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BazTlzOS has been reinvestigated by a combination of X-ray diffraction, electron diffraction, and energy 
dispersive X-ray spectroscopy. A new monoclinic unit cell was observed with a = 5.836, b = 6.226, 
c = 17.342 A, and y = 91.34”. The impurity phase coexisting with Ba2Tl,05 was determined to be 
Ba4T1,0n, having an orthorhombic unit cell with a = 5.748, b = 7.221, and c = 9.361 Ai. The possible 
mechanism of solid-solid reaction of Ba, Tl oxides is discussed. Q 1990 Academic PESS, IX. 

Introduction 

Since the Tl,Ba&a,Cu,+,O,,+, phases 
were discovered to be high T, superconduc- 
tors, Tl-containing compounds have been 
widely investigated. In our previous work, 
the ternary oxide system T&O,-CuO has 
been studied and no compounds were ob- 
served except T&O,-related solid-solution 
phases, Tl,-,Cu,O, (1). 

To date, few compounds in the T&O,-BaO 
system have been reported, the exception 
being Ba,Tl,O, , which was first prepared and 
studied by X-ray powder diffraction (XRD) 
methods in 1974 (2). The structure of 
Ba,Tl,O, was determined to be orthorhombic 
with a = 6.264, b = 17.258, and c = 6.05 A, 
and was isotopic with Ca,Fe,OS (3-5). The 
compound has recently been reinvestigated 
using the same techniques (6). The reported 
unit cell parameters were almost identical to 
those determined previously, with a = 
6.257, b = 6.038, and c = 17.232 A. It was 
further proposed (6) that these cell dimen- 
sions were related to a monoclinic perovskite 
cell with the dimensions of aP = b, = 4.347 

f 0.001, cp = 4.308 * 0.001 A, and y = 
87.96”. The superstructure and the perov- 
skite subcell have a relation of a = 2a, cos 
(y/2), b = 2a, sin (y/2), and c = 4c,. The 
oxygen content, x, in Ba,Tl,O, was deter- 
mined to be close to 5. Therefore the valence 
of Tl cations was determined to be 3 + . We 
noted that, although almost all XRD peaks 
have been indexed into the determined unit 
cell, there were still some extra peaks unin- 
dexed and were marked to be an unknown 
phase with a higher Tl content as compared to 
the main phase, Ba,Tl,OS. There are obvious 
difficulties in indexing a single phase from the 
XRD pattern of a(bulk) multiphasic material. 
For distinguishing individual phases in a 
composite material, we have found that elec- 
tron diffraction is a particularly powerful 
technique since it can examine individual mi- 
crocrystals and determine their composi- 
tions as well as their unit cell dimensions. 
Moreover, there are instances where elec- 
tron diffraction studies yield a different 
structure from that determined from an XRD 
refinement. A recent example is the investi- 
gation of Sri -xCu203 by high resolution elec- 
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FIG. 1. XRD spectrum of the initially prepared Ba2T120,, indexed onto an SAED-revealed monoclinic 
unit cell with a = 5.836, b = 6.226, c = 17.342 A, and y = 91.34”. Those unindexed peaks marked 
by arrows belong to the Ba4TI,013 phase (see Fig. 5). 

tron microscopy (7). In our view, the rela- 
tionship between the superstructure and the 
subunit cell in the Ba,T1,05 phase in the pre- 
vious study (6) was problematic. For exam- 
ple, if the perovskite lattice dimensions were 
correct, the superstructure should have di- 
mensions of a = 6.1978 and b = 6.097 A. 

In this present work, although we can re- 
peat the previously described preparation of 
Ba,Tl,O, and obtain a similar X-ray diffrac- 
tion pattern, selected area electron diffrac- 
tion (SAED) studies reveal a different unit 
cell for Ba,Tl,O, and some diffraction peaks 
indexed to the Ba,Tl,OS lattice in the previ- 
ous reports (6) were found to belong to the 
second phase, Ba,Tl,O,,. The unit cell for 
the later phase has also been determined 
by SAED studies and confirmed by XRD 
studies on a freshly prepared sample of nom- 
inal composition of Ba,T&O,,. 

Experimental 

Ba2Tl,05 was prepared by a conventional 
solid state reaction from stoichiometric mix- 

tures of high purity T&O, and BaO, powders 
following the same preparation method as 
used previously (6). The mixed powders 
were ground and pressed into a pellet, 10 
mm in diameter and 2 mm in thickness, un- 
der a pressure of 5 tons/cm’. To alleviate 
loss of thallium in the form of T&O during 
heating, the pellet was wrapped in a gold 
foil and the reaction was performed under 
oxygen atmosphere. The pellet was then 
heated at 650°C for 20 hr and cooled down 
at a rate of S”C/min to room temperature. 
The yellow reacted sample was ground 
again, pressed into a pellet, wrapped in a 
gold foil, and heated at 720-730°C for 15-20 
hr, followed by cooling to room tempera- 
ture. After this process, the black sample 
was obtained and had a semiconducting be- 
havior. After revealing two phases in the 
first preparation, new specimens of 
Ba,T1,05 and Ba,Tl,O,, were prepared by 
changing the preparation temperature and 
time described later. 

