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In the crystal structure of members of the (Cu,Mo)Sr2(Ce,R)sCu2O5+2s+δ or (Cu,Mo)-12s2 homologous
series of superconductive copper oxides, adjacent CuO2 planes are separated by a fluorite-structured
(Ce,R)-[O2-(Ce,R)]s-1 blocking block. Here we utilize the fluorite block as a “chemical-pressure medium”
for thes ) 2 and 3 members of the series. The (Ce,R) sites readily accommodate rare earth elements (R)
ranging in size from La down to Yb. With decreasing size of the R constituent,Tc first monotonically
increases and then decreases, having a maximum around R) Y for both s ) 2 ands ) 3. At the same
time the average valence of copper, derived for thes ) 2 samples from Cu L3-edge XANES spectra, is
found to remain constant at 2.20( 0.01. An explanation for the unique chemical-pressure effect is revealed
from O K-edge XANES spectra, the resolution of which allows us to distinguish the CuO2 plane holes
from those residing in the (Cu,Mo)O1+δ charge reservoir. The result shows that theTc value and the
density of CuO2 plane holes follow parallel trends with respect to the size of R.

Introduction

“Chemical pressure” is a widely appreciated tool for fine-
tuning the functional properties of multilayered oxides. A
variety of examples of such chemical-pressure utility are
found among, e.g., high-Tc superconductive (HTS) copper
oxides and colossal magnetoresistance (CMR) manganese
oxides.1-3 Chemical pressure is generated through “isovalent
smaller-for-larger” cation substitution, typically involving
either divalent alkaline earth or trivalent rare earth elements.
To detect pure pressure effects, the substitution should
proceed such that the overall cation charge is kept constant.
Therefore, an essential requirement is that the oxygen content
remains constant throughout the substitution range investi-
gated.4 Chemical pressure is often taken as an analogue to
“physical pressure”.5 However, the two pressures often act
to opposite directions in complex multilayered systems.1-3,6

Despite the widespread utilization of the pressure effects,

real understanding behind the apparent outcomes of them is
lacking yet.

Among HTS copper oxide phases, those having adjacent
CuO2 planes separated by rare earth (R) elements provide
us with an appropriate framework for chemical-pressure
studies. A common feature for such systems is that any of
the R elements can be fully substituted by most of the other
R elements. For the prototype HTS oxide, CuBa2RCu2O7-δ

(i.e., “R-123” or Cu-1212 with a layer sequence of BaO-
CuO1-δ-BaO-CuO2-R-CuO2), Tc decreases upon de-
creasing the size of the R constituent,4,7 whereas the oppo-
site is true for the other well-known R-based system,
Cu2Ba2RCu2O8-δ (“R-124” or Cu-2212 with a layer sequence
of BaO-CuO1-δ/2-CuO1-δ/2-BaO-CuO2-R-CuO2).8,9 The
reason for the opposite trends has not been fully revealed
yet. Here we should recognize a possibility that even though
the average valence of copper remains constant upon
replacing one of the RIII species by another, chances are that
the charge balance between the CuO1-δ or Cu2O2-δ charge-
reservoir block and the CuO2 planes is affected.4,6,10Indeed,
bond-valence-sum calculations for CuBa2RCu2O7-δ have
suggested that, with decreasing size of the trivalent R
constituent, part of the positive charge of the nonsupercon-
ductive CuO1-δ chain is gradually shifted to the CuO2-R-
CuO2 block containing the superconductive CuO2 planes.4,6,11

Early Seebeck coefficient data for the CuBa2RCu2O7-δ
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compounds could also be interpreted along this view.12 Since
fully oxygenated samples of the Cu-1212 phase are in a
slightly overdoped state, an increase in the CuO2 plane hole
density would then cause a decrease in theTc value, as it
makes the phase more heavily overdoped.

