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Abstract

Superconductivity characteristics have been systematically evaluated for a two-CuO2-plane copper oxide system, (Cu,Mo)-12s2, upon

increasing the number of fluorite-structured layers, s, between the two CuO2 planes. Essentially single-phase samples of

(Cu0.75Mo0.25)Sr2YCu2O7+d (s ¼ 1), (Cu0.75Mo0.25)Sr2(Ce0.45Y0.55)2Cu2O9+d (s ¼ 2) and (Cu0.75Mo0.25)Sr2(Ce0.67Y0.33)3Cu2O11+d

(s ¼ 3) were synthesized through a conventional solid-state route in air. To make the samples superconductive an additional high-

pressure oxygenation (HPO) treatment was required. Such treatment (carried out at 5GPa and 500 1C in the presence of 75mol% Ag2O2

as an oxygen source to maximize the Tc) compressed the crystal lattice for the three members of the (Cu0.75Mo0.25)-12s2 series equally,

i.e., by 0.01 Å for the a parameter and by 0.07 Å for the c parameter per formula unit. From both Cu L-edge and O K-edge XANES

spectra the s ¼ 1 sample was found to possess the highest overall hole-doping level among the HPO samples. Accordingly it exhibited the

best superconductivity characteristics. With increasing s, both the Tc (s ¼ 1: 88K, s ¼ 2: 61K, s ¼ 3: 53K) and Hirr values got depressed,

being well explained by the trend of decreasing CuO2-plane hole concentration with increasing s as revealed from O K-edge XANES

spectra for the same samples. Hence, the present results do not suggest any significant (negative) impact on the superconductivity

characteristics from the gradually thickened fluorite-structured block itself.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The crystal structure of a high-Tc superconductive
copper oxide is composed of an ordered stack of super-
conductive CuO2 plane(s) and nonsuperconductive layers
of various types. The nonsuperconductive layers not only
provide the (proper) spacing between the CuO2 planes but
also control the hole-doping level of the planes. Here an
interesting group of phases is recognized, having two
distinct blocks of piled nonsuperconductive layers. One of
the blocks is the conventional ‘‘blocking block’’ of rock-
e front matter r 2005 Elsevier Inc. All rights reserved.
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salt (RS) and/or perovskite (P) structured layers, i.e.
[AO]RS-[(MO17d/m)m]P/RS-[AO]RS where A ¼ Ba, Sr, etc.
and M ¼ Cu, Bi, Pb, Tl, Hg, etc. This block is glued
through the AO layer to a CuO2 plane by sharing the apical
oxygen atom of the CuO5 pyramid that constitutes the
CuO2 plane. The other layer-piling block of (Ce,R)-
[O2-(Ce,R)]s�1 (R ¼ rare earth element) in which the valence
states of CeIV and RIII are assumed is of the fluorite (F)
structure, being inserted between the basal CuO2 planes of
the pyramids. The phase that contains both the two types of
blocking block repeats the layer sequence of [AO]RS-
[(MO17d/m)m]P/RS-[AO]RS-[CuO2]P-[(Ce,R)-{O2-(Ce,R)}s�1]F-
[CuO2]P and accordingly obeys a general formula of
MmA2(Ce,R)sCu2Om+4+2s7d expressed as M-m(A)2s2 in
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short [1]. Such phases with F-structured layers are classified
as ‘‘Category-B’’ phases, whereas the more common
phases with a single nonsuperconductive block only and
a general formula of MmA2(Ca,R)n�1CunOm+2+2n7d

[M-m(A)(n�1)n] belong to ‘‘Category-A’’ [2].
For Category-A phases, a widely adopted practice

[1,3–6] has been to discuss both the chemical (oxygen
content, hole doping, etc.) and superconductivity (Tc and
Hirr) characteristics in terms of the number of consecutively
stacked CuO2 planes within one ‘‘homologous series’’, i.e.,
a group of phases for which the [AO]RS-[(MO17d/m)m]P/RS-
[AO]RS block is common but the number, n, of the CuO2

planes in the superconductive [CuO2-{(Ca,R)-CuO2}n�1]P
block varies [7]. For instance, it has been empirically well
established that for each homologous series of Category-A,
the highest Tc achieved is due to the n ¼ 3 member [1].
Here an interesting question arises, concerning possible
systematics among the Category-B phases. Note that for an
M-m(A)2s2 (M, m and A are fixed) homologous series of
Category-B, the members differ from each other in terms of
the number of the F-structured cation layers, i.e., s [1,8].
Despite the potential interest, systematic studies on
Category-B phases have been rather rare, one of the most
apparent reasons being the fact that superconductivity—
for a long time—could not be induced into phases with
sX3 [9–12].
Recently we synthesized a three-fluorite-layer phase of

