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The crystal structure of Ca4.78Cu6O11.60 (crystal system, mono-
clinic; space group P2/c , Z 5 4, q 5 4.48(2) g/cm3, a 5
10.9456(4) As , b 5 6.3192(2)As , c 5 16.8408(5) As , and b 5
104.952(2)3) has been solved and re5ned using X-ray and neutron
powder di4raction combined with Rietveld analysis. It is closely
related to the NaCuO2-type structure. The phase stoichiometry
and the displacements of atoms with respect to their positions in
the previously reported substructure (crystal system, orthorhom-
bic; space group, Fmmm, a 5 2.807(1) As , b 5 6.351(2) As , and
c 5 10.597(3) As ) are explained by the minimization of Ca+Ca
repulsion and by a relaxation toward a more regular octahedral
environment for Ca atoms. The substitution of Tl atoms for Ca
atoms results in an increased thermal stability and in incommen-
surate structures with modulation vectors depending strongly on
the Tl content. ( 2000 Academic Press

Key Words: Ca4.78Cu6O11.60; crystal structure; substitution
e4ects.

1. INTRODUCTION

In the course of a study on phase equilibria in the
Tl}Ba}Ca}Cu}O system and especially along the Tl-
1223}Tl-2223 line (1), we found that an oxide containing Ca,
Tl, and Cu atoms played an important role, preventing,
under our experimental conditions, the formation of the
Tl-2223 phase when the Tl content exceeds &1.7}1.8 atoms
per formula unit. X-ray di!raction analysis revealed that
this phase was closely related to Ca

5
Cu

6
O

12
(2}4) and SEM

EDX measurements showed that Ca atoms were partly
substituted by Tl atoms leading to the hypothetical formula
(Ca, Tl)

5
Cu

6
O

12
. A phase with similar composition,

(Ca
1~x

Tl
x
)
4
Cu

5
O

9`y
, x"0.12}0.20, had already been re-

ported by Dong et al. (5). Several ceramic samples with
nominal compositions Ca

5
Cu

6
O

z
and (Ca

0.73
Tl

x
)CuO

z
,

x"0.2 and x"0.4, were prepared and it turned out that
none of the resulting X-ray di!raction patterns could be
satisfactorily explained on the basis of the available struc-
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tural data (3, 4). We therefore undertook a study of the
crystal structure of Ca

5
Cu

6
O

12
and its evolution when Tl is

partly substituted for Ca.
Ca

5
Cu

6
O

12
was "rst reported for composition CaCuO

2
by Roth et al. (2). It is formed by the peritectoid reaction
5Ca

2
CuO

3
#7CuO#O

2
P2Ca

5
Cu

6
O

12
around 8003C

and is stable down to room temperature. Using X-ray pow-
der di!raction, the authors proposed an orthorhombic sub-
cell, space group Cmca, a"10.588(1) As , b"2.8122(4) As ,
and c"6.3245(6) As . Weak superstructure re#ections seen
on precession photographs indicated a monoclinic supercell
with space group C2/c or equivalent, a"10.946 As , b"
6.345 As , c"33.72 As , and b"105.53. Using X-ray single-
crystal di!raction, Siegrist et al. (3) con"rmed that the
subcell was orthorhombic. A re"nement based on substruc-
ture re#ections and carried out in space group Fmmm (a"
2.807(1) As , b"6.351(2) As , and c"10.597(3) As ) showed that
the average structure was closely related to the NaCuO

2
-

type structure (6). It contains linear chains of edge-shared
CuO

4
squares directed along [100] with Ca atoms located

in half of the octahedral sites in the channels produced by
the chains (Fig. 1). These authors also found di!erent super-
cells with a 5-, 10-, or 12-fold a axis. For the former,
a re"nement was carried out in space group Pnca (standard
setting Pbcn, a"6.351(2) As , b"10.597(3) As , and c"
14.035(3) As ), yielding a stoichiometry of Ca

4
Cu

5
O

10
consis-

tent with a ratio of the Cu}Cu to the Ca}Ca distance of 4:5
that is a Ca}Ca spacing of roughly 3.46 As . Babu and
Greaves (4) con"rmed, from neutron powder di!raction
data, that the substructure was satisfactorily described in
space group Fmmm and proposed the stoichiometry
Ca

6
Cu

7
O

14
. Extensive electron di!raction and microscopy

work by Milat et al. (7}9) revealed that the supercell was
actually monoclinic with a+16.80 As , b+6.32 As , c+
10.95 As , and b+753. Di!erent models of atom arrangement
were proposed in which, on average, there are "ve Ca atoms
for six Cu atoms along a resulting in a stoichiometry of
Ca

5
Cu

6
O

12
(or Ca

0.83
CuO

2
). Electron di!raction patterns

indicated that both commensurate or incommensurate
superstructures could occur. It is worth pointing out that
the supercell proposed by Milat et al. (7}9) is closely related



FIG. 1. Orthorhombic subcell of Ca
5
Cu

6
O

12
. Open, shaded, and dark

circles denote O, Ca, and Cu atoms, respectively.

STRUCTURE OF Ca
4.78

Cu
6
O

11.60
171
to that reported by Roth et al. (2), the only di!erence, after
applying the appropriate transformation, being a transla-
tion vector of 16.80 As instead of 33.72 As .