In the newly realized (Cu,Mo)-12s2 or (Cu,Mo)Sr2(Ce,Y)s-
Cu2O5+2s+δ homologous series of HTS copper oxides,
adjacent CuO2 planes are separated by a fluorite-structured
(Ce,Y)[O2(Ce,Y)]s-1 block (with expected valence states of
CeIV and YIII ) such that the phases obey a layer sequence of
SrO-(Cu,Mo)O1+δ-SrO-CuO2-(Ce,Y)-[O2-(Ce,Y)]s-1-
CuO2.13 In our preceding work for thes ) 3 member of the
series, it was shown that the (Ce,Y)-O2-(Ce,Y)-O2-
(Ce,Y) block is flexible enough for Y to be fully replaced
by other R constituents ranging from La to Yb.14 Hence, the
(Cu,Mo)-12s2 series provides us with an interesting new
model system for deepening our understanding on the
R-element-derived chemical-pressure effects. The present
work is focused on thes ) 2 and 3 members of the series.
For sample characterization, X-ray absorption near-edge
structure (XANES) spectroscopy was employed. The spectra
were collected (fors ) 2) at both Cu L2,3- and O K-edges.
The former allows relatively accurate determination of the
total amount of doped holes, whereas the latter reveals their
distribution between the (Cu,Mo)O1+δ charge reservoir and
the CuO2 planes.

Experimental Section

Samples of the two phases (Cu0.75Mo0.25)Sr2(Ce0.45R0.55)2Cu2O9+δ

[(Cu,Mo)-1222] and (Cu0.75Mo0.25)Sr2(Ce0.67R0.33)3Cu2O11+δ

[(Cu,Mo)-1232], with R) La, Nd, Sm, Eu, Gd, Dy, Y, Ho, Er,
Tm, and Yb, were synthesized from stoichiometric mixtures of high-
purity CuO, MoO3, SrCO3, CeO2, and R2O3 powders. The powder
mixtures were calcined in air at 950°C for 24 h and after careful
grinding pressed into pellets for three or four consequent 24 h heat-
treatment periods (with regrinding and subsequent repelletizing
between them) carried out at 1020°C in air (for thes ) 3, R) Yb
sample at 1090°C in flowing O2 gas14). For boths ) 2 ands ) 3,
the synthesis process yielded single-phase samples within the
detection limit of powder X-ray diffraction (XRD) measurement
(Rigaku RINT2550VK/U equipped with a rotating Cu anode). The
as-air-synthesized samples, however, are not superconductive, but
an additional high-pressure oxygenation (HPO) annealing is required
to induce superconductivity in the (Cu,Mo)-12s2 phases.13,14 The
HPO annealing was carried out in a cubic-anvil-type ultra-high-
pressure apparatus at 5 GPa and 500°C for 30 min. For the HPO
annealing, a∼100 mg portion of air-synthesized sample was
thoroughly mixed with 75 mol % Ag2O2, which acts as an efficient
external oxygen source as it decomposes to Ag and/or Ag2O in the
sample cell during the high-pressure treatment. It should be
mentioned that we also successfully synthesized the samples with
R ) Pr and Tb (for boths ) 2 ands ) 3) in single-phase form.

However, they remained nonsuperconductive even after the HPO
annealing and were therefore excluded from the scope of the present
work. Furthermore, we attempted to synthesize the R) Lu
phases: fors ) 3 no phase formation was observed, whereas for
s ) 2 the synthesis yielded multiphase samples with the (Cu,Mo)-
1222 phase as the main phase though. For the phase-pure samples
(included in the present work), lattice parameters were readily
refined from the XRD data in the tetragonal space groupsI4/mmm
(s ) 2) andP4/mmm(s ) 3).13 Superconductivity properties of
the samples were investigated using a superconducting-quantum-
interface-device magnetometer (SQUID; Quantum Design MPMS-
XL5) in the temperature range from 5 to 100 K under an applied
field of 10 Oe in both zero-field-cooled (ZFC) and field-cooled
(FC) modes. The value ofTc was taken at the onset temperature of
the diamagnetic signal.