(Cu,Mo)-1(Sr)232 with the composition of (Cu0.75Mo0.25)
Sr2(Ce0.67Y0.33)3Cu2O11+d [13]. Samples synthesized in air
did not superconduct, but superconductivity was success-
fully induced in the as-synthesized samples by means of
high-pressure oxygenation. Here we recognize that together
with the two earlier established phases, (Cu,Mo)-1(Sr)212
and (Cu,Mo)-1(Sr)222 [14], this s ¼ 3 phase forms a
homologous series of (Cu,Mo)-1(Sr)2s2 of Category-B.
With the parameter s increasing from 1 to 3 the members
of the (Cu,Mo)-1(Sr)2s2 series have adjacent two CuO2

planes separated from each other by a single Y-cation layer
for s ¼ 1, a ‘‘double-fluorite-layer’’ block of (Ce,Y)-O2-
(Ce,Y) for s ¼ 2, and a ‘‘triple-fluorite-layer’’ block of
(Ce,Y)-O2-(Ce,Y)-O2-(Ce,Y) for s ¼ 3; for the schematic
crystal structures, see Fig. 1. In the present contribution,
we present our systematic characterization results for these
Fig. 1. Schematic presentation of the crystal structures of the first three

members of the homologous series, (Cu,Mo)-1(Sr)2s2.
three phases in terms of both the doping state of the phase
and the superconductivity parameters, Tc and Hirr.

2. Experimental

Polycrystalline samples of (Cu0.75Mo0.25)Sr2YCu2O7+d

(s ¼ 1), (Cu0.75Mo0.25)Sr2(Ce0.45Y0.55)2Cu2O9+d (s ¼ 2)
and (Cu0.75Mo0.25)Sr2(Ce0.67Y0.33)3Cu2O11+d (s ¼ 3) were
synthesized through a solid-state reaction route from
appropriate mixtures of high-purity powders of CuO,
MoO3, SrCO3, CeO2, and Y2O3. The mixed powders were
calcined at 950 1C and sintered at 1020 1C in air with
several intermediate grindings. Portions of these as-air-
synthesized (AS) samples were then high-pressure oxyge-
nated (HPO) at 5GPa and 500 1C for 30min in a cubic-
anvil-type high-pressure apparatus in the presence of
75mol% Ag2O2 (against (Cu,Mo)-1(Sr)2s2 formula unit)
as an excess-oxygen source [13]. It should be noted that
from preliminary experiments we had confirmed that for all
the three phases the lattice parameters decreased and the
values of Tc and V(Cu) ( ¼ average valence of copper)
increased with increasing amount of Ag2O2 only up to
50–75mol% of Ag2O2, and then levelled off. Hence, our
HPO samples (that are either underdoped or optimally
doped but not overdoped) exhibit the highest Tc values
achieved for the three phases so far. Also confirmed
was from SEM–EDX analysis (for s ¼ 3) that the Mo
content in a sample that had undergone all the heat-
treatment steps yet agreed well with the nominal value.
(This was considered important, since MoO3 is prone to
evaporation.)
The samples were characterized by powder X-ray

diffraction (XRD; Rigaku: RINT2550VK/U; Cu Ka

radiation) for phase purity and lattice parameters. Oxygen
content of the AS (Cu,Mo)-1(Sr)212 (s ¼ 1) sample was
analyzed by means of iodometric titration, whereas for the
other AS samples of the s ¼ 2 and 3 phases oxygen-content
analysis was not possible by the presently employed
standard iodometric titration technique, since the samples
did not dissolve in 1M HCl solution. In the case of the
HPO samples, titration experiments were not even tried
due to the presence of Ag and/or Ag2O (originating from
Ag2O2) in these samples.
For the estimation of the average valence state of copper

X-ray absorption near-edge structure (XANES) spectra
were collected for the samples at the Cu L2,3 edge.
Additionally for the HPO samples O K-edge XANES
spectra were collected for the layer-specific hole concentra-
tions. The XANES experiments were performed at the 6-m
HSGM beam-line of NSRRC in Hsinchu (Taiwan) in
X-ray fluorescence-yield mode; experimental details were
as previously given elsewhere [15].
Superconductivity/magnetic properties were measured

for all the samples down to 4K in both field-cooled (FC)
and zero-field-cooled (ZFC) modes using a superconduct-
ing-quantum-interference-device (SQUID) magnetometer
(Quantum Design: MPMS-XL) under 10Oe. The value of
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Tc was defined at the onset temperature of the diamagnetic
signal. For the superconductive samples the Hirr(T)
characteristics were evaluated using the procedure intro-
duced elsewhere [16]. In brief, the magnetic field (H)
dependence of critical current Jc(H) was calculated via
Bean’s model from the measured magnetization (M) vs. H

hysteresis loops, and then the Hirr value was determined
from the log(H) vs. Jc(H) plot as the H value at the limit of
Jc-0.

