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By a novel method we have prepared the high-T, superconduc-
tors Tl,  Ba,CuQg_, TI-2201) and TI,_ Ba,CaCu,0y_, (T1-2212}
in a reproducible way with respect to purity, thalliam and oxygen
content, crystal structure, and superconducting properties. The
changes in structure induced by changes in thallium or oxygen
content were studied by X-ray and neutron powder diffraction
techniques. T1-2201 crystallizes in either the tetragonal or ortho-
rhombic system, and both forms can be made superconducting.

The detailed atomic order in the TLO, layers seems to be deter-

mined by the thallium as well as by the oxygen content. A high
thallium and oxygen content stabilizes the orthorhombic form. TI-
2212 has tetragonal symmetry irrespective of thallium or oxygen
content. In samples low in thallinm content no single layer thallium
compounds are formed, the thallium deficiency being accommo-
dated as statistically distributed vacancies in the T1,0, layers. The
oxygen content is the main factor in determining T in T1-2201
and T1-2212. Low thallium content promotes higher T.'s, whereas
addition of oxygen to the as-prepared samples decreases T,. The
c-axis length of TI-2201 decreases by about 6.06 A when annealed
in oxygen at 300°C. In T1-2212 the shortening of the c-axis length
is about 0.08 A for the same annealing treatment. The change in
c-axis length and the atom displacements, in particular in the T]-
2212 system, can be explained in terms of a charge redistribution
as for the Y-123 system. An increase in oxygen content leads to
a shift of Ba’* toward the T1,0, layers, and to an increase in
the CuQ; plane puckering as expected from an increase in hole
concentration in the CuQ, planes. @ 1994 Academic Press, Inc.

1. INTRODUCTION

The structure and superconducting properties of lay-
ered cuprates have been discussed in detail (1, 2). A rela-
tion between T, and hole concentration in the CuO, planes
has been established for a large number of systems via,

! To whom correspondence should be addressed.
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e.g., chemical analysis and Hall effect measurements (3).
The hole concentration depends not only on chemical
composition but also on the detailed atomic order such
as the CuQ, chain ordering in Y-123 (4-9).

The thallium cuprates together with the new mercury
cuprates comprise the compounds with the highest T
values known today (10-13). Tl,  Ba,CuQ,_, (T1-2201)
and Tl,_, Ba,CaCu,04_,(TI-2212) are the subjects of many
investigations (13-24). However, a comparison of super-
conducting properties of thallium cuprates prepared in
different laboratories is of somewhat limited use as T
values cover a wide range due to nonidentical preparative
conditions. TI-2201 seems particularly sensitive to stoi-
chiometric variations and the whole range from a nonsu-
perconductor to a 90 K superconductor has been found.

The oxygen and thallium content as well as the detailed
atomic order in the T1,0, layers of thallium cuprates deter-
mines their superconducting properties (24-30). They can
be changed by annealing in argon, oxvgen, or hydrogen
atmosphere (25, 31-34). To explain the variable properties
of the Tl-based superconductors a number of arguments
have been offered such as Tl vacancies in the T,0, layers
(14, 35-38), presence of additional (interstitial) oxygen in
the T1,0, layers (14, 26, 39-41), and the occurrence of Tl
in an oxidation state less than +3 (19, 30, 36, 42-47).
Moreover, in T1-2212 a partial occupation of the Ca site
by Tl occurs (28, 29, 48, 49), The hole concentration in
the CuQ, layers of thallium cuprates is therefore difficult
to estimate (42, 44, 50-52). It is likely that not only the
oxygen and thallium content determine the hole concen-
tration in the CuQ, planes, but that “‘self-doping’’ occurs
due to an overlap of the Tl-6s and Cu-d,2_,2 bands, i.e.,
an intrinsic redox process. Any distortion of the TL0,
layers strongly influences the energy of the Tl-6s bands
and therefore the overlap with the Cu-d bands.

Using an earlier-developed route (53-54) we prepared
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a series of thallium cuprates to be investigated by thermo-
gravimetry, electrical measurements, and X-ray and neu-
tron diffraction. The samples exhibit reproducible results
concerning purity, crystal structure, and 7., Questions
such as the influence of thallium and oxygen content upon
the polymorphism of tetragonal-orthorhombic TI-2201
and superconducting properties as well as the importance
of the detailed atomic order in the T1,0, layers are ad-
dressed. Also the concept of charge transfer is high-
lighted.

