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Abstract

The subsolidus phase relations of R2O3–CaO–CuO ternary systems (R=Nd, Sm, Gd, Tm) have been investigated by X-ray

powder diffraction. All samples were synthesized at about 9501 in air. There exists a ternary compound Ca14�xRxCu24O41 (x= 4 for

R=Nd, Gd and x= 5 for R= Sm) and a ternary solid solution Ca2+xR2�xCu5O10 (R=Nd, Sm, Gd, Tm) with a wide composition

range Dx of about 0.6. The compound Ca14�xRxCu24O41 possesses a layered orthorhombic structure and is isostructural to

Sr14�xCaxCu24O41. The lattice parameters a and c of the compound are basically independent of the ionic radius of R, while the

lattice parameter b and unit-cell volume V decrease substantially with the decrease of the ionic radii of R. The Ca2+xR2�xCu5O10
solid solution is isostructural to Ca2+xY2�xCu5O10, the structure of which is based on an orthorhombic ‘‘NaCuO2-type’’ subcell

containing infinite one-dimensional chains of edge-shared square planar cuprate groups crosslinked by the layered cations Ca and R

that locate in the inter-chain tunnels.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

After discovering high TC oxide superconductors
La2�xBaxCuO4 [1] and YBa2Cu3O7�d [2,3], the phase
relations of a series of R–Ba–Cu–O (R=rare earth
elements) systems have been extensively investigated to
improve the superconducting properties and search for
new superconductors, such as Y2O3–BaO–CuO system
[4–7], La2O3–BaO–CuO system [8,9], Pr6O11–BaO–CuO
system [10,11], Nd2O3–BaO–CuO system [11,12],
Sm2O3–BaO–CuO system [13,14], Eu2O3–BaO–CuO
system [15,16], Gd2O3–BaO–CuO system [17,18],
Ho2O3–BaO–CuO system [19,20], Dy2O3–BaO–CuO
system [19], Er2O3–BaO–CuO system [21], Tm2O3–
BaO–CuO system [22] and Yb2O3–BaO–CuO system
[23]. Meanwhile, similar investigations have been

extended to some R–Sr–Cu–O systems, e.g. Y2O3–
SrO–CuO system [24,25], La2O3–SrO–CuO system
[26], Nd2O3–SrO–CuO system [27,28], Sm2O3–SrO–
CuO system [29], Eu2O3–SrO–CuO system [30],
Gd2O3–SrO–CuO system [31], Ho2O3–SrO–CuO system
[32] and Tm2O3–SrO–CuO system [33]. However, only a
few investigations have been performed on the phase
relations of R2O3–CaO–CuO systems. It is known that
a partial substitution of Ca for Pr in PrBa2Cu3O7
compound has a notable influence on superconducting
properties of the material. Pr1�xCaxBa2Cu3O7�d synthe-
sized under high pressure is a superconductor with
TC=115K [34]. This suggests that the Ca ions may play
an important role in the high-temperature superconduc-
tivity of the oxide. In order to investigate the Ca2+

substituting effects and explore possible new
functional materials, in this paper we study the phase
relations and crystal structures of R2O3–CaO–CuO
(R=Nd, Sm, Gd, Tm) systems by means of X–ray
powder diffraction.
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2. Experimental

2.1. Preparation of samples

All samples were prepared by solid-state chemical
reaction in air. The purity of starting materials Nd2O3,
Sm2O3, Gd2O3, Tm2O3, CuO and CaCO3 is higher than
99.9%. Raw powders with proper compositions were
weighed, thoroughly mixed and ground in an agate
mortar, and then presintered in air at 8501C for about
12 h. The presintered raw powders after regrinding
and remixing were pressed into disks with diameters of
10–12mm and thicknesses of 1–2mm. The disks were
sintered again at about 9501C for 48 h in air, and then
cooled in the furnace to room temperature. The above
process was repeated several times, until the homo-
geneity of samples was reached based on X-ray
diffraction (XRD) phase identification. Care was taken
for the samples rich in CaO since they were unstable and
tended to form the basic calcium carbonate after
absorbing carbon dioxide and water from air. After
preparation, the samples must be kept in a desiccator
before being used for the X-ray diffraction experiments.
Thirty-eight samples for Nd2O3–CaO–CuO system, 57
samples for Sm2O3–CaO–CuO system, 45 samples for
Gd2O3–CaO–CuO system and 46 samples for Tm2O3–
CaO–CuO system were prepared, and their composi-
tions are shown in Figs. 1–4, respectively.

