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Abstract~ The structures of the 1223 and 2212 
phases of the T1-Ba-Ca-Cu-O system have been 
determined at 125 K. No satelli te reflections 
were observed in extensive searches at both room 
and low temperature. The temperature depend- 
ence of the thermal parameters of the thallium 
atoms confirms the presence of a static disorder 
beyond that already incorporated in the refine- 
ments. 

In t roduc t ion .  The superconducting ceramics of 
the T1-Ba-Ca-Cu-O system are the highest T c 
materials known at present. A number of struc- 
ture analyses have been reported, based on both 
powder (Cox, Torardi, Subramanian,  Gopala- 
k r i shnan  & Sleight, 1988) and single-crystal 
data (Subramanian, Calabrese, Torardi, Gopala- 
krishnan, Askew, Flippen, Morrissey, Chowdhry 
& Sleight, 1988; Torardi, Subramanian,  Cala- 
brese, Gopalakrishnan, Morrissey, Askew, Flip- 
pen, Chowdhry & Sleight, 1988; Subramanian, 
Parise, Calabrese, Torardi, Gopalakrishnan & 
Sleight, 1988). Electron diffraction studies show 
all but one of the known phases to be modulated, 
with satellite intensities weaker than those in 
the analogous Bi-Sr-Ca-Cu-O compounds (Par- 
kin, Lee, Nazzal, Savoy, Beyers & LaPlaca, 1988; 
Zandbergen, Van Tendeloo, Van Landuyt  & 
Amelinckx, 1988; Fitz Gerald, Withers, Thomp- 
son, Wallenberg, Anderson & Hyde, 1988), for 
which we have made a detailed analysis of the 
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modulation (Gao, Lee, Coppens, Subramanian & 
Sleight, 1988). For not too large displacement  
amplitudes the effect of the modulation on the 
main reflections is very similar  to that  of the 
thermal motion (Petricek, Becker & Coppens, 
1985). Thus, the unusually large anisotropies in 
the reported the rmal  p a r a m e t e r s  of the T1 
compounds could constitute additional, indirect, 
evidence for the modulations, which may only 
fully condense at lower temperatures ,  as ob- 
served, for example, in TTF-TCNQ (Pouget,  
Khanna,  Denoyer, Comes, Garito & Heeger ,  
1976; Coppens, Petr icek,  Levendis ,  Larsen ,  
Paturle,  Gao & LeGrand, 1987). This repor t  
describes a search for satellite reflections at both 
room and low temperatures ,  low-temperature  
(125 K) structure analyses of both the 1223 and 
the 2212 phases and a redeterminat ion of the 
room-temperature (295 K) structure of the 2212 
compound. 

S a m p l e  p r e p a r a t i o n .  1223 phase. Single  
crystals of T1Ba2Ca2Cu3Olo were grown from a 
copper-rich melt with oxides (T1203, BaO2, CaO2 
and CuO) in the molar ratio 1:2:2:4 (Tl:Ba:Ca:Cu) 
in a sealed gold tube. The mixture was heated to 
1198 K, held for 6h  and cooled at 1 K min-1 to 
373 K. Plate-like crystals found in the melt were 
mechanically separated and used for fu r the r  
characterization and structure determinat ion.  
Flux-exclusion measurements  on the crystals  
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revealed a sharp Tc onset of ~ 110 K as reported 
ear l ier  (Subramanian ,  Parise et al., 1988). 

2212 phase. Single crystals of T12Ba2CaCu208 
were  g rown  f rom a 2 T 1 - B a - C a - 3 C u  oxide  
mixture  in a sealed gold tube. The mixture was 
heated to 1173-1193 K, held for 1 h and cooled at 
the ra te  of 2 K min-1 to 373 K. Plate-like crystals 
found in the melt  were mechanically separated 
and  used  for f u r t h e r  c h a r a c t e r i z a t i o n  and  
s t ruc ture  determinat ion.  Flux-exclusion meas-  
u rements  on the single crystals revealed a sharp 
superconduct ing transit ion at Tc ~ 110 K. 