2. EXPERIMENTAL

2.1, Synthesis

Samples weighing about 10 g were prepared from
mixtures of TI,0;, Ba(OH),-H,0, (a0, and
Cu(NO,), - nH,0, always in the ratio of cations desired
in the final material with no excess of any element. All
samples in each series were prepared in the same batch to
make the preparative conditions as identical as possible.
Before use the starting materials were characterized ac-
cording to Table 1. The powders, milled in ethanol and
thereafter dried in inert atmosphere (N;), were heat
treated by a two-step sintering process according to Table
2. The heating rate in both steps was 180°C/hr, and the
temperature was regulated by a controller, Eurotherm
818P, with a temperature stability better than =0.5°C.

In sintering Step [ the mixtures were heated in ALO,
crucibles with Al,O, covers. As the starting materials are
reactive, this step can be run at low temperature (760°C)
with only a limited loss, if any at all, of thallium. As an
extra check for thallium loss a well-known amount of
T1,0; was heated at 760°C for 3 hr, No weight loss and
no reaction with the container material occur.

In sintering Step 2 pellets were placed in ALQ; crucibles
scaled with gold gaskets and cover. They were subse-
quently centered in small pieces of ceramic tubes and
fixed with steel wedges. The gold as well as the wedges
expands during heating, and the external pressure ex-
posed on the Al,O, crucible, gold gasket, and cover pre-

vents evaporation from the crucible. There is no sign of
substitution of gold into the material or of incorporation
of thallium into the gold gasket. From EDX analysis no
traces of Al or Au can be detected in the sample.

We have monitored the loss of weight in sintering Step
2, which, if attributed solely to thallium evaporation, is
below 0.3% of the total amount of thallium (Tables 3 and
4). The estimated loss of thallium was calculated from the
weight loss and the expected molar weight of the product,
with an average oxygen content of 5.7 and 7.8 for T1-2201
and TI-2212, respectively. Even if the real oxygen content
may differ slightly from these values it only affects the
calculation to a minor extent. Estimated errors in barium
and copper content, concerning the nominal sample com-
position, are of the sizes stated in Table 1.

As-prepared samples (Series A) were cut in two pieces
and one piece was annealed in oxygen (Series B) as stated
in Table 2. The annealing reaction was completed when
no further change in sample weight occurred, which indi-
cated that equilibrium had been reached with respect to
oxygen content. No formation of impurity phases or ex-
trusion of thallium was detected by visual inspection and
X-ray analysis in contradiction to other work (42, 44).
The oxygen-annealed product had as high crystallinity as
the starting material. We present the change in oxygen
content on a relative scale (See Tables 3 and 4). The
change in oxygen content is determined accurately by
weighing the material before and after oxygen annealing
(estimated errors in a 5-g batch correspond to +0.005
oxygen atoms/formula unit). In order to exclude the possi-
bility of a change in thallium content during the annealing
procedure, T1,0, was heated in oxygen at 300°C for 70 hr.
No change in weight was observed, indicating a constant
thallium content during this anncaling step.

The use of a prereacted precursor and a well-controiled
ratio of sample-to-container volume in the second sin-
tering step (resulting in nearly identical pressures of O,
and TLO in different preparations) together with the lim-
ited loss of thallium leads to well-defined products. More-
over, the low sintering temperature {(860°C in the case of

TABLE 1
Formula Source Pretreatment Characterization
TLO, Aldrich, 99.99% Heated at 300°C for 3 hr Gravimetric analysis
Ba(OH), H,0 Sigma, 99.0% Ba(OH), 8H,0 dried Gravimetric analysis of Ba
in vacuum at 70°C for as Ba(CrQ,) (s), accuracy
24 hr (—7H,() *0.2%
Cal Merck, PA Calcination of CaCO, Gravimetric analysis
to Ca0 at 950°C for 2 hr
Cu{NQ;), nH,0 Merck, PA — Electrochemical analysis of

the copper content,
accuracy *0.2%
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TABLE 2
Sintering
Starting composition
Sample TI:Ba:Ca:Cu Step 1 Step 2 Annealing
Al 1.85:2:0:1 760°C/3 hr 860°C/6 hr None
A2 1.95:2:0:1 760°C/3 hr 860°C/6 hr None
A3 2.00:2:0:1 760°C/3 hr 860°C/6 hr None
B1 1.85:2:0:1 760°C/3 hr 860°C/6 hr 300°C/0,/70 hr
B2 1.95:2:0:1 760°C/3 hr 860°C/6 hr 300°C/QO4/70 hr
B3 2.00:2:0:1 760°C/3 hr 860°C/6 hr 300°C/0O5/70 hr
Ad 1.75:2:1:2 760°C/3 hr 880°C/6 hr None
AS 1.85:2:1:2 760°C/3 hr 880°C/6 hr None
Ab 200:2:1:2 760°C/3 hr 880°C/6 hr None
B4 1.75:2:1:2 760°C/3 hr 880°C/6 hr 300°C/Q5/70 hr
BS 1.85:2:1:2 760°C/3 hr 880°C/6 hr 300°C/0,/70 hr
B6 200:2:1:2 760°C/3 hr 880°C/6 hr 300°C/0,/70 hr