2.2. X-ray powder diffraction analysis

XRD data were collected by a Rigaku Rint-2500
X-ray diffractometer with a power of 200mA� 40 kV,
CuKa radiation and a graphite monochromator
for diffracted beam. The XRD data for structure

analysis and accurate lattice parameter determination
were collected in a step scan mode with a scanning step
of 2y=0.021and a sampling time of 2 s. Pure Si powder
was added to the specimens as an internal standard. The
data for phase identification were recorded in a
continuous scan mode with a rate of 41/min in 2y.

3. Results and discussion

3.1. Relevant pseudo-binary system

3.1.1. CaO–CuO system

It was reported that there exist two compounds at
room temperature in the CaO–CuO system [35]:
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Fig. 1. The subsolidus phase relations of the NdO1.5–CaO–CuO

ternary system sintered at 9501 in air.
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Fig. 2. The subsolidus phase relations of the SmO1.5–CaO–CuO

ternary system sintered at 9501 in air.
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Fig. 3. The subsolidus phase relations of the GdO1.5–CaO–CuO

ternary system sintered at 9501 in air.
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CaCu2O3 and Ca2CuO3. CaCu2O3 belongs to an
orthorhombic system with space group Pmmm. Its
lattice parameters are a=9.85 Å, b=4.11 Å and
c=3.47 Å. Ca2CuO3 possesses an orthorhombic unit
cell with space group Immm. Its lattice parameters are
a=12.239 Å, b=3.779 Å and c=3.259 Å. The com-
pound CaCuO2�d, in which the content of oxygen
varies, could be synthesized under high pressure [36].
Under our experimental conditions, only one compound
Ca2CuO3 was identified, the crystal structure of
which is confirmed to be the same as reported in
Ref. [35].

3.1.2. R2O3–CaO (R=Nd, Sm, Gd, Tm) systems

In our present investigation, no other binary com-
pound was detected in R2O3–CaO (R=Nd, Sm, Gd,
Tm) systems, though compounds Gd4CaO7 and
Tm6Ca2O11 with a monoclinic lattice were reported in
Refs. [37, 38].

3.1.3. R2O3–CuO (R=Nd, Sm, Gd, Tm) systems

Only one compound R2CuO4 was observed in each
R2O3–CuO (R=Nd, Sm, Gd) pseudo-binary system
under our synthesis conditions. The compound R2CuO4
(R=Nd, Sm, Gd) has a tetragonal structure with
K2NiF4-type structure (space group I4/mmm). The
lattice parameters a, c and unit cell volume, V,
decrease with the increase in the atomic number of
rare earth (decreasing of ionic radius). The lattice
parameters are a=3.945 Å, c=12.171 Å, V=189.42 Å3

for Nd2CuO4, a=3.915 Å, c=11.972 Å, V=183.50 Å3

for Sm2CuO4, and a=3.894 Å, c=11.881 Å,
V=180.15 Å3 for Gd2CuO4. The derived lattice para-
meters are consistent with the reported values in

Refs. [39, 40]. The compounds NdCuO2 and SmCuO2,
which were synthesized under reducing atmosphere and
belong to a trigonal system, had been reported in
Ref. [41]. In addition, NdCu2O4 [42], SmCu2O4 [43],
GdCu2O4 [43] and Nd2Cu2O5 [44] with a monoclinic
structure were also reported.
In the Tm2O3–CuO system, there exists one com-

pound Tm2Cu2O5, which belongs to an orthorhombic
system with space group Pna21. The lattice parameters
are a=10.74 Å, b=3.46 Å and c=12.38 Å. The result
obtained agrees with that of Ref. [45].

3.2. Subsolidus phase relations of R2O3–CaO–CuO

(R=Nd, Sm, Gd, Tm) systems

The phase identification of samples was carried out
by X-ray powder diffraction. The solid solution
range was determined on the basis of the variations of
lattice constants with composition. Because in these
systems there does not exist any polymorphism phase
transition of the ternary compounds, Figs. 1–4 represent
the phase relations at 9501C as well as at room
temperature.
The subsolidus phase relations of the NdO1.5–CaO–

CuO and Sm1.5–CaO–CuO systems are shown in Fig. 1
and 2, respectively. In both systems, there exist two
binary compounds (Ca2CuO3 and R2CuO4), one ternary
compound Ca14�xRxCu24O41 (x = 4 for R=Nd, x = 5
for R = Sm) and one ternary solid solution Ca2+xR2�x