Initial characterization of specimen was 
by XRD using CuKor radiation with the use 
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FIG. 2. EDS spectra of (a) Ba,Tl,O, and (b) Ba,T&O,, 
from the initial prepared nominal composition 
Ba,Tl,O, . 

of a Spectrolab CPS-120 diffractometer. 
Compositions of individual phases were ex- 
amined by energy dispersive X-ray spec- 
trometry (EDS) in a Jeol EM-200CX elec- 
tron microscope. TLLa and BaLa emission 
lines were collected and used in calculation 
of cation ratio in the materials. Twenty-five 
particles were randomly chosen from each 
specimen. Selected area electron diffraction 
(SAED) patterns were obtained from the 
same electron microscope. A + 45” double 
tilt specimen stage was used which enabled 
us to record series SAED patterns from one 
single microcrystal through a tilting speci- 
men grid. Camera length was calibrated us- 
ing a standard Au film. 

Results and Discussion 

The XRD pattern from as-prepared 
Ba,T1,OS is identical to that previously re- 
ported (6) (Fig. 1). Most of the diffraction 
lines can be indexed onto the orthorhombic 

unit cell of Ba,T1,05 with a = 6.26, b = 
6.04, and c = 17.2 A. Several unmarked 
weak peaks reported previously to belong 
to a Tl-richer phase (6) were also observed 
in our work. To understand the composi- 
tions of the ternary oxides, we examined 
25 randomly chosen particles. An average 
value for the TL!,aclBaLa! emission line ratio 
was 1.4( 1) from 20 particles and 2.1( 1) from 
5 particles. Since we have no good mono- 
phasic Tl-Ba-0 ternary oxide standard 
sample, Tl,Ba,CaCu,Os (in which an aver- 
age T1LalBaLa was 1.29(9)) was used as an 
initial reference in the calibration of the EDS 
results. We then obtained a Tl/Ba cation 
ratio from the majority phase to be 1.08(8): 1. 
The phase was confirmed to be Ba,T1,05 and 
the EDS data from this phase was used as a 
new reference. We then obtained a cation 
ratio (Tl/Ba) from the minority phase, 
lSO(7): 1. This is a Tl-rich phase as com- 
pared to Ba,Tl,O,, in agreement with the 
previous report (6). The typical EDS spectra 
of these two phases are shown in Fig. 2. 
Consequently, the main phase in the speci- 
men was confirmed to be Ba,Tl,O, and the 
remaining phase was Ba,Tl,O,, , with the ox- 
ygen content appropriate for the proposed 
valences of T13+ and Ba*+ in the material. 

We took advantage of the SAED tech- 
nique for examining individual crystals. 
One set of SAED patterns obtained from 
a single crystal of the Ba,Tl,O, phase 
through tilting the specimen grid around 
the c axis is shown in Fig. 3. Since we 
can read the tilting angles corresponding 
to the relative orientations between each 
two SAED patterns, we then can determine 
the orientations within certain of these 
patterns to be [l-lo], [l-20], and [l-30] in 
Fig. 3. Surprisingly, we obtained mono- 
clinic unit cell parameters from the SAED 
patterns, a = 5.8, b = 6.3, c = 17.4 A, 
and y = 91”, instead of the previously 
reported XRD determined orthorhombic 
unit cell dimensions, a = 6.257, b = 6.038, 
and c = 17.232 A (6). Using this new unit 
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FIG. 3. One set of SAED patterns from same crystal of the Ba2T1205 phase through tilting the specimen 
grid, viewed down the (a) [l-lo], (b) [l-20], and (c) [l-30] directions. 

cell, we can also index most observed 
diffraction lines in the XRD spectrum in 
Fig. 1 and the unit cell has been refined 
as monoclinic with a = 5.836, b = 6.226, 
c = 17.342 A, and y = 91.34” according 
to the XRD data (see Table 1). 

It is believed that the structure is related 
to Ca,Fe20,, in which Fe cations are coordi- 
nated by oxygen alternatively in octahedra 
and tetrahedra along the c axis. All these 
polyhedra are distorted and the chain of 
Fe-O is in a zigzag arrangement (4). There- 

fore, monoclinic symmetry for the Ba,Tl,O, 
phase (where Ba replaces Ca and Tl replaces 
Fe) can be expected. 

We have also varied the preparation 
conditions in an attempt to produce mono- 
phasic material. When the preparation tem- 
perature was relatively lower, say 65O”C, 
the produced yellow phase has an XRD 
pattern matching the impurity phase in 
Fig. 1. As the reaction temperature was 
increased, the concentration of this impu- 
rity phase decreased and that of Ba2T1,0, 
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FIG. 4. SAED patterns from one single microcrystal of Ba4T1601s through tilting the specimen grid, 
viewed down the (a) [l-32], (b) [l-l 11, and (c) [O-21] directions. 