T1-2201) and the total sintering time in the order of 10 hr
result in a high degree of crystallinity and minimize the
number of stacking faults in the material. Samples pre-
pared at higher sintering temperatures normally show pro-
nounced streaking effects in electron diffraction patterns
which are indicative of stacking faults.

2.2. X-Ray Diffraction

Sample purity and lattice parameters were determined
from Guinter film data using silicon (NBS 640b) as an
internal standard. A computerized photoscanning system
(55) in combination with programs for indexing and unit
cell refinements was used for the extraction of lattice
parameters (56).

2.3. Neutron Diffraction

Neutron powder diffraction data were collected at the
pulsed neutron source ISIS, RAL, UK using the high flux,
medium-resotution powder diffractometer POLARIS. A

least-squares profile refinement program, TF12LS (57),
based on the Rietveld technique (58) was used to analyze
the TOF neutron powder diffraction data. Here, 4576
points were included in the refinements, covering a d-
range from 0.5 t0 3.0 A. The scattering factors used were
0.8790 (T1), 0.5250 (Ba), 0.7718 (Cu), 0.4900 (Ca), and
0.5805 (O) (59).

The refinements of TI-2212 were carried out in space
group I4/mmm using the starting model derived by Cox
et al. (36). In total, 24 variables were refined including
scale factor (1), background parameters (5), profile param-
eters (2), and the structure parameters found in Table 5.
Refinements of occupancy factors for Cu, Ba, O1, and
02 showed full occupancy within the standard deviations
and were therefore fixed to 1.00. In the initial refinements
the occupancy of the Ca site exceeded 1.00, which is
explained by the fact that Tl is partly distributed at the
Ca site. From **T1 NMR studies 5.3% of the total amount
of Tl (obtained from gravimetry) was determined to oc-
cupy the Ca site (63, 68). Refinements of O3 in a 4e site

TABLE 3
Thallium Loss, Oxygen Uptake (Aox) and T, for TI-2201 with Different Thallium and
Oxygen Content, with Estimated Errors for Aox in Parentheses

Sample Tl-loss (%) A ox Symmetry T. (K)
Al, T]|.g5B32CU06_d .20 _ T 76
Az, T]|_95Ba2Cu06_d .31 —_— 0] 76
A3, T, 0Ba,CuO;_, 0.18 — 0 60
BI, T, sBa;CuO¢_ g1 sox 0.20 +0.017(5) T 27
BZ, Tll_gsBazcllOﬁ,d{Lon 03! +0.043(5) 0 24
B3, Tl 0Ba;CuO¢- s s0n 0.18 +0.072(5) 0 19

Note. Part of samples Al, A2, and A3 have been annealed in oxygen (300°C/70 hr). The annealed
samples are denoted Bl, B2, and B3, respectively (symmetry; T, tetragonal; O, othorhombic).
Thallium loss and oxygen uptake are defined in Sections 3.1.1 and 3.1.2.
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TABLE 4
Thallium Loss, Oxygen Uptake (Aox) and T, for T1-2212 with Different Thallium and
Oxygen Content, with Estimated Errors for Aox in Parentheses

Sample Tl-loss (%) A ox Symmetry T, (K}
Ad, Tl ;sBa,CaCu,05_, 0.19 — T 115
AS, T 3sBa,Calu,Og_y 0.23 — T 114
A6, T, oBa,CaCu,0q_y 0.29 — T 112
B4, Tl; 3sBa,CaCuyOy_ 4y sox 0.19 +0.157(5) T 105
B3, TlI_giBagcﬂCUEOs,th“ 0.23 +0.225(5) T 103
B6, Tl Ba;CaCu,Og gy sox 0.29 +0.165(5) T 98

Note. Part of samples A4, A5, and A6 have been annealed in oxygen (300°C/70 hr). The annealed
samples are denoted B4, B3, and B6, respectively (symmetry; T, tetragonal). Thallium loss and
oxygen uptake are defined in Sections 3.1.1 and 3.1.2.

resulted in a large temperature factor, indicating disorder
in the TL,0, layers. A displacement of O3 to the 16# site
(x, %, 2), a split site with occupancy %, gave a better fit
with the data.