Cu5O10 (x=�0.2B0.4 for R=Nd and x=�0.15–0.5 for
R = Sm).
Fig. 3 shows the subsolidus phase relations of the

GdO1.5–CaO–CuO ternary system. Two differences
from the phase relations of the RO1.5–CaO–CuO
(R=Nd, Sm) systems are observed. One is that the
phase boundary between CaO and R2CuO4 disappears,
whereas a new phase boundary between Ca2R2Cu5O10
and GdO1.5 is present. The other is the two-phase region
Ca2+xR2�xCu5O10 + Ca14�xRxCu24O41 reduces to a
tie-line, and a two-phase region Ca2+xR2�xCu5O10 +
CuO becomes apparent. These phenomena may well be
related to an increased stability of the compound
Ca2R2Cu5O10 with an increase in the atomic number
of rare earth (i.e., decreasing the ionic radius of rare
earth).
The subsolidus phase relations of the TmO1.5–CaO–

CuO ternary system are shown in Fig. 4. In this system
there exists only one ternary compound Ca2+xR2�x

Cu5O10 with some solid solubility. The ternary com-
pound with the Ca14�xRxCu24O41 type structure, which
was observed for R= Nd, Sm, and Gd, could not be
synthesized in this system.
In most of the R2O3–CaO–CuO systems, there exist

two ternary compounds: Ca14�xRxCu24O41 and
Ca2+xR2�xCu5O10. However, in the La2O3–CaO–CuO
system [46] only Ca2LaCu5O8.5, the structure of which is
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Fig. 4. The subsolidus phase relations of the TmO1.5–CaO–CuO

ternary system sintered at 9501 in air.
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closely related to that of Ca14�xRxCu24O41, and another
ternary compound CaLa2Cu2O6, were observed, while
in the Tm2O3–CaO–CuO system only one ternary
compound Ca2+xR2�xCu5O10 was synthesized. Based
on the phase relations show in Figs. 1–4, we can see that
the stability of Ca14�xRxCu24O41 increases with increas-
ing the ionic radius of rare earth, whereas the stability of
Ca2+xR2�xCu5O10 increases with decreasing the ionic
radius of rare earth.
The chemical properties of the alkaline earth oxide

CaO, SrO and BaO are similar to each other, and all of
them have the NaCl-type structure. But the difference
in ionic radius among alkaline earth ions is salient. The
ternary compounds existing in R2O3–BaO–CuO, R2O3–
SrO–CuO and R2O3–CaO–CuO systems are obviously
different. In the R2O3–BaO–CuO system, the main
ternary compounds are Ba2RCu3O7�d, BaR2CuO5,
etc.; in the R2O3–SrO–CuO system, the main ternary
compounds are Sr2RCu2O5.5, Sr3RCu2O6.5 and
Sr14�xRxCu24O41 solid solution; but in R2O3–CaO–
CuO systems, the main ternary compounds are
Ca14�xRxCu24O41, Ca2+xR2�xCu5O10, etc. Based on
the phase relations of the R2O3–MO–CuO (M=Ba, Sr,
Ca) systems, it is apparent that the ionic radius of
alkaline earth metals plays an important role in forming
rare earth ternary compounds.

3.3. Crystal structure of ternary compounds

3.3.1. Crystal structure of Ca14�xRxCu24O41

(x = 4 for R=Pr, Nd, Gd and x = 5 for R = Sm)

Ca10Pr4Cu24O41, Ca10Nd4Cu24O41, Ca9Sm5Cu24O41
and Ca10Gd4Cu24O41 are isostructural to Sr14�xCax

Cu24O41. They are ternary compounds since there
does not exist any corresponding binary compounds
Ca14Cu24O41 and R14Cu24O41.
The crystal structure of the ternary compound