3. Results and discussion

From X-ray diffraction patterns shown for all the six
samples in Fig. 2, all the three AS samples are found to be
essentially free from impurity phases (except the trace of
CeO2 seen for the s ¼ 3 sample), whereas the correspond-
ing HPO samples naturally contain Ag and/or Ag2O as
residues from Ag2O2 used as the excess oxygen source.
Lattice-parameter refinements were carried out in tetra-
gonal space groups, P4=mmm (s ¼ 1 and 3) and I4=mmm

(s ¼ 2) [12,13]. In the former/latter case the unit cell
contains one/two formula units along the c-axis, ref. Fig. 1.
In Table 1, we give—for the sake of an easier compar-
ison—the lattice parameters for all the three phases per one
(Cu,Mo)-1(Sr)232, AS
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Fig. 2. X-ray diffraction patterns for the AS (as-synthesized) and HPO

(high-pressure oxygenated) samples of (Cu,Mo)-1(Sr)2s2: (Cu0.75Mo0.25)

Sr2YCu2O7+d (s ¼ 1), (Cu0.75Mo0.25)Sr2(Ce0.45Y0.55)2Cu2O9+d (s ¼ 2)

and (Cu0.75Mo0.25)Sr2(Ce0.67Y0.33)3Cu2O11+d (s ¼ 3). (Indexing within

the P4=mmm space group for s ¼ 1 and 3, and I4=mmm for s ¼ 2.)
formula unit. High-pressure oxygenation apparently com-
presses the lattice for all the three phases (as expected for a
layered copper oxide upon increasing oxygen content).
Interestingly, the magnitude of lattice–parameter contrac-
tion is exactly of the same magnitude for the three members
of the (Cu,Mo)-1(Sr)2s2 series, i.e., 0.01 Å for the a

parameter and 0.07 Å for the c parameter (per formula
unit). Another interesting point to observe from Table 1 is
that the a lattice parameter is clearly shorter for the s ¼ 1
phase than for the higher homologues of the series. This
trend applies to both AS and HPO samples, and suggests
that the s ¼ 1 phase is more strongly doped with holes than
the other two phases.
To gain quantitative data on the doping state of the three

phases, we characterized the samples (both AS and HPO)
for the average (over the two Cu lattice sites) valence of
copper, V(Cu), on the basis of Cu L2,3-edge XANES
spectroscopy. Obtained spectra are shown in Fig. 3. The
L3-edge area from 925 to 940 eV was used for the
evaluation of V(Cu): the main peak at around 931.2 eV is
due to divalent copper states (CuII: 3d9), whereas the high-
energy shoulder about 932.8 eV originates from trivalent
copper (CuIII: 3d9L, where L ¼ oxygen-ligand hole) [17].
From Fig. 3, as expected, the high-energy shoulder due to
CuIII significantly enhances for all the three (Cu,Mo)-
1(Sr)2s2 phases upon HPO. Details of the spectral features
were analyzed following Ref. [18]. In short, the two L3-edge
peaks about 931.2 and 932.8 eV were fitted with Gaussian
functions after approximating the background to a straight
line, and from the obtained integrated intensities of the
peaks, i.e., I(CuII) and I(CuIII), respectively, V(Cu) was
calculated as V(Cu)�2+I(CuIII)/[I(CuII)+I(CuIII)]. It
should be noted that the resultant absolute values for
V(Cu) (given in Table 1), may somewhat (70.03) deviate
from the true Cu valence values, since the raw absorption
data were not corrected for the self-absorption effect [19].
Nevertheless, our V(Cu) values should be reliable enough
in detecting relative changes or differences in the average
valence state of copper. From Table 1, V(Cu) values for the
HPO samples are higher by 0.15–0.25 in comparison to
those for the corresponding AS samples. This is compatible
with an increase in the oxygen content of the phase upon
HPO by 0.20–0.35 oxygen atoms per formula unit, if one
assumes that the valences of the other constituent cations
remain unchanged upon HPO. Our preliminary TG
analysis for the HPO samples of the (Cu,Mo)-1(Sr)232
phase, however, suggested that the amount of oxygen
incorporated upon HPO would be of the level of 0.5
oxygen atoms per formula unit [13]. Hence, it is possible
that besides Cu also other constituent element(s) (pre-
sumably Mo) are oxidized as well. From the V(Cu) values
we may also calculate the largest possible oxygen content
for each sample that would yet be compatible with the
V(Cu) value by setting the valence values of the other
cations to their maximum values, i.e., MoVI, SrII, CeIV and
YIII. The resultant dmax values are given in Table 1. It is
seen that for all the samples the oxygen content, 1+d, of
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Table 1