It has also been shown that Ca atoms could be partially
replaced by Na, Y, Nd, and Gd atoms, the solid solution
(Ca

1~x
M

x
)
1~y

CuO
2

extending to x"0.15, x"0.50, x"
0.67, and x"0.56, respectively (10}13). In this case, the
superstructure is a very sensitive function of the Ca:M ratio
and of the size of M. In general it is incommensurate along
and perpendicular to the chains yielding uncertain
stoichiometries.

(Ca
1~x

M
x
)
1~y

CuO
2

phases are suitable for studying the
magnetic properties of linear chains of edge-shared CuO

4
squares (14}18) which are also found in (Sr

8
Ca

6
)Cu

24
O

41
(19) and (Ca

8
La

6
)Cu

24
O

41
(20) together with ladders. This

constituted an extra motivation for the present work.
We report here on an X-ray and neutron powder di!rac-

tion study on Ca
5
Cu

6
O

12
and (Ca

1~x
Tl

x
)
1~y

CuO
2
. The

structure of the unsubstituted phase is solved starting from
a model of atom arrangement built with information given
in Refs. (2, 3, 7}9). The e!ect of Tl substitution is compared
with that of rare-earth atom substitution.
2. EXPERIMENTAL

2.1. Sample Preparation

The Tl-free samples, hereafter labeled S1 and S2, were
prepared by solid-state reaction from CaCO

3
(99.95%) and

CuO (99.99%) with a Ca:Cu ratio of 0.83:1. The mixtures
were heated for six (S1) or "ve (S2) periods of 17 h in #owing
oxygen (room pressure) at 7903C with 103C/min heating
and cooling rates. The samples were ground and pelletized
prior to each treatment. The "nal powders were found to
contain small amounts of CaO, Ca

2
CuO

3
, and CuO, indic-

ating that equilibrium had not been reached despite long
annealing time. The reaction rate appears to be signi"cantly
lower than it is when precipitation routes are used (2, 3).
However, the presence of impurity phases does not a!ect the
stoichiometry of the title compound since XRD analysis of
other samples with Ca:Cu ratios between 0.6:1 and 1.1:1 and
prepared exactly in the same way showed that there is no
solid solubility: no changes of the cell parameters could be
detected. The presence of Ca

2
CuO

3
also indicates that the

sintering temperature, 7903C, is higher than the tempera-
ture of the invariant 6Ca

2
CuO

3
#1/2O

2
P7CaO#

Ca
5
Cu

6
O

12
.

(Ca
0.73

Tl
x
)CuO

2
samples with x"0.2 (S3) and x"0.4

(S4) were sintered in sealed quartz tubes at 8903C,
p(O

2
)"2 bar for 12 h. The starting mixtures with CuO,

Tl
2
O

3
(99.5%), and pre"red CaO (99%) were pressed

into pellets and wrapped in gold foils before sealing.
Unfortunately, the Tl content in the reacted ceramics
could not be estimated from weight losses because of
a reaction at the interface between the pellets and the
gold foils. Both Tl-free and Tl-containing powders are
black.

2.2. X-Ray and Neutron Diwraction

All samples were characterized by X-ray di!raction using
a powder di!ractometer (CoKa) equipped with the position-
sensitive detector INEL-CPS 120. Additional X-ray data
were collected for the re"nement of the structure of
Ca

5
Cu

6
O

12
in S1 on a Philips PW1050 powder goniometer

with Bragg}Brentano geometry (Cu Ka, graphite mono-
chromator, room temperature, 4342h4903, 0.033 2h step,
18 s step time). Neutron data were collected from S2 on the
high-resolution powder di!ractometer D2B at the Institut
Laue Langevin in Grenoble (j"1.5944 As , Ge (335) mono-
chromator, room temperature, 03(2h4162.53, 0.053 2h
step, 250 s step time). The crystal structures were re"ned
using the program Fullprof (21). As already mentioned, S1
and S2 were found to contain small amounts of Ca

2
CuO

3
,

CaO, and CuO. These phases were included in the re"ne-
ments. Details about the re"nement procedure are given in
Section 4.1.
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3. STRUCTURE MODELS FOR Ca5Cu6O12

As mentioned in the Introduction, both X-ray precession
photographs (2) and electron di!raction (7}9) indicated
a monoclinic supercell with a+10.95 As , b+6.32 As , c+
33.72 or 16.84 As , and b+105.53. Indeed our powder di!rac-
tion patterns could be completely indexed on the basis of
the cell with the short c translation vector (16.84 As ) which
yields a six-fold superstructure along the chains. This super-
cell was therefore adopted. It is derived from the Fmmm
subcell (3) by applying the transformation a

.
"c

0
!a

0
,

FIG. 2. Models of atom arrangement for C
b
.
"!b

0
, and c

.
"6a

0
. Another important piece of in-

formation was given by Siegrist et al. (3) who observed, on
a di!erence Patterson map, a strong peak corresponding to
a distance of 3.46 As and assigned it to the mean Ca}Ca
spacing. This means that Ca atoms are more or less regular-
ly distributed along the channels and that there are "ve Ca
atom sites for six Cu atom sites since 3.46]5"17.3+
16.84, yielding a stoichiometry of Ca

5
Cu

6
O

12
as suggested

by Milat et al. (7}9). Taking this information into account,
two models of atom arrangement were built (Fig. 2). The
coordinates of the Cu and O atoms with respect to an
a
5
Cu

6
O

12
. (a) Model 1 and (b) model 2.



