica am-
poules together with a second crucible where 1/4 Ti (in mole
per 1201 unit) had been introduced in order to decrease the
oxygen partial pressure. Different thermal processes were
tried. The best results were obtained for the following ther-
mal treatment. The temperature was ramped up to 880°C in
6 h, maintained for 6 h, and decreased down to room tem-
perature by furnace cooling.

The powder X-ray diffraction study (XRD) was per-
formed with a Philips diffractometer (CuKa radiation) by
step scanning over an angular range 6° < 20 < 95° with an
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increment of 0.02°. It was systematically coupled with EDS
analyses using Kevex analyzers mounted on the transmis-
sion electron microscopes, operating at 200 K'V.

The electron diffraction (ED) study was carried out with
a JEOL 200 CX electron microscope, fitted with an eucen-
tric goniometer (+ 60°). The high resolution electron micro-
scopy (HREM) study was performed with a TOPCON
002B microscope, having a point resolution of 1.8 A. The
samples were prepared by a smooth crushing of the crystals
which were then deposited on a holey carbon film (Ni grid).
Image calculations were performed using the Mac Tempas
program.

RESULTS AND DISCUSSION

For the compositions close to x =0.25 and y = 1.25,
a new phase is obtained. The electron diffraction study
shows that it exhibits an orthorhombic cell with a ~ a,,
b ~8a,~30.6 A, and ¢ ~ ¢;50; 9.2 A (a, being the cell
parameter of the ideal cubic perovskite). The conditions
limiting the reflection are hkl: k + [ = 2n, involving A222,
Am2m, Ammm, and A2mm as possible space groups. The
[100] and [001] ED patterns are given in Figs. 1a and 1b,
respectively.

The cell parameters have been refined from XRD data to
a=3.7536 (2) A, b =30.631 (2) A, and ¢ = 9.219 (1) A.

The EDS analyses performed over numerous grains pro-
vided the actual cationic composition TlsBa;SrsCus which
is in agreement with the nominal formula. The close geo-
metrical relationships of the new compound cell parameters
with those of the 1201-type phases (a,x a, x 9.2 A) sug-
gested that the two structures are directly related.

HREM and XRD Structure Investigation

The HREM study of the new phase was carried out,
selecting the [100] orientation which would be theoretically

FIG. 1.
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the best for displaying information on the nature of the
superstructure occurring along [010]. In a first step, the
image interpretation was carried out considering the con-
trast usually observed in the 1201-type phases. Image simu-
lations were then calculated from the positional parameters
refined from XRD data (Table 1).

The HREM images where only the copper positions are
highlighted are of interest since they provide an initial idea
of the structure. An example of such an overall image is
given in Fig. 2a. Along b, the periodicity over a distance of
8 x 3.8 A can be simply described by the sequence of three
bright dots (indicated by three adjacent white triangles) and
five dark dots, involving three adjacent copper atoms separ-
ated by five different atoms. Similar layers, 4.65 A spaced
along ¢, are observed but systematically translated by
1/2b + 1/2¢, in agreement with the A-type symmetry of the
cell.

Other important information is obtained from the [100]
HREM images where the cation positions are imaged as
bright dots. An example is given in Fig. 3. For a focus value,
Af, which is assumed to be close to — 550 A and a small
crystal thickness (t &~ 25 A) one observes bands parallel to
(010) and that are three octahedra thick, running along
¢ and whose contrast is similar to that usually observed
along ¢q,¢; in the “1201” cuprates TIBa,CuOs: three adja-
cent infinite rows of staggered bright dots correlated to the
[BaO],, [TIO],, and [BaO],, layers alternate with single
rows of small grey dots, corresponding to the copper layers.
Since the 1201 cell is tetragonal with a = a,,, the periodicity
along by,0; 18 ~ 3.8 A.In our compound, the periodicity of
the contrast along b is =~ 30.6 Ao;, ie., 8x3.8 A, and two
successive (010) 1201-type ribbons are shifted by ¢/2 with
respect to each other (Fig. 3). Moreover between two “1201”
ribbons that are three copper octahedra wide one observes
three rows of staggered bright dots running along ¢, corre-
lated to heavy cations whose arrangement is similar to that
encountered in rock salt layers (Fig. 3). From these observa-
tions it appears that the five different atoms that alternate