Characterization results for the (Cu,Mo)-1(Sr)2s2 samples: lattice parameters, a and c, and the values of superconductivity transition temperature, Tc,

average Cu valence, V(Cu) (from Cu L3-edge XANES data), and ‘‘largest possible’’ oxygen content, dmax (calculated from the V(Cu) value by setting the

valence values of the other cations to their maximum values, i.e., MoVI, SrII, CeIV and YIII), and peak intensities, ICR and ICuO2
(of the 527.5 eV and

528.2 eV pre-edge peaks in the O K-edge XANES spectra; see the text). Note that even though the absolute values of ICR and ICuO2
do not have any

meaning, their relative values are supposed to be proportional to the hole concentrations in the (Cu,Mo)O1+d charge reservoir and in the CuO2 plane,

respectively. Then, the sum, ICR þ 2ICuO2
, provides us with a measure for the overall hole concentration of the phase

Sample Lattice parameter (Å) Tc (K) V(Cu) dmax ICR ICuO2
ICR þ 2ICuO2

a c

s ¼ 1: AS 3.825(1) 11.54(1) o4 2.19(4) 0.3(1)

s ¼ 1: HPO 3.815(1) 11.47(1) 88 2.45(4) 0.6(1) 0.21(3) 0.20(3) 0.61(5)

s ¼ 2: AS 3.832(1) 14.27(1)a o4 2.12(4) 0.1(1)

s ¼ 2: HPO 3.822(1) 14.20(1)a 61 2.26(4) 0.3(1) 0.11(3) 0.16(3) 0.43(5)

s ¼ 3: AS 3.836(1) 16.99(1) o4 2.12(4) 0.2(1)

s ¼ 3: HPO 3.828(1) 16.92(1) 53 2.28(4) 0.4(1) 0.15(3) 0.08(3) 0.31(5)
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the (Cu0.75Mo0.25)O1+d charge reservoir remains lower
than 2, i.e., around 1.1–1.3 for the AS samples and 1.3–1.6
for the HPO samples. For the AS (Cu,Mo)-1(Sr)212 (s ¼ 1)
sample the absolute oxygen content was successfully
established by means of iodometric titration: the result
was d ¼ 0:21ð2Þ, whereas dmax was calculated at 0.3(1)
(Table 1). We thus tentatively propose that in the AS
samples Mo is in a valence state somewhat lower than VI,
but is then most likely oxidized together with Cu upon the
HPO treatment.
Magnetic susceptibility data for the samples are given in

Fig. 4. None of the AS samples show superconductivity,
whereas all the three HPO samples are bulk super-
conductors (volume fraction higher than 30%). The Tc

values are listed in Table 1. With increasing s, Tc decreases
from 88K for s ¼ 1 to 61K for s ¼ 2 and 53K for s ¼ 3.
From Table 1, it is seen that among the three HPO
samples, the s ¼ 1 sample that shows the highest Tc also
possesses the largest V(Cu) value. For the s ¼ 2 and 3
phases, the V(Cu) value is essentially the same, but the
s ¼ 3 phase possesses lower Tc than the s ¼ 2 phase. A
plausible explanation is found from the O K-edge XANES
data.
Fig. 5 displays the very pre-edge (524–536 eV) area of the

O K-edge XANES spectra of the HPO samples. For all the
three samples, three partly overlapping peaks are distin-
guished within 526–532 eV. Following the interpretation
established for CuBa2YCu2O7�d (Cu-1

(Ba)212 or ‘‘Y-123’’)
[17], we assign the lowest-energy peak at around 527.5 eV
to the oxygen hole states in the (Cu,Mo)O1+d charge
reservoir (CR) and the peak at around 528.2 eV to the
oxygen hole states in the CuO2 plane. The latter spectral
feature is common to all the p-type doped superconductive
copper oxides [15,17,18]. The peak about 530.0 eV arises
from a transition into O2p states hybridized with the upper
Hubbard band (UHB). The spectral features within
526–532 eV were analyzed by fitting Gaussian functions
to the three peaks. Before the fitting, each spectrum was
normalized to have the same intensity for the main peak in
the energy range of 522–560 eV. Furthermore, after the
fitting the integrated intensities of the peaks were multi-
plied by the nominal oxygen content of the sample, i.e., 7.6
for s ¼ 1, 9.3 for s ¼ 2 and 11.4 for s ¼ 3 (ref. dmax values
in Table 1). The thus obtained intensities, given in Table 1,
for the 527.5-eV (ICR) and 528.2-eV (I2�CuO2