TABLE 1
Sets of Calculated Atom Coordiantes for Models 1 and 2 with Di4erent Origin Choices (See Text)

Set 1a Set 1b Set 2a Set 2b

Atom WP x y z WP x y z WP x y z WP x y z

Cu 2a 0 0 0 4g 0.250 0.000 0.000 4g 0.000 0.000 0.083 4g 0.250 0.000 0.000
4g 0.000 0.000 0.167 4g 0.250 0.000 0.167 2e 0 0.000 1

4 4g 0.250 0.000 0.167
4g 0.000 0.500 0.083 4g 0.250 0.000 0.333 4g 0.500 0.000 0.083 4g 0.250 0.000 0.333
2e 0 0.500 1

4 4g 0.250 0.500 0.083 2f 1
2 0.000 1

4 4g 0.250 0.500 0.083
2d 1

2 0 0 4g 0.250 0.500 0.250 2c 0 1
2 0 4g 0.250 0.500 0.250

4g 0.500 0.000 0.167 4g 0.250 0.500 0.416 4g 0.000 0.500 0.167 4g 0.250 0.500 0.416
4g 0.500 0.500 0.083 2b 1

2
1
2 0

2f 1
2 0.500 1

4 4g 0.500 0.500 0.167

Ca 4g 0.250 0.750 0.450 4g 0.000 0.250 0.150 4g 0.250 0.250 0.100 4g 0.000 0.250 0.150
4g 0.250 0.750 0.050 4g 0.000 0.250 0.550 4g 0.250 0.250 0.300 4g 0.000 0.250 0.550
4g 0.250 0.750 0.850 2e 0 0.250 3

4 4g 0.250 0.250 0.500 2e 0 0.250 3
4

4g 0.250 0.750 0.650 4g 0.500 0.250 0.150 4g 0.250 0.250 0.700 4g 0.500 0.250 0.050
4g 0.250 0.750 0.250 4g 0.500 0.250 0.550 4g 0.250 0.250 0.900 2f 1

2 0.250 1
4

2f 1
2 0.250 3

4 4g 0.500 0.250 0.65

O 4g 0.378 0.000 0.396 4g 0.128 0.000 0.063 4g 0.122 0.000 0.020 4g 0.128 0.000 0.063
4g 0.378 0.000 0.063 4g 0.128 0.000 0.230 4g 0.122 0.000 0.187 4g 0.128 0.000 0.230
4g 0.378 0.000 0.230 4g 0.128 0.000 0.396 4g 0.122 0.000 0.354 4g 0.128 0.000 0.396
4g 0.122 0.000 0.104 4g 0.372 0.000 0.104 4g 0.122 0.500 0.104 4g 0.128 0.500 0.146
4g 0.122 0.000 0.437 4g 0.372 0.000 0.270 4g 0.122 0.500 0.270 4g 0.128 0.500 0.313
4g 0.122 0.000 0.270 4g 0.372 0.000 0.437 4g 0.122 0.500 0.437 4g 0.128 0.500 0.480
4g 0.122 0.500 0.020 4g 0.128 0.500 0.146 4g 0.378 0.000 0.146 4g 0.372 0.000 0.104
4g 0.122 0.500 0.354 4g 0.128 0.500 0.313 4g 0.378 0.000 0.313 4g 0.372 0.000 0.270
4g 0.122 0.500 0.187 4g 0.128 0.500 0.480 4g 0.378 0.000 0.480 4g 0.372 0.000 0.437
4g 0.378 0.500 0.480 4g 0.372 0.500 0.020 4g 0.378 0.500 0.063 4g 0.372 0.500 0.020
4g 0.378 0.500 0.146 4g 0.372 0.500 0.187 4g 0.378 0.500 0.230 4g 0.372 0.500 0.187
4g 0.378 0.500 0.313 4g 0.372 0.500 0.354 4g 0.378 0.500 0.396 4g 0.372 0.500 0.354
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arbitrary origin were "rst derived from the corresponding
positions in the subcell. The two &&zig-zag'' sets of regularly
distributed Ca atoms were then placed in the channels in
such a way that symmetry elements appeared at z, z#1

4
,

z#1
2
, and z#3

4
. The only di!erence between the two

models comes from a relative shift along [001] between
the two sets of Ca atoms. In model 1 (Fig. 2a), the y coordi-
nates of Ca atoms alternate along c and c]b whereas,
in model 2 (Fig. 2b), they alternate only along c. In both
cases, symmetry elements are two-fold axes, inversion
centers, and glide planes c, which is consistent with space
groups P2/c, Pc, and P2. We "rst concentrated on space
group P2/c which "nally gave satisfactory results as will
be seen in the next sections. For each model, two origin
choices are possible depending on the remaining symmetry
elements in the real structure. This resulted in four sets of
atom coordinates given in Table 1 and labeled 1a, 1b, 2a,
and 2b:
*1a"model 1 with cell indicated by plain lines in

Fig. 2a,
*1b"model 1 with cell indicated by dotted lines in

Fig. 2a,
*2a"model 2 with cell indicated by plain lines in
Fig. 2b,
*2b"model 2 with cell indicated by dotted lines in

Fig. 2b.
X-ray powder di!raction patterns were simulated for both
models (Fig. 3). Here the origin choice is not relevant since
the atoms are in &&ideal'' positions. It is readily seen from
Fig. 3 that the "rst model yields a di!raction pattern in good
agreement with the experimental one. For model 2 however,
the main superstructure re#ections do not appear at the
correct Bragg angle. Structure re"nements using X-ray and
neutron data from S1 and S2, respectively, were then per-
formed starting from sets of coordinates 1a and 1b. It soon
appeared that the best results were obtained using set 1a,
which was "nally retained.