TlsBa;3SrsCuz O, (a) [100] and (b) [001] electron diffraction patterns.
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TABLE 1
Initial and Refined Structural Parameters in the Space Group A2mm for Tl;Ba,Sr;Cu,0,,

Initial parameters Refined parameters

Atom Site X y z X y z B(A?)
TI(1) 2b 0.0 0.0 0.5 0.0 0.0 0.5 1.9(3)
TI(2) 4d 0.0 0.125 0.5 0.0 0.1128(3) 0.5 2.3(3)
TI(3) 4d 0.0 0.25 0.5 0.0 0.2397(3) 0.5 0.9(2)
Ba/Sr(1) 8f 0.5 0.0625 0.25 0.5 0.0615(4) 0.2011(7) 0.1(1)¢
Ba/Sr(2) 8f 0.5 0.1875 0.25 0.5 0.1844(3) 0.2152(9) 0.1(1)°
Cu(1) 2a 0.0 0.0 0.0 0.0 0.0 0.0 1.6(7)
Cu(2) 4d 0.0 0.125 0.0 0.0 0.1212(7)¢ 0.0 1.3(6)
o) 2a 0.5 0.0 0.0 0.5 0.0 0.0 1.0
0(2) 4d 0.5 0.125 0.0 0.5 0.1212(7)* 0.0 1.0
0(3) de 0.0 0.0 0.25 0.0 0.0 0.263(2)® 1.0
O4) 8f 0.0 0.125 0.25 0.0 0.1212(7)¢ 0.263(2) 1.0
O(5) 4d 0.0 0.0625 0.0 0.0 0.0606(7) 0.0 1.0
0O(6) 4d 0.5 0.0625 0.5 0.5 0.056(3) 0.5 1.0
o(7) 4d 0.5 0.1875 0.5 0.5 0.176(3) 0.5 1.0
O(8) 4c 0.0 0.25 0.25 0.0 0.25 0.25 1.0
09) 4d 0.0 0.1875 0.0 0.0 0.186(2) 0.0 1.0

Note. a = 3.7536(2) A, b =30.631(2) A, and ¢ = 9.219(1) A. R, =9.67%, Ry, = 129%, and R; = 9.13%. The Ba and Sr contents in the Ba/Sr(1) and
Ba/Sr(2) sites were refined to 2.2(2) Ba + 5.8(2) Sr and 3.8(2) Ba + 4.2(2) Sr, respectively.
@b-c Parameters constrained at the same value (see text).

with the three copper octahedra along b (Fig.2) can be eclaborated (Fig. 4) corresponding to the initial parameters
identified as thallium atoms. given in Table 1. In order to check this hypothesis a Rietveld

On the basis of thesse HREM observations, which imply  refinement on 328 hkl of the powder X-ray diffraction data
that two successive (010) “1201” ribbons correspond to each  was performed using the program FULLPROF (8) in
other though an 4-type symmetry, an ideal model could be the space group 42mm. Considering the large number of

FIG.2. TIBa,Sr,Cu,0,, (a) [100] HREM image where only the copper positions are highlighted (white triangles). The cell is outlined. Along b,
three bright dots alternate with five grey dots; this sequence is shifted by b/2 in the adjacent layer. (b) Simulated image. The positional parameters are
given in Table 1. The focus value is & — 450 A and the crystal thickness is ~60 A.
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(identified in the right bottom part of the image). The calculated image
(A~ — 550 A and t ~ 25 A) is superimposed to the experimental one, on
the crystal edge.

variable parameters, some of them were constrained during
the refinements, especially those concerning oxygen atoms:

— O(2) and O(4) which belong to the Cu(2) octa-
hedra (O(2) in the basal plane and O(4) as the apical
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oxygens) were constrained to have the same y para-
meter;

— O(Q3) and O(4) which are the apical oxygens of the
Cu(1) and Cu(2) octahedra respectively were constrained to
have the same z parameter;

— O(5) which connects Cu(1) to Cu(2) was constrained
to have its y parameter equal to 1/2yc,q).