Tetragonal T1-2201 data sets were refined in space group
I4/mmm using a starting model derived by Torardi et al.
(19). In total, 23 variables were varied with Tl, Ba, Q2 at
de sites (0, 0, z), Cu at a 2b site (0, 0, 3), Ol at a 4c¢ site
{0, 3, 0), and O3 at a 16# site (0, y, z). The disorder in
the T1,0, layers is, as far as can be detected by the powder
diffraction method, of the same type as that found in
TI-2212. In the final refinements isotropic temperature
factors and the O3 occupancy factor were refined.

Orthorhombic T1-2201 data sets were refined using the
structure suggested by Parise er al. {(40). All atomic posi-
tions in the orthorhombic model except O3 can be related
to the tetragonal space group 74/mmm. The deviation of
O3 from the 8d site (0, 0, z) can in the orthorhombic
structure be described as a displacement along the a-
axis of about 0.3 A. The atomic positions used in the
refinements are those summarized in Table 6.

2.4, T, Measurements

The superconducting properties were studied by ac sus-
ceptibility measurements using a Quantum design SQUID
magnetometer at temperatures down to 4 K in a field of
50 G.

3. RESULTS AND DISCUSSION

3.1. Structure and Properties
3.1.1. X-Ray Studies

The samples investigated were almost single phase irre-
spective of oxygen and thallium stoichiometry, the strong-
est BaCu(, peak being at a maximum in the order of
2-3% of the strongest peak in TI-2201 or TI-2212. For

materials prepared as above, the solubility limit with re-
spect to thallium is about 1.75 << 2—x < 2.00. The amount
of impurities (BaCuQ,) does not significantly change as
thallium and/or oxygen content varies. We find no traces
of the TI-1201 and the TI-1212 phases in our X-ray and
neutron diffraction data. Furthermore, electron diffrac-
tion studies (54} show no signs of streaking. This indicates
a well-crystallized material with a very limited amount of
stacking faults,

3.1.1.1. The TI-2201 system
The influence of thallium content.

An increase in thallium content is followed by an in-
crease in c-axis length. A drastic increase in c-axis length
precedes the tetragonal-to-orthorhombic phase transition
in the oxygen-annealed samples (see Figs. 1 and 2). The
discontinuous change in c-axis lengths, which is con-
nected to the change in lattice symmetry, can only be
detected in a series of malterials prepared under conditions
identical to those described in Section 2.1. These findings
are supported by Raman studies where a discontinuous
change in certain Raman mode frequencies precedes the
tetragonal-to-orthorhombic phase transition and coin-
cides with the change in c-axis lengths (60). A similar
behavior, concerning the change in lattice symmetry and
c-axis lengths, is found in TLBa, Sr.CuQ4_,
(53, 61) system which is tetragonal for x >> 0.50 (see Fig. 3).

In Fig. 2 the a and b lattice parameters are plotted as
a function of thallium content for two different oxygen
contents. Thallium-deficient samples crystallize with te-
tragonal symmetry (I4/mmm), while the formation of the
orthorhombic phase {Abma) is favored by high thallium
content (see Table 6). A tetragonal sample with a nominal
thatlium composition of 1.850(4) was heated at 860°C for
3 hrin the presence of T1,0,, using the same procedure as
in sintering step 2, resulting in a transition to orthorhombic
lattice symmetry. Together with the information in Table
3 it unambiguously shows the strong influence the thallium
content has on the lattice symmetry. A high thallium con-
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tent stabilizes the orthorhombic phase and causes a slight
decrease in T, .

The influence of oxygen content.

In Fig. 1 the lengths of the c-axes are plotted as a
function of thallium content for T1-2201 with two different
oxygen contents. An increase in oxygen content causes
a decrease in the c-axis length in agreement with earlier
work (14, 31, 33, 62). In Fig. 4 the a and b lattice parame-
ters are plotted as a function of A, in T, gsBa,CuOg_ . pox »
which shows that a high oxygen content, obtained by
annealing in oxygen, stabilizes the orthorhombic phase. In
TiBa, ,La,CuO,_,(0.00 < x < 0.30) a higher lanthanum

TABLE 5
Cell Parameters (a, b, ¢, V), Atom Coordinates (x, y, z), Site
Occupancies, and Isotropic Temperature Factors (B = 8 #? <
u? > AY) for T, 3sBa,CaCu,0;_,, 2 — x = 1.994