4. RESULTS

4.1. Rietveld Analysis of Tl-Free Samples

(a) X-rays. Because of the large number of parameters
to be varied, the re"nement was conducted stepwise. In the



FIG. 3. Simulated X-ray di!raction pattern for model 1 (top) and
model 2 (bottom). X-ray di!raction pattern of S1 (middle). The closed
circles denote the main superstructure re#ections from Ca

5
Cu

6
O

12
and the

crosses the re#ections arising from impurity phases. CuKa; 2h angular
range, 10}903; logarithmic representation.

TABLE 2
Weight Fraction and Cell Parameters of the Individual Phases

in S1 and S2

S1, S2,
CuKa Neutrons 1.5944 As ,

D2B, ILL

R
1

(%) 2.45 4.18
R

81
(%) 3.37 5.49

S 2.31 2.03

Ca
5
Cu

6
O

12
, P2/c, Z"4 Ca

4.78
Cu

6
O

11.60
Weight fraction (%) 92.4(7) 89.8(7)
a (As ) 10.9459(6) 10.9456(4)
b (As ) 6.3197(4) 6.3192(2)
c (As ) 16.839(1) 16.8408(5)
b (3) 104.943(4) 104.952(2)
< (As 3) 1125.4(1) 1125.39(6)
R

B3!''
(%) 4.70 3.28(5.75)a

Number of re#ections 911 2211 (1540)b

Ca
2
CuO

3
, Immm, Z"2

Weight fraction (%) 3.57(11) 3.75(8)
a (As ) 12.238(5) 12.236(3)
b (As ) 3.776(2) 3.7779(6)
c (As ) 3.258(1) 3.2590(6)
< (As 3) 150.6(1) 150.65(5)
R

B3!''
(%) 8.60 5.00

Number of re#ections 48 103

CaO, Fm36 m, Z"4
Weight fraction (%) 0.29(14) 0.83(3)
a (As ) 4.80(1) 4.809(1)
< (As 3) 110.6(5) 111.24(5)
R

B3!''
(%) 15.1 3.01

Number of re#ections 7 15

CuO, C2/c, Z"4
Weight fraction (%) 3.74(11) 5.67(11)
a (As ) 4.687(4) 4.689(1)
b (As ) 3.419(3) 3.4185(6)
c (As ) 5.128(5) 5.133(1)
b (3) 99.60(5) 99.42(2)
< (As 3) 81.0(1) 81.17(3)
R

B3!''
(%) 3.34 4.92

Number of re#ections 35 81

aR
B3!''

on observed superstructure re#ections.
bNumber of observed superstructure re#ections.
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"rst stage, the scale factor, the cell parameters, the atom
coordinates, the isotropic displacement parameters, the pro-
"le shape parameters, and the asymmetry, texture, and
mixing coe$cients for each phase were varied successively.
Then, only the scale factor and the cell parameters allowed
to vary for the impurity phases. No attempt was made to
re"ne the occupancy parameters and all sites for all phases
were considered fully occupied. In the "nal stage of the
re"nement, 59 parameters were varied freely including the
coordinates for Cu and Ca atoms in Ca

5
Cu

6
O

12
and three

isotropic displacement parameters, one for each chemically
di!erent ion. The background was computed with the usual
polynomial function and the Pearson VII pro"le function
was used for peak "tting. The re"nement was based on
di!raction data in the range 14342h4903, containing 911
re#ections from the main Ca
5
Cu

6
O

12
phase, 48 from

Ca
2
CuO

3
, 7 from CaO, and 35 from CuO. Final pro"le and

Bragg agreement factors are given in Table 2 together with
the weight fraction and the cell parameters for each phase.
The "nal re"ned positional and isotropic displacement
parameters for Ca

5
Cu

6
O

12
are given in Table 3. Note that

the standard uncertainties for O atom coordinates are not
given because these coordinates were not re"ned during the
last cycles.

(b) Neutrons. Structure re"nement from neutron data
(S2) was carried out in the same way except that O atom



TABLE 3
Fractional Atom Coordinates, Isotropic Displacement Parameters (As 2), and Site Occupancies in the Structure of Ca5Cu6O12

S1, CuKa S2, Neutrons, 1.5944 As

Atom WP x y z B (As 2) x y z B (As 2) Occ.