Barium and strontium were first assumed to be randomly
distributed over the two crystallographic sites; isotropic
thermal factors for oxygens were fixed at 1 A2, Traces of
BaCO; and Sr,CuQOj;, detected on the X-ray diffraction
pattern, were introduced as secondary phases in the calcu-
lations.

Positional parameters for thallium (yne and ygs),
barium and strontium (y and z), and copper ( ycyp) Were first
refined, then those of the oxygens and the B factors for
metallic atoms. Last, a possible ordering of barium and
strontium between the two available sites was considered.
The refined structural parameters are listed in Table 1. The
corresponding agreements factors R, = 0.097, R,,, = 0.129,
and R; =0.091 attest of the validity of the model. The
experimental, calculated and difference XRD patterns are
plotted in Fig. 5.

These refined positional parameters were then used to
simulate the [010] HREM images. The calculated through
focus series fit perfectly with the experimental ones. The
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FIG.4. Projection onto (100) of the structure of Tl;Ba,Sr ,Cu,O, . The different atoms are labeled.
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FIG.5. X-ray diffraction patterns (experimental, dotted line; cal-
culated, continuous line; and difference, bottom). The expected positions of
the Bragg angles are indicated for the title compound and the impurities
(Sr,CuO3 and BaCOs).

calculated images corresponding to Af = — 450 A/t ~ 60 A
and Af= — 550 A/t 25 A are compared to the experi-
mental images in Figs. 2b and 3, respectively.

Structural Model

From this study, a structural model is established that
shows very close relationships between the cuprate
TlsBa3SrsCuz;O4 4 and the “1201” structure of TIBa,CuOs.
As shown from the projection of the structure onto the (100)
plane (Fig. 4), this new cuprate consists of “1201” ribbons,
parallel to (010) that are three CuOg octahedra wide; two
successive ribbons are shifted by ¢/2, so that this phase can
be considered as a shear like structure with respect to the
“1201” structure. The important difference with the true
shear structures deals with the fact that two successive
“1201” ribbons are interconnected through a (010) thallium
layer, whose atomic arrangement with the two surrounding
barium (and strontium) layers exhibits a rock salt cationic
configuration. As a consequence this new cuprate can be
described as the m = 3 member of a large structural family
with the generic formula (T14,CuOs),,-Tl, 4,0, with
A = Ba,Sr.

An interesting characteristic of this structure deals with
the fact that one observes mixed copper—thallium layers
parallel to (001) built up of three copper rows and five
thallium rows alternately, that are absolutely flat (Fig. 4). In
contrast, the mixed barium-strontium layers are waving,
due to the fact that in the “1201” structure the Sr/Ba layers
are closer to the copper layers than to the thallium layers.
Note also that barium and strontium are not really distrib-
uted at random over the two kinds of sites. Within the
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“1201” ribbons, the Ba/Sr(1) sites are mainly occupied by
strontium (78%) whereas at the junction between two
“1201” ribbons, i.e., in the A,T1,0, ribbons, the Ba/Sr(2)
sites are almost randomly occupied (48% strontium).

The Ba/Sr—O interatomic distances (Table 2), shorter for
the Ba/Sr(1) site (mean value 2.67 A) than for the Ba/Sr(2)
site (mean value 2.73 A), are in agreement with the refine-
ment of the occupancy factors. The CuOg octahedra are
characterized by four short in plane distances and two long
apical distances. This is a common feature in cuprates in-
volving perovskite monolayers. Tl(1) and TI(2) forming the
“1201” ribbons are sixfold coordinated with two short api-
cal distances (2.18-2.20 A) and four long in-plane distances
(2.55-2.69 /OX). These distances are close to those usually
observed in the thallium cuprates. However it is seen from
neutron diffraction studies that in the thallium cuprates
involving thallium—oxygen monolayers, thallium and oxy-
gens in the [TIO],, layers are split over more general posi-
tions leading to a thallium environment better described as
a tetrahedron than a distorted octahedron. This was not
tested in the present study considering the great number of
variable parameters but the relatively high B values ob-
tained for TI(1) and TI(2) could be the sign of such splitting.
The TI(3) atoms that form the [T1,4,0,],, ribbons parallel
to (010) exhibit an unusual bipyramidal trigonal coordina-
tion, but the lack of accuracy about the determination of the
oxygen positions in those ribbons suggests that the atomic
arrangement in such ribbons is more complex. Nevertheless
Fourier difference maps at the level of TI(3) after removing
the neighboring oxygens did not allow the proposal of
alternate environments. The problem of the exact nature of
the thallium—oxygen polyhedra forming the junction be-
tween two 1201 blocks appears to be similar to that encoun-
tered in the case of the 2201 collapsed bismuth cuprates (5)
and will require neutron diffraction data to resolve.