S e a r c h  for  sa te l l i tes .  1223 phase. The crystal 
was mounted on a Nonius CAD-4 diffractometer 
and cooled to 125 K with a liquid-nitrogen gas 
s t ream. A systematic  search of reciprocal space 
was  c o n d u c t e d  in the  r e g i o n  0 < h , k < 3 . 5 ,  
0 < l < 13. co-20 scans were performed at intervals  
Z l h = A k - O . 1  and AI=0 .5 ,  us ing  M o K a  radia-  
tion. No satel l i tes  were observed under  these 
conditions. A long-exposure (60 h) Weissenberg 
Okl photograph taken at room tempera ture  also 
failed to show satell i te reflections. Finally, the 
crystal  was mounted at the SUNY X3 beamline 
a t  the  N a t i o n a l  S y n c h r o t r o n  Ligh t  Source ,  
Brookhaven.  No satell i tes were observed under 
conditions at  which the 110 reflections gave a 
peak  he igh t  of about  400 000 counts  s-1. This  
corresponds to a satelli te intensity which is less 
than  about 4 ×  10-4 t imes  the in tens i ty  of the 
main  reflection. 

2212 phase. A room-temperature  Weissenberg 
hOl photograph was taken on a rota t ing-anode 
genera tor  (Me radiation,  50 kV, 100 mA). A 20 h 
exposure did not show any satelli te reflections. 
An a-axis rotat ion photograph taken at  liquid- 
ni t rogen t empera tu re  with a conventional source 
showed no extra  reflections when compared with 
a s imi lar  room-tempera ture  photograph. System- 
atic searches at  both room and low tempera ture  
(125 K) failed to give evidence for the occurrence 
of satel l i te  reflections. 

Data  co l l e c t i on  a n d  r e f i n e m e n t .  The negative 
r e s u l t  of the  s a t e l l i t e  s ea r ch  ind ica t e s  the  
absence of significant modulations in the bulk of 
our samples. Since the modulations are reported 
to be sample dependent  and sensi t ive  to hea t  
t r e a tmen t  (Zandbergen et al., 1988) it seemed im- 
p o r t a n t  to es tab l i sh  t ha t  the a p p a r e n t  l a rge  
anisotropic thermal  motion was present  in our 
samples.  Fur thermore ,  measurement  of the ther- 
mal  pa ramete r s  at  different t e m p e r a t u r e s  can 
give information on the origin of the anomalies. 
A set  of l o w - t e m p e r a t u r e  (125 K) da t a  was 
collected for the 1223 compound,  while both  

room- and low-temperature data  were collected 
for the 2212 phase. In each case three s tandard  
reflections were measured at  regular  intervals.  
Fluctuations were less than 2% of the average.  
Analytical absorption corrections were applied in 
all studies (Templeton & Templeton, 1978).* Cell 
dimensions (from a least-squares ref inement  of 
the positions of 25 reflections with 0 < 2 5  ° ) and 
data-collection p a r a m e t e r s  are  s u m m a r i z e d  in 
Table 1, while ref inement  detai ls  a re  given in 
Table 2. The highest  residual peaks in the final 
difference maps occur near  the T1 atoms in 2212 
(height 3.6 e A-3 at  125 K), and above and below 
O(4) in 1223 [height 5.9 e/k-3 at  125 K, at  about  
0.4/k from O(4)]. Structural  d isorder  of the  T1 
atoms is also evident from the  thermal  param- 
eters as discussed fur ther  below. 