TABLE 6
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Cell Parameters (g, b, ¢, V), Atom Coordinates (x, ¥, z), Site
Occupancies, and Isotropic Temperature Factors (B = 8 72 <
u? > A% for ThLBa,CuQ,_,

Sample
A6 Bé
a (A) 3.85582(5) 3.85385(4)
¢ (A) 29.4089(7) 29.316%6)
v (&%) 4372 435.4
Tl
de (3,4, 2) z 0.2131(1) 0.2134(1)
n 0.997 0,997
B 1.53(6) 1.76(5)
Ba
4e (0,0, 7) z 0.1205(1) 0.1214(1)
B 0.52(4) 00.56(3)
Ca
2a (0,0, 0) B 0.50(8) 0.66(%)
n £.03(3) 1.07(2)
Cu
de (3, 4, 2) z 0.0537(1) 0.0542(1)
B 0.23(3) 0.26(3)
o
Be (0,4, ) z 0.0525(D 0.0525(1)
B 0.53(3) 0.51(3)
002)
de (st ) z 0.1457(2) 0.1456(1)
B 0.90(5) 0.93(4)
03)
16n (x, 4, 2) x 0.5921(17} 0.6074(14)
z 0.2816(2) 0.2824(3)
n 0.230¢6) 0.220(6)
B 1.8(2) 220
Observations 4396 4396
R, (%) 6.32 5,58
R, (%) 3.35 1.60
Ry, (%) 2.58 1.22
X .68 1.72

Sample
A3 B3
a (A) 5.4881(2) 5.4847(2)
b A 5.4532(2) 5.4420(2)
c (A) 23.2159(6) 23.1598(7)
V(A% 694.8 691.3
Tl
84 (0,0, ) z 0.2027¢2) 4.2025(2)
1.43(4) 1.49(4)
" 0.998 0.998
Ba
84 (0, 4. 2) z 0.0834(2) 0.0838(2)
B 0.78(4) (0.93(5)
Cu
4a (0,0, M B 0.80(5) 0.95(6)
om
8c}, 10 B 0.60(3) 0.63(4)
o)
8d (0, 0, z) z 0.1171(2) 0.1173(2)
B 0.85(4) 0.91(5)
00
8 (x,0,2) x 0.058(1) 0.061(2)
z 0.2903(4) 0.2912(4)
B 2.6(2) 2.4(2)
n 0.84(2) 0.78(2)
Observations 4576 4576
R, (%) 7.22 7.64
Ry, (%) 2.11 4.00
Ry (%) 1.53 2.73
¥ 1.89 2.15

Note. The structures were refined in space group Abma (No, 64).
Sample B3 is a part of sample A3 annealed in oxygen (se¢ Table 1).

R, = (Y™ ~ YPO/EY®), Ry, = (S(YP —

R = (N = C + PYZw(Y® DY), o = (Ry/Re)

YEMC)ZIEW,(Y?hS)z)U'S,

232 F ,

c(A)

'

2324 ',r\ ]
Bar \A ‘,'

23,18 | ‘_\/ J

Note, The structures were refined in space group i4/mmm (No., 139).
Sample B6 is a part of sample A6 annealed in oxygen (see Table 2).

Rp - (E(Y,ghs _ Y:;alc)/zY?bS), pr = (Z(Y?ba — YEaIc)E/ZM,E(YFbE)Z)D.S,
Rexp = (N — C + PU/Ew(YPPP? 42 = (R, /R

23.16 L 1 A, L L
1,55 1,65 175 1,85 1,95 2,05
Tl coment
FIG. 1. c-axis length as a function of thallium content for TI-2201

at two different oxygen contents. Open and closed triangles refer to
series A and B samples, respectively. The series B samples are the ones
with high oxygen content (Table 1).
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5,51 5,50 20,98

550 F - 549 42996

549 F o . 548 12%

Vi 4 -~ 547 29,92
—~ 548 F 4 =< ] §
3 2 545 {1902
£ sar b AL 1 o 1 3
o » t ‘.\. \A 1 545 12088

1 5.4 4 29.86

545 | “"\‘. ] 543 42984

544 L i 1 —r N 542 N 2982

1.55 1.65 L75 1,85 1.95 205 0,02 0.04 0,06 0,08
Tl content Aox

FIG. 2. Lattice parameters g and b as a function of thallium content
for TI-2201 (Guinier data; 0.0003 < o < 0.0007). In the tetragonal region,
the a-axis has been plotted as a %3 Open triangles denote the as-
prepared samples (series A) and closed triangles denote the oxygen-
annealed samples (series B) with higher oxygen content (Fable 1),

leads to an increased difference in the ¢ and b lattice
parameters (23).