TABLE 2
Interatomic Bond Distances

M-O Distance (A) xn M-O Distance (A) xn
TI(1)-O(3) 2.18(2) 2 Ba/Sr(1)-O(1) 2.64(1) 1
-0(6) 2.55(5) 4 -0(2) 2.60(2) 1
T1(2-O(4) 2.20(2) 2 -0(3) 2.72(1) 2
—0(6) 2.55(6) 2 -0(4) 2.68(2) 2
-O(7) 2.69(6) 2 -0O(5) 2.64(1) 2
TI(3-0O(7) 2.71(6) 2 -0(6) 2.76(1) 1
-O(8) 2.33(1) 2 Ba/Sr(2)-0O(2) 2.77(2) 1
-0(9) 2.27(8) 1 -0(4) 2.73(2) 2
Cu(1)-O(1) 1.877(1) 2 -O(7) 2.64(1) 1
-0O(3) 2.42(2) 2 -O(8) 2.77(1) 2
-0O(5) 1.86(2) 2 -0(9) 2.73(1) 2
Cu(2)-0(2) 1.877(1) 2
-0O(4) 2.42(2) 2
-0(5) 1.86(3) 1
-0(9) 1.99(8) 1
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FIG.6. Idealized drawing of the (a) TI,Ba,Sr,Cu,O,, structure:
the member m =3 of the antitubular 1201 structure. The rock salt
framework forming the tubes are filled up by perovskite units.
(b) Bi,SryCu O, structure: the member m = 4 of the tubular 2201 bis-
muth structure. The perovskite framework forming the tubes are filled up
by rock salt units.

Finally, one remarkable feature of this structure deals
with the arrangement of the T1, Ba, and Sr atoms that form
a tridimensional cationic network in which the cations ex-
hibit the positions occupied in a rock salt structure and
form rectangular tubes running along a (Fig. 6a). In such
a tubular structure, the tunnels are filled with triple rows of
copper octahedra. Such a tridimensional framework ex-
hibits similarity with the “2201” tubular structure of the
cuprate BiySrgCusOq4 (9,10) (Fig. 6b) whose host lattice
consists of cross linked perovskite layers also forming rec-
tangular tunnels. In the latter, the tunnels are filled with
triple rock salt ribbons. In other words, the structure of
TlsBasSrsCuz;O,9 can be considered as an anti-“1201”
tubular structure.
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The possibility to generate a new structure type by a
shearing mechanism in a thallium cuprate is shown for
the first time. This study opens the route to the exploration
of a new series of thallium cuprates with the formula
(T14,Cu0s),, - A,T1,04, closely related to the “1201” type
cuprates.

The existence of mixed thallium—copper layers character-
ized by a strict ordering of thallium and copper is a remark-
able characteristic of this new phase, and has not previously
been observed in thallium cuprates. The analogy of this
structure with the tubular bismuth cuprate is another inter-
esting feature. The existence of a bidimensional cationic
network with the rock salt configuration suggests that other
structures with various sizes of the tunnels may exist.

Finally it is worth pointing out that this new phase is
insulating in spite of the fact that its chemical formula
implies the presence of holes in the copper—oxygen polyhedra.
Such behavior may be related to the fact that there are no
infinite copper—oxygen planes but only narrow ribbons.

The issue of oxygen nonstoichiometry in this phase, espe-
cially with respect to the coordination of thallium in the
transverse T1,4,0, layers is not yet elucidated. A neutron
diffraction study will be necessary to understand this behavior.
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