D i s c u s s i o n .  Occupancies and pos i t iona l  and  
thermal  parameters  are listed in Tables 3 and 4. 
The two low- tempera tu re  s tudies  confi rm the 
earl ier  room-temperature  results,  including the 
l a rge  an i so t rop ic  va lue s  of the  T1 t h e r m a l  
parameters .  In both compounds, the T1 occupancy 
of the  mixed  T1/Ca l a y e r s  is h i g h e r  t h a n  
previously repor ted  [1223: 10(1) vs 5%; 2212: 
14(1) vs 10%]. In the  reg ion  b e t w e e n  room 

* Lists of structure factors have been deposited with the 
British Library Document Supply Centre as Supplemen- 
tary Publication No. SUP 51537 (11 pp.). Copies may be 
obtained through The Executive Secretary, International 
Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. 

Table  1. Data  co l l ec t ion  a n d  p r o c e s s i n g  
summary  

Phase 1223 2212 2212 
Temperature  (K) 125 295 125 

Reflections 1401 1261 1248 
m e a s u r ~  

Oct, ants  h,k, l  and h,k , - I  h,k . l  and h,k , - I  h,k, l  and h,k,-/ 

[(sin O)l.ih,ax 0.81 0.81 0.81 
(~-1) 

Crystal 0.2X0.04×0.01 0.2X0.14×0.01 
dimensions (ram) 

Absorptaon 346.4 500.2 
coeff. (cm -1 ) 

Transmission 0.309-0.758 0.085-0.592 
factor 

Internal agree- 0.049 0.057 0.043 
meat factor 

a (~,) 3.849(2) 3.851 (6) 3.843(1) 
[3.853(1)]* 

c (~) 15.83(1) 29.308(4) 29.263(9) 
[15.913(4)]* 

Space group P41m m m I4 lm rn rn 

*Room-temperature value (Subramanian, Parise et al., 
1988). 
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Table 2. Refinement information 

~.wA2 minimized with fl =(Fo-klFcD and w-1/o2; 
ofF) = 1](2F) × [O2counting + (0.02F2)2]1/2. 

1223 (125 K) 2212 (295 K) 2212 (125 K) 

Number of 26 22 22 
variables 

Number of 310 261 290 
observations* 

RIwR(F) 0.041/0.049 0.035/0.042 0.03310.038 

Goodness of fit S 1.36 1.23 0.84 

A/o, last cycle <0.01 <0.01 <0.01 

*All reflections with I _  3o(/) included. 

Table 3. Positional and thermal parameters (/~2) 
for 1223 (125 K) 

O c c u -  
p a n c y  x y z 

TI 0.95(2) 0.0894(6) 0 0 

Ba 0.92(1) 0.5 0.5 0.1738(1) 

Cu(1) 1.00 O 0 0.5 

Cu(2) 1.00 0 0 0.2994~1) 

Ca 0.90(1) 0.5 0.5 0.3956{2) 

TI 0.10 0.5 0.5 0.3956 

0(1) 1.00 0 0.5 0.5 

0(2) 1.00 0 0.5 0.3025(5) 

0(3) 1.00 0 0 0.1254(9) 

0(4) 1.00 0.5 0.5 0 

295 K* 

Ull U22 U33 UII 
Tl 0.041(5) 0.022(3) 0.0046(8) 0.031{2) 

Ba 0.0056(6) 0.0125(8) 0.0022(4) 0.0022 

Cu(1) 0.005(1) 0.005(I) 0.0007(7) 0.0007 

Cu(2) 0.004(1) 0.008{ 1) 0.0019(6) 0.0019 

Cafr l  0.005(1) 0.015(1) 0.0034(9) 0.0034 

125 Kt 

U22 U33 
0.016(1) 0.0024(7) 

0.0056(5) 

0.003(1) 

0.0O64(9) 

0.012(I) 

Biso Biso 
0(1) 0.9(3) 0.7(2) 

0(2) 1.1(2) 0.6(1) 

0(3) 0.6(3) 0.9(2) 

0(4) 2.6(7) 0.7(3) 