Cu1 2a 0 0 0 0.86(4) 0 0 0 0.52(3)
Cu2 4g 0.0063(18) 0.0074(20) 0.1712(9) 0.86(4) !0.0031(13) 0.0073(16) 0.1698(6) 0.52(3)
Cu3 4g !0.0051(18) 0.511(4) 0.0806(9) 0.86(4) !0.0052(11) 0.5155(15) 0.0770(6) 0.52(3)
Cu4 2e 0 0.515(5) 1

4
0.86(4) 0 0.5178(22) 1

4
0.52(3)

Cu5 2d 1
2

0 0 0.86(4) 1
2

0 0 0.52(3)
Cu6 4g 0.5057(19) 0.0115(19) 0.1679(10) 0.86(4) 0.4997(12) 0.0158(16) 0.1660(6) 0.52(3)
Cu7 4g 0.4927(18) 0.507(3) 0.0796(9) 0.86(4) 0.4968(13) 0.5047(21) 0.0807(8) 0.52(3)
Cu8 2f 1

2
0.515(4) 1

4
0.86(4) 1

2
0.508(3) 1

4
0.52(3)

Ca1 4g 0.2426(20) 0.760(4) 0.4612(12) 0.73(10) 0.2447(18) 0.745(3) 0.4515(10) 0.43(6)
Ca2 4g 0.2534(22) 0.748(5) 0.0653(11) 0.73(10) 0.2467(18) 0.743(3) 0.0479(10) 0.43(6)
Ca3 4g 0.2588(21) 0.741(4) 0.8588(11) 0.73(10) 0.2593(22) 0.745(4) 0.8565(11) 0.43(6) 0.78(3)
Ca4 4g 0.2556(24) 0.746(4) 0.6383(12) 0.73(10) 0.2513(18) 0.748(3) 0.6555(9) 0.43(6)
Ca5 4g 0.2412(24) 0.748(3) 0.2492(12) 0.73(10) 0.2593(16) 0.751(3) 0.2680(8) 0.43(6)

O1 4g 0.287 !0.162 0.361 0.62(8) 0.3743(13) !0.0767(20) 0.3906(9) 0.58(3)
O2 4g 0.382 0.060 0.064 0.62(8) 0.3768(16) 0.0664(25) 0.0689(9) 0.58(3)
O3 4g 0.383 0.079 0.238 0.62(8) 0.3864(16) !0.003(3) 0.2311(10) 0.58(3) 0.89(4)
O4 4g 0.141 !0.022 0.117 0.62(8) 0.1261(14) !0.0414(21) 0.1057(9) 0.58(3)
O5 4g 0.107 0.055 0.430 0.62(8) 0.1285(14) 0.0717(24) 0.4363(9) 0.58(3)
O6 4g 0.106 !0.005 0.264 0.62(8) 0.1149(18) 0.0265(23) 0.2678(11) 0.58(3) 0.90(4)
O7 4g 0.114 0.448 0.014 0.62(8) 0.1214(15) 0.4442(24) 0.0231(9) 0.58(3)
O8 4g 0.125 0.567 0.349 0.62(8) 0.1244(16) 0.5413(25) 0.3472(10) 0.58(3)
O9 4g 0.121 0.502 0.173 0.62(8) 0.1242(15) 0.5280(21) 0.1880(9) 0.58(3) 0.93(4)
O10 4g 0.398 0.451 0.478 0.62(8) 0.3868(14) 0.4484(23) 0.4760(9) 0.58(3)
O11 4g 0.388 0.516 0.142 0.62(8) 0.3769(14) 0.5422(22) 0.1498(10) 0.58(3)
O12 4g 0.381 0.488 0.301 0.62(8) 0.3895(15) 0.4775(24) 0.3074(10) 0.58(3) 0.88(4)
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coordinates and occupancy factors for sites which had not
been found fully occupied within standard uncertainty were
also re"ned during the last cycles (102 parameters). Di!rac-
tion data in the range 22342h41603 contained 2211 re-
#ections from Ca

5
Cu

6
O

12
, 103 from Ca

2
CuO

3
, 15 from

CaO, and 81 from CuO. The background and the di!rac-
tion peaks were "tted with a polynomial function and
a pseudo-Voigt pro"le function, respectively. Re"nement
results are given in Tables 2 and 3 and selected interatomic
distances presented in Tables 4 and 5. The observed and
calculated di!raction patterns for samples S1 (X-ray) and S2
(neutrons) are shown in Fig. 4.

Both structure re"nements resulted in a rather good
agreement between observed and calculated patterns as can
be seen from Table 2 and Fig. 4. Note in particular the low
value of the residual on the observed superstructure re#ec-
tions only: R

B3!''
"5.75% (neutron data). The structure

model is therefore correct. However, although re"ned Cu
atom coordinates are very similar in both cases, small but
signi"cant di!erences are observed for Ca and O atom
positional parameters (Table 3). The discussion on the struc-
ture of Ca

5
Cu

6
O

12
(see Section 5.1) is based on neutron

data analysis only which is certainly more reliable.
4.2. Tl-Containing Samples

Tl-containing samples were "rst characterized by SEM
EDX. The Tl content in the (Ca

1~x
Tl

x
)
1~y

CuO
2

phase was
found larger in S4 than in S3 and no gold contamination
could be detected in the bulk of either sample. Attempts to
re"ne the structure of (Ca