It is shown that an increase in oxygen content causes
apronounced decrease in T, (Table 3). The oxygen uptake
in the TI-2201 system shows an increase with growing
thallium content, and the sample can be overdoped by
introducing too much oxygen (30, 43, 44). As a result T,
decreases or even vanishes. Samples with high oxygen
content can be improved with respect to T, when reduced
in a H,/Ar atmosphere, i.e., the change in oxygen content
seems to be reversible (32). There is, however, the possi-
bility that hydrogen enters the structure as in T1-2212 (63),

6o 02 04 06 08 10 1,2

550 T T T ™—

548 ]
5‘46‘. . -
547
5421
540T

5.38
233

aand b (A)

P

4

2321

i L i

2311
2301

c(A)

- 2291

228 t—— .
00 02 04 06 03 1D 12

FIG. 3. The a, b, and ¢ lattice parameters as a function of strontium
content in T|,Ba, Sr,.CuQ_j,

FIG. 4. The a and b lattice parameters as a function of oxygen
content in T]ngBazCUOﬁ_d.‘.ADx .

3.1.1.2. The TI-2212 system.

T1-2212 shows a slight decrease in c-axis length with
an increase in thallium content (Fig. 5). There is no sign
of a discontinuous change as in the TI-2201 system, which
we relate to the observation that the lattice symmetry
does not change with thallium or oxygen stoichiometry,
The structure shows tetragonal symmetry ({4/mmm) for
all compositions investigated in this study. Deviations
from tetragonal symmetry at a local level has, however,
been reported in the literature (64—67).

In Table 4 the weight change upon annealing in oxygen
is summarized for T1-2212 samples together with corre-
sponding 7, values. The oxygen stoichiometry is again
the main factor in determinitg the superconducting prop-
erties of T1-2212, though not as much as in T1-2201 (32, 33).

3.1.2. Neutron Diffraction Studies

In Figs. 6a, 6b, and 6c representative neutron powder
diffraction patierns of tetragonal and orthorhombic Ti-
2201 as well as tetragonal T1-2212 are shown. In Tables

29.44
waf —p ]
2040 ]

2 B[ ]

5 2036 f ;
2034 | \ 1
m/nr ]
29‘30 i -l " L " L " 1 i L i L "

170 175 180 185 190 195 200 205

T1 content

FIG. 5. c-axis length as a function of thallium content for Ti-2212
at two different oxygen contents. Open and closed triangles refer to
series A and B samples, respectively. The series B samples have the
highest oxygen content (see Table 2).
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TABLE 7
A Change in Cu-0 Coordination upon Oxygen Annealing for the T1-2212 Structure
1.75 1.85 2.00
Tl,.., Ad B4 AS BS A6 B6
Ox. cont. 8 -4 8 — d + Aox 8§ -4 8 —d+ Aox 8 —d 8 —d+ Aox

Cu-01 1.9266(1) 1.9270(1) 1.9268(1) 1.9281(1) 1.9282(1) 1.9276(1)
Cu-02 2.727(4) 2.672(4) 2.712(4) 2.670(4) 2,706(4) 2.680(3)
Cu-02/Cu01 1.415 1.387 1.408 1.385 1.403 1.390

Note. The B series samples contain more oxygen than the A series samples. Distances are given in (A).

5 and 6 crystallographic information is presented for two
T1-2201 samples and two T1-2212 samples with low and
high oxygen content, respectively. The findings are in
agreement with earlier neutron structure determinations.
The difference in oxygen content in samples A and B,
respectively, 1s below the significance level, at least not
reflected in ng;. The only way to explain the increase in
weight during annealing is by an uptake of oxygen as
discussed in Section 2.1.

3.1.2.1. The TI-2212 system.

In Table 7 the change in Cu—O coordination upon 0xy-
gen annealing is summarized for the T1-2212 system. The
coordination polyhedron of copper is actually slightly
compressed along the z-direction with an increase in oxy-
gen content. The change in metal-to-apex oxygen dis-
tances in the z-direction shows the same behavior as the
copper-to-apex oxygen distances in Y-123, i.e., the TI-02
distance increases and the Cu-02 distance decreases.
Thus the shortening of the c-axis length is to a large extent
due to a change in Cu-0O coordination.