¼ 2ICuO2
)

peaks are supposed to reflect the hole concentrations in the
(Cu,Mo)O1+d charge reservoir and the two CuO2 planes of
the unit cell, respectively, though the absolute values as
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such have no meaning. Nevertheless, relative comparison is
possible among the three (Cu,Mo)-1(Sr)2s2 phases. From
Table 1, we can first of all see that the overall hole-content
value, ICR þ 2ICuO2

, correlates reasonably well with the
value of V(Cu) from the Cu L-edge XANES data. From
both ICR þ 2ICuO2

and V(Cu), the s ¼ 1 phase is most
strongly doped with holes, whereas the higher homologues,
s ¼ 2 and 3, are of the same overall doping level (the same
was also suspected based on the a lattice parameter values
for the three phases). Further comparison between the ICR
and ICuO2

values reveals that the holes are distributed
differently in the s ¼ 2 and 3 phases: in the former the holes
are more strongly concentrated in the CuO2 plane whereas
in the latter in the (Cu,Mo)O1+d charge reservoir [20].
From Table 1, the differences in the Tc values among the
three (Cu,Mo)-1(Sr)2s2 phases (HPO samples) follow well
the differences in the actual hole-doping level of the CuO2

plane, i.e., the ICuO2
value.

Fig. 6 displays the Hirr(T) lines against the reduced
temperature, 1�T/Tc, for the superconductive HPO
samples. Also included are data for a CuBa2YCu2O6.93 or
Cu-1(Ba)212 sample (Tc ¼ 93K, V(Cu) ¼ 2.28) from Ref.
[21]. In general, the Hirr(T) lines of high-Tc superconduc-
tive copper oxides are controlled by both intrinsic and
extrinsic flux pinning properties. Here, among our similarly
synthesized samples of the same homologous series, we
believe that the possible differences in the Hirr(T)
characteristics should originate from differences in the
intrinsic pinning properties among these samples. For
Category-A phases, the intrinsic Hirr(T) characteristics are
enhanced [3,16]: (i) by increasing the overall concentration
of (mobile) holes [22,23] and/or (ii) by optimizing their
distribution between the superconductive and the blocking
blocks [24] (to enhance the thermodynamical stability of
magnetic fluxons in the superconductive CuO2-
(Q-CuO2)n�1 block), and (iii) by enhancing the conductiv-
ity [25–27] and/or (iv) by decreasing the thickness [27–30]
of the AO-(MO17d/m)m-AO blocking block (to improve the
correlation of fluxons between two adjacent superconduc-
tive blocks through the blocking block). In comparison to
the Cu-1(Ba)212 reference sample, the Hirr(T) line of the
present (Cu,Mo)-1(Sr)212 sample is located at significantly
lower fields, even though the average valence of copper is
higher for the latter sample. This could be due a decrease in
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the concentration of mobile holes within the (Ba,Sr)O-
(Cu,Mo)O1+d-(Ba,Sr)O blocking block that most likely
takes place as the conductive CuO1+d chains get broken as
a consequence of the Sr-for-Ba [31] and Mo-for-Cu
substitutions. Note that even the former substitution alone
is known to deteriorate the Hirr(T) characteristics of the
Cu-1(Ba,Sr)212 phase [31,32]. Then, among the (Cu,Mo)-
1(Sr)2s2 samples, the Hirr(T) characteristics are depressed
with increasing s (Fig. 6). This is well explained by the fact
that the CuO2-plane hole concentration decreases with
increasing s (viz. ICuO2

in Table 1). Therefore, it seems
that no additional (negative) contribution from the
gradually thickened fluorite-structured block between the
superconductive CuO2 planes is evident from the present
data.
4. Conclusion

Our systematic study on the first three members of the
(Cu0.75Mo0.25)-1

(Sr)2s2 homologous series has shown that
increasing the number of fluorite-structured layers, s,
between the two CuO2 planes makes it increasingly difficult
to oxygenate the phase. Therefore the higher-s members
remain underdoped and accordingly the Tc and Hirr values
lower. The observed superconductivity characteristics are
well explained by the differences in the overall hole-doping
level/CuO2-plane hole concentration revealed from the Cu
L-edge and O K-edge XANES data. Hence, we suggest
that the increasing separation of superconductive CuO2

planes does not itself have any significant effect on the
superconductivity characteristics of multi-layered copper
oxides.
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