1~x
Tl

x
)
1~y

CuO
2

in the supercell
of the Tl-free phase were unsuccessful because of the signi"-
cant angular shift of some superstructure re#ections. The
X-ray di!raction patterns of S3 and S4 are presented in
Fig. 5. The four main superstructure lines in the pattern of
S3 merge into two lines in the pattern of S4. In addition,
when S4 is heated in #owing oxygen up to 9503C ( just below
the decomposition temperature), causing a small Tl loss, the
two lines split into four (S4dta; Fig. 5). It is therefore be-
lieved that the substitution of Ca atoms by Tl atoms pro-
duces incommensurate modulations and that the
modulation vector(s) is (are) strongly dependent on the
Tl content. The parameters of the Fmmm subcell of
(Ca

1~x
Tl

x
)
1~y

CuO
2

in S2, S3, S4, and S4dta are given in
Table 6. Note that although (Ca

1~x
Tl

x
)
1~y

CuO
2

in S4 and
S4dta have di!erent modulations, the parameters of their
subcell are strictly identical.



TABLE 4
Ca+O and Cu+O Distances (As ) in the Structure of Ca5Cu6O12

from Neutron Data Rietveld Analysis

Cu1}O4 1.969(15) Cu2}O4 2.012(20)
Cu1}O4 1.969(15) Cu2}O5 1.995(19)
Cu1}O5 2.027(16) Cu2}O6 1.818(22)
Cu1}O5 2.027(16) Cu2}O6 1.810(23)
SCu1}OT 1.998(16) SCu2}OT 1.909(21)
Cu3}O7 1.897(20) Cu4}O8 1.845(17)
Cu3}O7 1.849(19) Cu4}O8 1.845(17)
Cu3}O8 2.054(21) Cu4}O9 1.917(16)
Cu3}O9 2.035(18) Cu4}O9 1.917(16)
SCu3}OT 1.959(20) SCu4}OT 1.881(17)
Cu5}O1 2.053(14) Cu6}O1 1.957(19)
Cu5}O1 2.053(14) Cu6}O2 1.859(19)
Cu5}O2 2.037(17) Cu6}O3 1.859(22)
Cu5}O2 2.037(17) Cu6}O3 1.859(21)
SCu5}OT 2.045(16) SCu6}OT 1.884(20)
Cu7}O10 1.813(21) Cu8}O11 1.880(16)
Cu7}O10 1.885(20) Cu8}O11 1.880(16)
Cu7}O11 1.980(21) Cu8}O12 1.744(17)
Cu7}O12 1.979(21) Cu8}O12 1.744(17)
SCu7}OT 1.914(21) SCu8}OT 1.812(17)

Ca1}O1 2.256(23) Ca2}O2 2.462(25)
Ca1}O2 2.438(23) Ca2}O4 2.282(24)
Ca1}O5 2.405(24) Ca2}O5 2.306(24)
Ca1}O7 2.353(24) Ca2}O7 2.308(24)
Ca1}O8 2.298(23) Ca2}O10 2.499(24)
Ca1}O10 2.402(24) Ca2}O11 2.309(24)
SCa1}OT 2.359(24) SCa2}OT 2.361(24)
Ca3}O1 2.435(27) Ca4}O2 2.533(24)
Ca3}O5 2.488(28) Ca4}O3 2.327(24)
Ca3}O6 2.365(27) Ca4}O4 2.327(22)
Ca3}O8 2.315(29) Ca4}O7 2.615(22)
Ca3}O10 2.458(25) Ca4}O9 2.383(23)
Ca3}O12 2.303(29) Ca4}O11 2.311(23)
SCa3}OT 2.393(27) SCa4}OT 2.415(23)
Ca5}O1 2.384(20)
Ca5}O3 2.277(24)
Ca5}O6 2.350(24)
Ca5}O8 2.595(24)
Ca5}O9 2.228(21)
Ca5}O12 2.230(23)
SCa5}OT 2.344(23)

TABLE 5
Ca+Ca Spacings (As ) in the Structure of Ca5Cu6O12 from

Neutron Data Rietveld Analysis

Ca1}Ca4 3.418(22) Ca2}Ca3 3.261(25)
Ca1}Ca5 3.136(22) Ca2}Ca5 3.675(22)
Ca1}Ca2 3.482(25) Ca2}Ca1 3.482(24)
Ca1}Ca2 3.617(25) Ca2}Ca1 3.617(24)
Ca1}Ca3 3.51(3) Ca2}Ca4 3.591(24)
Ca1}Ca3 3.62(3) Ca2}Ca4 3.683(24)
SCa1}CaT 3.464(25) SCa2}CaT 3.551(24)
Ca3}Ca2 3.261(25) Ca4}Ca1 3.418(22)
Ca3}Ca4 3.363(24) Ca4}Ca3 3.363(24)
Ca3}Ca1 3.51(3) Ca4}Ca2 3.591(24)
Ca3}Ca1 3.62(3) Ca4}Ca2 3.683(24)
Ca3}Ca5 3.47(3) Ca4}Ca5 3.671(22)
Ca3}Ca5 3.51(3) Ca4}Ca5 3.675(22)
SCa3}CaT 3.46(3) SCa4}CaT 3.567(23)
Ca5}Ca1 3.136(22)
Ca5}Ca2 3.675(22)
Ca5}Ca3 3.47(3)
Ca5}Ca3 3.51(3)
Ca5}Ca4 3.671(22)
Ca5}Ca4 3.675(22)
SCa5}CaT 3.523(25)