X-ray absorption spectra were collected for the oxygen-loaded
(superconductive)s ) 2 samples at both Cu L2,3- and O K-edges
in X-ray fluorescence yield mode at the 6 m HSGM beam-line of
the National Synchrotron Radiation Research Center in Hsinchu,
Taiwan; experimental details were as previously given else-
where.14,15In brief, the spectra were recorded using a micro-channel-
plate (MCP) detector system located parallel to the sample surface
at a distance of∼2 cm. Photons were incident at an angle of 45°
with respect to the sample normal. The incident photon flux was
monitored simultaneously by a Ni mesh located after the exit slit
of the monochromator. The photon energies were calibrated with
an accuracy of 0.1 eV using the Cu L3 white line at 931.2 eV and
the O K-edge absorption peak at 530.1 eV of a CuO reference.
The monochromator resolution was set to∼0.15 eV for the O
K-edge energy region and to∼0.30 eV for the Cu L-edge energy
region. The recorded spectra were corrected for the energy-
dependent incident photon intensity as well as for self-absorption
effects16,17and normalized to the tabulated standard absorption cross
sections.18

Results and Discussion

In Figure 1, lattice parameterc is plotted as a function of
r(CeIV,RIII ) (average ionic radius at the (Ce,R) site19) for both
the air-synthesized (AS) and the HPO samples of the two
phases (Cu,Mo)-1222 and (Cu,Mo)-1232. For all the R
constituents a common trend is seen: oxygen loading through
the HPO annealing causes thec parameter to contract by
∼0.07 Å (per formula unit). Lattice contraction along the
c-axis is what one commonly sees for HTS copper oxides
and also what was expected from our previous work on the
(Cu,Mo)-12s2 series.13,14It was rather interesting to note that
the magnitude of contraction was essentially the same (within
(0.005 Å) for all the samples. This already gives a positive
signal toward the fact that we apparently were able to load
the samples with the same amount of (excess) oxygen. A
further proof was obtained from the Cu L-edge XANES data;
see the discussion later on for the (Cu,Mo)-1222 samples.

All the oxygen-loaded samples were found to exhibit bulk
superconductivity. In Figure 2, the value ofTc is plotted for
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both systems againstr(CeIV,RIII ). The two systems (Cu,Mo)-
1222 and (Cu,Mo)-1232 show essentially parallel trends. That
is, with decreasing size of the R constituent,Tc first
monotonically increases and then decreases, having a maxi-
mum at R) Y (i.e., at r(CeIV,RIII ) ≈ 0.99 Å).

Figure 3a displays a representative Cu L2,3 spectrum
obtained for the (Cu,Mo)-1222-phase samples (shown here
for the smallest R constituent, Yb). The Cu L3 area has been
commonly used for the estimation of the average valence

state of copper in HTS copper oxides.14,15,17,20-24 The narrow
peak centered about 931.2 eV is due to divalent copper, CuII

[i.e., transitions from the Cu(2p3/2)3d9 ground state to the
Cu(2p3/2)-13d10 excited state, where (2p3/2)-1 denotes a 2p3/2

hole], whereas the high-energy shoulder around 932.4 eV is
assigned to trivalent copper states, CuIII [i.e., transitions from
the Cu(2p3/2)3d9L ground state into the Cu(2p3/2)-13d10L
excited state, whereL denotes a ligand hole in the O 2p
orbital]. The spectral features about the Cu L3 edge were
analyzed following refs 14, 15, 21, and 24. In brief, the
background, fitted with a straight line, was subtracted from
the spectra, after which the fitting of the∼931.2 eV (CuII)
and∼932.4 (CuIII ) peaks was done using combined Lorent-
zian and Gaussian functions; see Figure 3b for an illustration.
From the integrated intensities of the two peaks an estimation
for the average valence of copper was then obtained asV(Cu)
≡ 2 + I(CuIII )/[I(CuII) + I(CuIII )].14,15,21,24In Figure 4, the
V(Cu) value is plotted againstr(CeIV,RIII ) for the (Cu,Mo)-
1222 samples. From Figure 4, it may be concluded thatV(Cu)
remains constant at 2.20( 0.01 within the entire R
substitution range, just in a manner required for an ideal
chemical-pressure system.