In Figs. 7a and 7b the close resemblance between the
T1-2212 and Y-123 structures, and their response to an
increase in oxygen content is shown. In the former com-
pound the TLO, layers act as charge reservoirs and in the
Y-123 structure the CuQ, chains play a similar role. Table
8 shows a summary of relevant interatomic distances for
T1-2212. In oxygen-annealed samples the barium and the
apex oxygen (02) atoms move in opposite directions, Ba
moving toward the T1,0, layers and 02 toward the CuQ,
plane, reﬂsulting in a decrease in the A(Ba-02), distance
by 0.03 A (see Fig. 7a).” Moreover, the puckering of the
CuQ, plane increases as the Cu atom is further displaced
out of the plane and the Cu-Cu interlayer distance in-
crease by 0.03 A. All these changes, in c-axis length and
in relative atomic positions, are reminiscent of those in

! A(Ba-02), and A(Cu-Ot), denote the distances between layers
formed by Ba and 02, and Cu and Q1 atoms, respectively, in the TI-
2212 structure.

the Y-123 system.’ A decrease in the intralayer TI-TI
distance, (TI-T1),, takes place which has been proposed
to be a sign of a reduction of the Tl,0, substructure, i.e.,
an oxidation of the CuO, layer {14). The T1-2212 there is
a decrease in T, with growing oxygen content, which
means that the as-prepared materials already are in the
overdoped region in the phase diagram. This has been
confirmed by solid state NMR studies (63, 68). The 2°T1
NMR Knight shift is strongly dependent on the oxygen
content and gives a measure of the hole concentration in
the CuQ, planes.

In Figure 7b the corresponding structural changes are
indicated for Y-123 and they can be explained by an in-
crease in positive charge carrier concentration in the CuQ,
planes (69~71). A shift of the Ba’' toward the CuO,
chains, a displacement of 04 in the opposite direction and
a depuckering of the CuQ, planes occur. The change in
A(Cu-02, 3), and A(Ba-04),* is the strongest structural
indication of a charge transfer in the Y-123 system. A
decrease in oxygen content and also Me** doping (Co’*,
AP, Fe**) at the Cu site causes similar changes in the
structure and thus in charge distribution and T_.. From
Raman scattering studies it has been shown that the 04
vibration frequency scales with T, in a similar way in the
two cases, indicating the importance of charge transfer
and the close resemblance between oxygen-deficient and
Me’*-doped materials (72-72, 76-79).

3.1.2.2. Comparison of Tl-2201 and Ti-2212.

In Table 9 various atomic distances are summarized for
the T1-2201 system. The structural changes induced by a
change in thallium and oxygen content are similar to the

# A(Cu-02,3), and A(Ba—04), denote the distances between layers
formed by Cu2 and 02, O3 atoms, and Ba and O4 atoms, respectively.
They are the equivalents of A(Cu-O1), and A(Ba-02}, in the T1-2212
system.

* Although the changes are small we have confidence in their reliability
as the neutron data obtained at POLARIS, ISIS, RAL, UK are of high
quality. Series of samples investigated always show clear trends in

e.g., bond distance changes with minor changes in composition (23, 53,
61, 72-75).
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FIG. 6. Final fit of the Rietveld refined data for (a) tetragonal TI-2201 (sample B1), (b) orthorhombic Tl-2201 (sample B2), and (c) T1-2212
(sample B6). Dots are experimental points and the solid line refers to the calculated pattern. The profiles of the tetragonal samples show weak
peaks at 2.09 (sample B1), 1.76, 2.15, 2.42, and 2.54 A (sample B6} which were not possible to refine with the models used.

changes occurring in the T1-2212 system. However, in TI-
2201 the structure of the CuQ, layer is planar by crystallo-
graphic reasons. The puckering of the CuQ, plane there-
fore cannot be used as a probe for charge redistribution
in TI-2201. The decrease in the A(Ba-02), distance is
indicative of an increase in charge carrier concentration
in the CuQ, planes and in TI-2201 {(the distance is defined
as for TI1-2212). A change in oxygen content causes a
similar change in the average atomic structure of the T1,0,

layer in both systems. This may indicate that the energy
of the T1 65 bands and thus its overlap with the Cu-d bands
are altered in much the same way in the two systems.