4
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5. DISCUSSION

Comparison between calculated (Table 1, set 1a) and
re"ned atom coordinates (Table 3) for Ca

5
Cu

6
O

12
indicates

that the displacements of Cu atoms with respect to their
positions derived from the Fmmm substructure are extreme-
ly small. They do not contribute to the formation of the
superstructure. However, the displacements of Ca atoms,
mainly along [001], and of O atoms along [010] are larger
by far and may be understood in terms of a relaxation
toward a more regular octahedral environment for Ca
atoms. An even distribution of these atoms in the channels
would result in a four-fold coordination for Ca5, the four
surrounding O atoms forming a distorted tetrahedron (Fig.
6a). This is of course not suitable. For this reason, Ca5 is
moved by roughly 0.30 As as indicated by the arrow in Fig.
6a and now has six neighboring O atoms. The displace-
ments of the other Ca atoms, although less pronounced, are
caused by the same requirement and also by Ca2`}Ca2`

repulsion. The acceptable, nearly six-fold coordination for
Ca atoms is also achieved by the displacements of the
O atoms along [010]. Let us consider for example the case
of Ca1 (Fig. 6a). In the absence of O atom displacements, it
would have two neighboring O atoms, O5 and O10, at
a short distance and four others, O1, O2, O7, and O8, at
a longer distance. O atoms are therefore moved in such
a way that O1, O2, O7, and O8 come closer to Ca5 whereas
O5 and O10 are rejected farther away, resulting in similar
Ca1}O distances (Table 4). The same remark holds for other
Ca atoms so that the range of Ca}O distances is restrained
to 2.23}2.62 As . Moreover the mean Ca}O distances lie
between 2.34 and 2.42 As which is consistent with the values
for the Ca2` (VI) and O2` (IV) ionic radii, 1.00 and 1.38 As ,
respectively (22). The displacements of Ca and O atoms with
respect to their positions in the starting model result in
a distorted octahedral coordination for all Ca atoms. Since
the O atoms are mainly displaced along [010], the Cu}O
distances are a!ected to the second order only. They
remain within the expected range and vary from 1.74 to
2.05 As (Table 4). For the same reason, the linear chains of
edge-shared CuO squares are twisted. Figure 6b shows



FIG. 4. Observed (#signs), calculated (solid line), and di!erence (bottom) di!raction patterns for samples S1 (X-ray, top) and S2 (neutrons, bottom)
in 2h. Vertical bars indicate the peak positions of (1) Ca

5
Cu

6
O

12
, (2) Ca

2
CuO

3
, (3) CaO, and (4) CuO.
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FIG. 5. X-ray di!raction patterns (CoKa) of S3, S4, and S4dta. The
closed circles denote superstructure re#ections from (Ca

1~x
Tl

x
)
1~y

CuO
2
,

the squares and the crosses the re#ections from the Al sample holder and
the impurity phases, respectively. 2h angular range, 30}703; logarithmic
representation.
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a projection of the oxygen sublattice along [100]. The
amplitude of the quasi sinusoidal displacements of the
O atoms is roughly 0.5 As .

The reason the stoichiometry is Ca
5
Cu

6
O

12
, or rather

Ca
4.78

Cu
6
O

11.60
taking into account site occupancies, and
TABLE 6
Parameters of the Orthorhombic Subcell of Ca5Cu6O12 and

Tl-Containing Phases

a (As ) b (As ) c (As )

S2 2.8058(1) 6.3169(2) 10.5758(4)
S3 2.816(1) 6.267(2) 10.618(3)
S4 2.831(3) 6.273(7) 10.67(1)
S4dta 2.832(2) 6.277(6) 10.675(8)
not CaCuO
2

is easily understood. Adding a sixth Ca site in
the channels would result in very short Ca}O and Ca}Ca
distances. In contrast, the re"nement results show that the
Ca}O distances are within the expected range and that the
Ca}Ca spacings (Table 5) compare well with the Ca}Ca
separations found in Ca

2
CuO

3
(23) or CaCu

2
O

3
(24). The

Ca}Ca repulsion is therefore minimized. CaCuO
2

phases
indeed exist but they are prepared at high pressure only and
have completely di!erent structures (25, 26). Surprisingly,
Sr

4.38
Cu

6
O

12
(or Sr

0.73
CuO

2
), with a structure similar to

that of Ca
5
Cu

6
O

12
, is also prepared at high pressure (27).

The particular value of the Ca:Cu ratio in the title com-
pound has another consequence: six O atoms have "ve
neighboring cations while the six others have only four. As
can be seen from Table 3, the Ca3, O3, O6, O9, and O12
sites were found partly occupied which yields a re"ned
stoichiometry of Ca

4.78
Cu

6
O

11.60
(or Ca

0.80
CuO

1.93
) and

an average copper valence of 2.28`. The partial occupancy
of the Ca3 site may be explained by the relatively short
distances to the Ca2 and Ca4 sites. Similarly,the mean
distances between the O3, O6, O9, and O12 sites and their
neighboring cation sites ranges from 2.06 to 2.14 As while it
is larger than 2.22 As for the other O sites. This may be the
cause of the observed de"ciency. The oxygen content has
been studied by Mathews et al. (28) from the weight change
under H

2
reduction and emf measurements as a function of

oxygen partial pressure. Both methods led to the same result
at 1073 K, 11.58(6), in good agreement with our re"ned
value.