increased. Unfortunately, pure Ba,Tl,O, 
phase could never be successfully synthe- 
sized. For the second phase, Ba,Tl,O,,, we 
have also recorded several sets of SAED 
patterns. One of them is shown in Fig. 4. 
Through tilting the specimen grid around 
one zone axis, we observed three SAED 
patterns and then obtained a three-dimen- 
sional reciprocal lattice. Therefore, we can 
deduce the unit cell of this phase as ortho- 
rhombic with a = 5.748, b = 7.221, c = 

9.361 A, after understanding the orienta- 
tions of the SAED patterns in Fig. 4. 

The Ba,Tl,O,, specimen was prepared by 
similar methods to those for the Ba,Tl,O, 
phase. As seen in Fig. 5, when the stoichio- 
metric mixture of oxides was heated at 
700°C for 12 hr, the resulting material con- 
tained Ba,Tl,O,, coexisting with an impurity 
phase (Fig. 5a), which has a composition 
close to BaTl,O, as indicated by our EDS 
studies. When the specimen was reheated at 
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TABLE I 

XRD DATA FROM PREVIOUS REPORT (6), PRESENTLY 
OBSERVED ON THE INITIALLY PREPARED NOMINAL 
COMPOSITION Ba2T1205, AND CALCULATED FROM THE 
NEW MONOCLINIC UNIT CELL FOR BazTlzOS WITH 
a = 5.836, b = 6.226, c = 17.342A,ANDY = 91.34” 

Presently 
observed data Ba,Tl,O, 

Ref. (6) 
d obsd d obnd I Llbrd h k 1 &cd 

8.61 
Tl-rich* 

2349 
4.312 
4.235 
BaCO,* 
3.460 
3.133 
3.061 
3.022 
TI-rich* 
2.744* 
2.503 
2.458 
2.396* 
2.174 
2.154 
2.114 
2.081* 
1.956 
1.941 
1.930 
1.903* 
1.843 
1.818 
1.793 
1.774 
1.752** 
1.723 
1.708 
1.685* 
1.644** 
1.632** 
1.625 
1.602 
1.594** 
1.564 
1.530 
1 so9 
1.436 
1.432 
1.428 
1.395 
1.389 
1.373 
1.363 
1.360 
1.351 
-** 
-** 
-** 
-** 

- 
- 

8.66 
7.231 
5.860 
4.341 
4.305 
4.226 
3.580 
3.458 
3.126 
3.057 
3.020 
2.861 
2.734 
2.498 
2.455 
2.390 
2.171 
2.153 
2.110 
2.081 
1.957 

- 
1.931 

1.840 

1 Go 
1.772 
1.751 

- 

1.643 

1.624 
,601 

J63 
,529 
,509 
- 

1.388 
1.372 
1.362 
- 

1.263 
1.237 
1.197 
1.166 
1.150 
1.144 
1.030 
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FIG. 5. XRD spectra from the nominal composition 
of Ba,T1,On with different preparation conditions, (a) 
700°C for 12 hr, (b) 71s”C for 20 hr, (c) 775°C for 12 hr 
and (d) 800°C for 12 hr. Most lines in c are indexed onto 
an orthorhomhic unit cell of Ba4Tlh01s. Extra peaks 
marked by arrows are from BaT1204 (a) and from 
Ba2T1205 (b,c,d). 
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715°C for another 20 hr, this impurity phase 
disappeared. However, Ba,T1,OS became a 
minority phase in the sample (Fig. 5b). The 
sample which contained the smallest con- 
centration of impurity phase was produced 
by heating at 775°C for 12 hr. Almost all 
peaks in the XRD spectrum (Fig. 5c) can be 
indexed onto the orthorhombic unit cell with 
a = 5.748, b = 7.221, and c = 9.361 A 
deduced from the SAED analysis. It is obvi- 
ous that the concentration of Ba,Tl,O, in- 
creases when the preparation temperature 
increases from 715 to 800°C. The XRD pat- 
tern of Ba,Tl,O,, can fit that of the impurity 
phase in Ba,Tl,O, (Fig. 1) very well. Bear 
in mind that the Ba2T1205 structure can be 
regarded approximately as a fi x V? x 

4 superstructure based on a distorted perov- 

The data marked by * belong to Ba,T&O,, and those marked 
by ** could be overlapped by the two phases, confirmed by 
XRD spectrum of Fig. 5c. 
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skite lattice; we assume that Ba,Tl,O,, is 
still perovskite-related. Extra Tl cations re- 
place Ba cations to form some Tl,O,-like 
blocks. 

From these studies, we propose that in 
the process of solid state reaction of Ba and 
Tl oxides, Ba cations defuse into the Tl ox- 
ide lattice to form BaTl,O,, then Ba,Tl,O,,, 
and finally Ba,T1,OS, as the temperature and 
time increase. Clearly, the formation of 
these thallium-deficient phases may also be 
correlated with increasing thallium loss dur- 
ing the preparation. Although a single pure 
phase is difficult to prepare, most of the 
composite phases can be identified by a 
combination of SAED and EDS methods in 
conjunction with XRD studies. The struc- 
ture of Ba,Tl,O, is still Ca,Fe,O,-like; how- 
ever, the unit cell dimensions determined 
previously (6) might not be correct. Further 

investigations of new phases in the 
Ba-Tl-0 system are currently underway. 
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