Due to the disorder in the TLO, layers it is difficult to
obtain an accurate estimate of the thallium and oxygen
occupancies from the Rietveld refinements of neutron
powder diffraction data. In a neutron diffraction study on
the TL,Ba,_,Sr,Cu,0;_, system the oxygen content was
refined to about 5.55-5.60 for four different values of x
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(53, 61), and one may assume the oxygen content in the
series A samples to be 5.6 or at least well below 6. In a
similar study performed on the TI-2212 system the oxygen
occupancies were refined to about 7.8 for samples with
different strontium content (80), compared to 7.9 in this
study. We found no evidence of oxygen atoms occupying
interstitial sites as suggested by Shimakawa (26). Rietveld
analysis indicates that the thallium vacancies in thallium-
deficient TI-2201 and TI-2212 are statistically distributed
in the T1,0, layers. In a recent work the same has been
concluded for the T1-2212 structure (29). The Penn State
group has, from Monte Carlo simulations and PDF analy-
sis of TI-2212, proposed some more detailed models
(64-67). They have found that Tl as well as Q3 atoms
are displaced from the high symmetry crystallographic

-L A(Cu(2)-

0(2,3)‘|" 0(2.3))z

Ba_L
g T

A(Ba-O(4))z

positions in a way to build up zig-zag Tl chains. A pro-
nounced change in local order, in particular of the oxygen
atoms around Cu, has been monitored at the onset of
superconductivity (65-67). The ordering is, however,
short range and therefore not observed by conventional
crystallographic methods.

CONCLUSION

By use of an optimized preparative method thallium
cuprate superconductors with a well-defined thallium con-
tent can be prepared in a controlled and reproducible way.
The thallium loss is well below 0.5% in the preparation
and of the same size for different batches.

The orthorhombic-to-tetragonal phase transition is

1
o T

A(Cu-O(1))z

Ba
L . A{Ba-0O(2))z

iyl o &
0@3)
T
0@)
b

FIG.7. Atomic displacements caused by an increased charge carrier concentration in the CuQ, planes in {a) Y-123 and (b) T1-2212, respectively.
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TABLE 8
A Summary of Some Interatomic Distances (A) for T1-2212 Samples with Different Thallium and
Oxygen Content

1.75 1.85 2.00

Tl Ad B4 AS B5 A6 Bé
T1-02 1.983(4) 1.984(5) 1.977(4) 1.992(5) 1.982(4) 1.988(4)
Cu-02 2.727(4) 2.6724) 2.712(3) 2.670(4) 2.706(4) 2.680(3)
A(Cu-Cu)z 3.160(2) 3.183(3) 3.153(2) 3.187(3) 3.158(3) 3.178(2)
A(Cu-Ol)z 0.035 0.059 0.026 0.059 0.035 0.050
A(Ba-02)z 0.715 0.684 0.753 0.704 0.753 0.710
A(TI-Tlz 2.206 2.189 2177 2.160 2.170 2.146
A(03-03)z 1.871 1.91% 1.830 1.913 1.859 1.900
A(T1-03)z 0.168 0.135 0.173 0.123 0.156 0.123

Note. The B series samples are the ones with high oxygen content.

TABLE 9
A Summary of Some Interatomic Distances for T1-2201 Samples with Different Thallium and
Oxygen Content

1.85 1.95 2.00
T, Al Bl A2 B2 A3 B3
T1-02 1.986 1.983 1.983 1.985 1.990 1.973
Cu-02 2.722 2.715 2.1 2,713 2.719 2716
A(Ba-02)z 0.792 0.769 0.790 0.768 0.782 0.776
A(TI-TDz 2.197 2.187 2.202 2.198 2.196 2.200
A(03-03)z 1.812 1.835 1.867 1.501 1.871 1.908
A(T1-03}z 0.193 0.176 0.167 0.148 0.162 0.146

Note. The B series samples are the ones with high oxygen content.

mainly controlled by the thallium content, and samples
with a thallium content, 2-x < 1.86, crystallize in tetrago-
nal form. The oxygen content does, however, to a minor
extent increase the stability range of the orhorhombic
phase toward slightly tower values of 2 — x.

A discontinuous change in c-axis length precedes the
phase transition from tetragonal-to-orthorhombic symme-
try in TIl-2201 intrespective of whether the transition is
caused by a change in thallium content or by strontium
substitution at the Ba site.

It is shown that orthorhombic as well as tetragonal TlI-
2201 can be made superconducting by varying thallium
and oxygen content in an appropriate way. The thallium
content is the main factor in determining lattice symmetry,
while the oxygen content has a stronger influence on 7,
the latter statement also being valid for the TI-2212 sys-
tem. In both systems a decrease in oxygen content leads
to an increase in T, , indicating that all the materials inves-
tigated in this study are in the overdoped region of the
phase diagram.

Concerning the Ti-2212 system the change in 7, as a
function of oxygen content can be correlated to a change
in relative atomic positions indicative of a charge redistri-
bution. This is in analogy with findings for the Y-123
system.
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