Bond valence sums have been computed for Cu and Ca
atoms and are reported in Table 7. The resulting values for
Cu atoms should be considered with caution since (i) the
stoichiometry of the phase implies noninteger values for the
average and, most probably, for some individual valences
and (ii) the bond strength parameters for Cu`}O2~ and
Cu3`}O2~ bonds have not been determined as precisely as
the parameters for the Cu2`}O2~ bond (29). Nevertheless
some tendencies clearly appear. In particular, the valences
for Cu5 and Cu8 are de"nitely close to #1 and #3,
respectively. These results could give additional clues for the
understanding of the low-temperature magnetic properties
of the phase which have been interpreted in terms of the
presence of Cu3` ions (14) or Zhang}Rice singlets (30). Note
eventually that the average bond sum for Ca is very close to
2.00.

The substitution of Tl for Ca results in an increased
thermal stability. Di!erential thermal analysis and ther-
mogravimetry experiments carried out in #owing oxygen up
to 10003C on sample S4 showed that the decomposition
occurs at 9703C (31). It is accompanied by a complete TlO

z
release and the resulting powder contains only Ca

2
CuO

3
and CaCu

2
O

3
after rapid cooling which is consistent with

the phase equilibrium diagram of the pseudobinary system
CaO}CuO (2, 32). An increased thermal stability was also



FIG. 6. (a) Schematic drawing of the structure of Ca
5
Cu

6
O

12
. Arrows indicate the displacements of atoms with respect to their position in the

calculated structure (set 1a). The symbols for atoms are the same as in Fig. 2. (b) Projections of the oxygen atom sublattice along [100] showing the quasi
sinusoidal displacements of O atoms.

0 0 . 0 . 0
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observed for (Ca
1~x

M
x
)
1~y

CuO
2

with M"Y, Nd, and Gd
and attributed to a lower oxidation state of copper due to
the heterovalent substitution (12). From a structural point
of view, the e!ect of Tl doping appears to be qualitatively
similar to that of Nd doping. In the Nd system also, the four
main superstructure re#ections move signi"cantly when the
ratio Ca:Nd is changed and "nally merge into two re#ec-
tions at the solubility limit of composition Ca

1.25
Nd

2.50
Cu

5
O

10
(10003C in air) (12). It is therefore expected that the

modulation vectors vary continuously with the Tl content.
6. SUMMARY

The crystal structure of Ca
4.78

Cu
6
O

11.60
(space group

P2/c, a"10.9456(4) As , b"6.3192(2) As , c"16.8408(5) As ,
and b"104.952(2)3) has been solved and re"ned using
X-ray and neutron powder di!raction. It is deduced from
the previously reported orthorhombic substructure (space
group Fmmm, a"2.807(1) As , b"6.351(2) As , and c"
10.597(3) As ) (3) by applying the transformation a

.
"

c !a , b "!b , and c "6a . The phase stoichiometry



TABLE 7
Bond Valence Sums for Cu and Ca Atoms in the Structure of

Ca5Cu6O12 (+ exp(R02R)/B0) with B0 50.37)

&
1

&
2

&
3

&
S

&@
2

R
0

(As ) 1.610 1.679 1.739 1.967
Cu1 1.41(3) 1.70(4) &

12
"1.58(5) Ca1 2.11(6)

Cu2 2.09(6) &
2
"2.09(6) Ca2 2.12(6)

Cu3 1.91(5) &
2
"1.91(5) Ca3 1.85(6)

Cu4 2.26(5) 2.65(6) &
23
"2.43(9) Ca4 1.86(6)

Cu5 1.24(3) 1.49(3) &
12
"1.32(4) Ca5 2.17(6)

Cu6 2.18(6) 2.57(7) &
23
"2.30(9)

Cu7 2.11(6) 2.48(7) &
23
"2.18(9)

Cu8 2.64(6) 3.11(7) &
3
"3.11(7)

SCuT S+T"2.12(7) SCaT S+T"2.02(6)

Note. &
1
, &

2
, and &

3
are de"ned to be respectively the copper valences

assuming Cu`}, Cu2`}, and Cu3`}O2~ bond strength parameters. &
12

(&
23

),
given by the equation (&

12
!&

1
)/(&

2
!&

1
)"&

12
!1((&

23
!&

2
)/

(&
3
!&

2
)"&

23
!2), represent an internally consistent measure of the

copper valence when it is between 1 and 2 (2 and 3). These equations were
used when the calculated and the assumed integer valences di!ered by
more than 5%. &@

2
is the calcium valence.
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which gives rise to the six-fold superstructure and the dis-
placements of atoms with repsect to their positions in the
subcell are due to the minimization of Ca}Ca repulsion and
to a relaxation toward a more regular octahedral coordina-
tion for Ca atoms. Tl doping leads to an increased thermal
stability and incommensurate structures with modulation
vectors depending strongly on the Tl content. Additional
work on the structure of (Ca

1~x
Tl

x
)
1~y

CuO
2

and on phase
equilibria in the CaO}Tl

2
O

3
}CuO pseudoternary system is

presently under way in our laboratory.
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