*Subramanian, Parise et al. (1988). 
( T h e  an i so trop ic  t e m p e r a t u r e  factor  is d e f i n e d  as  

exp[-2a(h2Ull + k2U22 + 12U33 + 2hkU12 + 2hlU13 + 
2klU23)]. 

t e m p e r a t u r e  and 125 K the t e m p e r a t u r e  
parameters may be expected to be proportional to 
the abso lute  t emperature ,  as a c l a s s i c a l  
vibrational model is valid within a reasonable 
a p p r o x i m a t i o n ,  a n d  z e r o - p o i n t  v i b r a t i o n s  a r e  
much smaller than the observed amplitudes [see, 
for example, Coppens & Vos (1971)1. With this 
model ,  r e s u l t s  at the two t e m p e r a t u r e s  
(including the room-temperature study of 1223 
by Subramanian, Parise et al., 1988) can be used 
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to estimate the static contribution to the Uij, 
from which the static r.m.s, displacement can be 
derived. The following static r.m.s, displace- 
ments are significantly different from zero: 1223: 
T1 0.15 and 0.11 ~ in the a and b directions, 
respectively, and for 2212:T1 0.11 and 0.08 ~ in 
the a,b and c directions, Cu 0.06/~ in the c 
direction, and Ba 0.08 A in the c direction. These 
results represent a disorder in addition to that 
obtained by moving the T1 atom in the 1223 
phase out of one of the mirror planes by 0.344 
(Table 3). Refinements with the T1 atoms in 
multiple positions of lower occupancy did not lead 
to agreement factors below those obtained with 
the more restricted model. 

Torardi ,  Par ise ,  S u b r a m a n i a n ,  Gopa la -  
krishnan & Sleight (1988) have attributed the 
d e v i a t i o n s  from the  more  s y m m e t r i c  
arrangement to a mismatch between the rather 
rigid geometry of the CuO planes and the 
bonding requirements in the T1-O (respectively 
Bi-O) planes. While the deviations condense into 
a static displacement wave in several of the Bi 
compounds, they have no long-range order in the 
T1 phases studied in this work. 

Support of this work by the National Science 
Foundation (CHE8711736)  is grateful ly  ac- 
knowledged. The SUNY X3 beamline at the Na- 
tional Synchrotron Light Source is supported by 
the Department of Energy (DEFG0286ER45231). 

Table 4. Positional and thermal parameters (/~2) 
for 2212 

Occupancy x y z 

295K 125K 295K 125K 2 9 5 K  125K 
TI 0.89(1) 0.88(1) 0.5 0.5 0.2133(1) 0.2133(1) 

Ba 0.97(1) 0.97(1) 0.0 0.0 0.1213(1) 0.1212(1) 

Cu 1.00 0.5 0.5 0.0538(1) 0.0538(1) 

Ca 0.86(1) 0.86(1) 0 0 0 

Tl 0.14 0.14 0 0 0 

0(1) 1.00 0 0.5 0.0523(3) 0.0522(2) 

0(2) 1.00 0.5 0.5 0.1458(6) 0.1456(5) 

0(3) 1.00 0.588(8) 0.595(5) 0.5 0.280(1) 0.280{1) 

295 K 125 K 

U l l  U 2 2  U 3 3  U l l  U 2 2  U 3 3  

Wl 0.0226(4) 0.0226 0.0075(4) 0.0169(3) 0.0169 0.0065(3) 

Ba 0.005~(4) 0.0055 0.0105(6) 0.0026(3) 0.0026 0.0081(4) 

Cu 0.0030(7) 0.0030 0.011(1) 0.0006(5) 0.0006 0.0068{8) 

Catr l  0.005(1) 0.005 O.OlO(1) 0.0022(8) 0.0022 0.006~I) 

B,so Blso 
0(1) 0.6(1) 0.5(D 

0(2) 1.4(3) 0.9(2) 

0(3) 2.0(6) 1.3(4} 
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