Ca14�xRxCu24O41 (R=Pr, Nd, Sm, Gd) belongs to the
orthorhombic system with space group Cccm. The
chemical formula unit per unit cell is 4, that is, a unit
cell contains 40Ca+16R+96Cu+164O. The lattice
parameters are a=11.282(2) Å, b=12.449(3) Å,
c=27.486(10) Å, V=3860.40 Å3 for Ca10Pr4Cu24O41
[47]; a=11.291(4) Å, b=12.403(6) Å, c=27.496(10) Å,
V=3850.46 Å3 for Ca10Nd4Cu24O41; a=11.296(5) Å,
b=12.259(3) Å, c=27.545(7) Å, V=3814.37 Å3 for
Ca9Sm5Cu24O41; a=11.280(4) Å, b=12.305(5) Å,
c=27.515(10) Å, V=3819.09 Å3 for Ca10Gd4Cu24O41.
Lattice parameters a and c of Ca10R4Cu24O41 vary
slightly with the ionic radius of R, while lattice
parameter b and unit cell volume V decrease substan-
tially with decrease in the ionic radius of R. The
relationship between the unit cell volume and ionic
radius of R is shown in Fig. 5. The unit cell volume of
Ca9Sm5Cu24O41 is smaller than expected, which may be
due to the fact that the content of rare earth ion with
smaller ionic radius is higher than that in other
isostructural compound Ca10R4Cu24O41.
The crystal structure of Sr14�xCaxCu24O41 was

determined on a single crystal [48]. The structure, which
was described by a commensurate cell, consists of three
different unit layers as shown in Fig. 6: (a) There are:
a [CuO4/2 (chains)] layer containing 20Cu+40O, (b)
a [Sr14�xCax] layer containing 14Sr/Ca and (c) a
[CuO3/3O1/2 (sheet)] layer containing 28Cu+42O. The
dimensions a and c of the three unit layers are the same.

ARTICLE IN PRESS

0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00
3800

3810

3820

3830

3840

3850

3860

3870

d c

b

a

V
 (

Å
3 )

r(Å)
Fig. 5. Variation of the unit cell volumes of Ca10R4Cu24O41 with R-ionic radius Note: (a) Ca10Pr4Cu24O41, (b) Ca10Nd4Cu24O41, (c) Ca9Sm5Cu24O41,

and (d) Ca10Gd4Cu24O41.

C.Q. Han et al. / Journal of Solid State Chemistry 173 (2003) 164–171 167



The unit cell arrangement, in order, is (a) (b) (c) (b) (a)
(b) (c) (b) along the b-axis, and a unit cell contains 56 Sr/
Ca+96Cu+164O or 56Ca/R+96Cu+164O. For Ca10
R4Cu24O41 compounds we can see from Fig. 6 that the
rare earth R and calcium ions occupy exclusively the (b)
layer above and below the layers (a) and (c), so the size
of the rare earth ions has a predominant effect on lattice
parameter b, whereas the parameters a and c basically
remain constant.

3.3.2. Crystal structure and solid solution of

Ca2+xR2�xCu5O10 (R=Nd, Sm, Gd, Tm)

The crystal structure of Ca2+xR2�xCu5O10 (R=Nd,
Sm, Gd, Tm) is an incommensurate one based
on the orthorhombic NaCuO2 type subcell. Davies
[49] described the structure of Ca2R2Cu5O10 (R=Y,

Nd, Gd) in detail, and deduced the relationship between
the incommensurate orthorhombic subcell and
commensurate superstructure with an orthorhombic
or a monoclinic system. We determined the
crystal structure of the Ca2Pr2Cu5O10 on the basis
of a monoclinic commensurate superstructure [47].
The structure of Ca2+xR2�xCu5O10 consists of
infinite one-dimensional chains of edge-shared square
planar cuprate groups crosslinked by the layered
cations Ca and R, which occupy the sites in the inter-
chain tunnels.
The solid solutions of Ca2+xR2�xCu5O10 (R=Nd,

Sm, Gd, Tm) were formed over a wide composition
range. The lattice parameters a, b, c and unit cell volume
V of Ca2+xR2�xCu5O10 subcell vary with the composi-
tion (x) as shown in Table 1. The homogeneous range of
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Fig. 6. Units of the layer structure of Ca10R4Cu24O41 crystal structure stacking along the b-axis: (a) the infinite CuO4/2 chains propagating along the

c-axis, (b) the [14 Ca/R] layer residing between (a) and (c) layers, (c) the [CuO3/3O1/2 ] sheet along the c-axis triple bridging oxygen, along a axis

double bridging oxygen; J—oxygen, �—copper, —calcium/rare earth.

Table 1

The subcell lattice parameters a, b, c and V of Ca2+xR2�xCu5O10 compounds

x �0.4 �0.2 0 0.2 0.4 0.6 0.8 1.0

a Nd 2.8171(3) 2.8172(3) 2.8218(3) 2.8249(3) 2.8270(3) 2.8269(3)

(Å) Sm 2.8144(3) 2.8144(5) 2.8182(6) 2.8221(8) 2.8258(7) 2.8296(5) 2.8296(5)

Gd 2.8170(5) 2.8169(5) 2.8198(4) 2.8250(4) 2.8296(5) 2.8330(4) 2.8330(5)

Tm 2.8242(5) 2.8241(5) 2.8306(5) 2.8314(5) 2.8337(5) 2.8337(5)

b Nd 6.3577(8) 6.3578(8) 6.3537(9) 6.3511(9) 6.3478(9) 6.3477(9)

(Å) Sm 6.3060(15) 6.3060(10) 6.3065(10) 6.3070(10) 6.3072(10) 6.3075(10) 6.3075(12)

Gd 6.2430(10) 6.2430(15) 6.2532(12) 6.2553(15) 6.2682(13) 6.2810(11) 6.2805(15)

Tm 6.1612(10) 6.1611(10) 6.1752(10) 6.1970(12) 6.2122(12) 6.2121(10)

c Nd 10.704(2) 10.703(2) 10.686(2) 10.673(2) 10.659(2) 10.661(2)

(Å) Sm 10.667(2) 10.667(2) 10.657(2) 10.648(2) 10.638(2) 10.627(2) 10.627(2)

Gd 10.644(3) 10.644(4) 10.630(4) 10.624(5) 10.616(3) 10.606(2) 10.607(3)

Tm 10.575(2) 10.575(3) 10.568(3) 10.562(2) 10.552(3) 10.553(3)

V Nd 191.71 191.70 191.59 191.48 191.24 191.30

(Å3) Sm 189.31 189.31 189.41 189.52 189.60 189.67 189.67

Gd 187.19 187.17 187.43 187.73 188.28 188.72 188.71

Tm 184.01 184.00 184.71 185.33 185.75 185.75
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the Ca2+xR2�xCu5O10 solid solution was determined
according to the relationship of lattice parameters with
composition. In a single-phase region, the variation of
lattice parameters with the composition is linear,
whereas in the multiphase region the lattice parameters
remain constant. The variation of subcell volume with
the content of rare earth ion x is shown in Fig. 7, from
which we can derive the homogeneous range of the
Ca2+xR2�xCu5O10 (R=Nd, Sm, Gd, Tm) solid solu-

tions as follows:

Ca2þxNd2�xCu5O10; x ¼ �0:220:4;
Ca2þxSm2�xCu5O10; x ¼ �0:1520:5;
Ca2þxGd2�xCu5O10; x ¼ �0:120:4;
Ca2þxTm2�xCu5O10; x ¼ 0:220:74;

The homogeneous range of Ca2+xR2�xCu5O10 solid
solutions, Dx, is roughly all about 0.6 for different rare
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earth ions, but the solid solution region shifts to the
calcium-ion-rich side with the decrease in the ionic radius
of the rare earth. Assuming that Ca2+xR2�xCu5O10
compounds are electrically neutral and all ions possess
their normal valence, compounds Ca2R2Cu5O10 are
stoichiometric, those with x40 are oxygen-deficient
compounds Ca2+xR2�xCu5O10�d, and those with xo0
are calcium-deficient compounds Ca2+x�dR2�xCu5O10.
From Fig. 7 we can see that the subcell volume in the

homogeneous solid solution region of Ca2+xR2�x

Cu5O10 decreases with the increase of the rare earth
content for R=Nd, and with the decrease of the rare
earth content for R=Sm, Gd, Tm. It shows that
the effective radius of Ca, the practical radius of ions
in the structure, is slightly larger than that of Sm and
smaller than that of Nd. This result is in agreement with
that of Ref. [49]. However, with the stoichiometric
formula Ca2R2Cu5O10, (i.e. x = 0) we did not observe
a turning point of subcell volume, although it was
observed in Ref. [49].
Table 1 shows that the effect of rare earth ions on

lattice parameter a, b, c of Ca2+xR2�xCu5O10 solid
solution is anisotropic. For Ca2+xNd2�xCu5O10 solid
solution, as the Nd content x increases, the lattice
parameters a and c increase, but the lattice parameter b

and subcell volume V decrease. For Ca2+xR2�xCu5O10
(R=Sm, Gd, Tm) solid solution, as the R content x

increases, the lattice parameters a, b and subcell volume
V increase, but the lattice parameter c decreases. The
variation of the subcell volume with the ionic radius rR
of the rare earth at x=0.4, which sits in the single phase
region for all rare earth ions, is shown in Fig. 8. The
change of the subcell volume with the ionic radius
of the rare earth exhibits a linear relationship, indicating
the size of the rare earth ions plays an important role.
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