Then, O K-edge XANES spectroscopy was employed to
see how the (excess) positive charge about copper is
distributed between the two crystallographically distinct Cu-
containing layers, i.e., the (Cu,Mo)O1+δ charge reservoir and
the CuO2 plane. Representative O K-edge spectra (in the low-
energy preedge energy range of 525-537 eV) for selected
samples (of R) Yb, Y, and La) are displayed in Figure 5a.
Three preedge peaks are distinguished. Two of them are
straightforwardly assigned on the basis of the accumulated
knowledge on various HTS copper oxide phases.15,17,22-24
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(23) Merz, M.; Nücker, N.; Schweiss, P.; Schuppler, S.; Chen, C. T.;
Chakarian, V.; Freeland, J.; Idzerda, Y. U.; Kla¨ser, M.; Müller-Vogt,
G.; Wolf, Th. Phys. ReV. Lett. 1998, 80, 5192.

(24) Schneider, M.; Unger, R.-S.; Mitdank, R.; Mu¨ller, R.; Krapf, A.;
Rogaschewski, S.; Dwelk, H.; Janowitz, C.; Manzke, R.Phys. ReV. B
2005, 72, 014504.

Figure 1. Lattice parameterc for AS (b) and HPO (O) samples of (Cu,-
Mo)-12s2 (s) 2 and 3) plotted against the average ionic radius,r(CeIV,RIII ),
of the fluorite-block cations.

Figure 2. Tc values for similarly synthesized and high-pressure-oxygenated
(Cu,Mo)-12s2 samples,s) 2 (b) ands) 3 (O), plotted against the average
ionic radius,r(CeIV,RIII ), of the fluorite-block cations.

Figure 3. (a) Representative Cu L2,3-edge XANES spectrum obtained for
the superconductive (Cu,Mo)-1222 [(Cu0.75Mo0.25)Sr2(Ce0.45R0.55)2Cu2O9+δ]
samples (here R) Yb) and (b) illustration of the fitting of the spectral
features (in the L3 area) into CuII and CuIII components.

Figure 4. Average valence of copper,V(Cu), as estimated from Cu L3-
edge XANES data and plotted against the average ionic radius,r(CeIV,RIII ),
for the superconductive (Cu,Mo)-1222 [(Cu0.75Mo0.25)Sr2(Ce0.45R0.55)2-
Cu2O9+δ] samples.
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The broad peak about∼530 eV is due to transitions into the
upper Hubbard band (predominantly formed by the hybrid-
ization in the ground state of the Cu3d9 and Cu3d10L states),
and the peak with a maximum at∼528.3 eV is due to the
excitations of O 1s electrons to O 2p holes located in the
CuO2 planes. Partly overlapping with the latter peak, the third
preedge peak is discerned at∼527.5 eV. With analogy to
the Cu-1212 or CuBa2YCu2O7-δ phase that also contains Cu
in the charge-reservoir block,22,23 we assign the 527.5 eV
peak to the hole states at the oxygen sites in the (Cu,Mo)-
O1+δ charge-reservoir block. To derive a quantitative estima-
tion for the distribution of holes between the (Cu,Mo)O1+δ

charge reservoir and the CuO2 planes, we analyzed the
spectral features by fitting the three preedge peaks with a
combination of Lorentzian and Gaussian functions after
approximating the background within 527-532 eV with a
straight line; see Figure 5b. The thus obtained integrated
intensitiesI(527.5) andI(528.3) of the two peaks at∼527.5
and∼528.3 eV are believed to be proportional to the relative
hole densities of the (Cu,Mo)O1+δ charge reservoir and the
two CuO2 planes, respectively. Hence, the ratio 0.5I(528.3)/
[I(528.3)+ I(527.5)] should give us the share of one CuO2

plane of the total hole content. For the total hole content
(p), on the other hand, we obtain a reasonable estimate from
the Cu L-edge XANES data, i.e.,p ≡ 2.75 [V(Cu)-2].
Hence, we calculate an estimate for the absolute CuO2 plane
hole density [p(CuO2)] as follows: p(CuO2) ≡ 0.5[I(528.3)]-
p/[I(528.3)+ I(527.5)]. Note that a commonV(Cu) value
of 2.20 was used for all the samples. In Figure 6, we plot
the thus obtainedp(CuO2) values againstr(CeIV,RIII ). It is
immediately recognized that thep(CuO2) versusr(CeIV,RIII )
plot is almost identical with theTc versusr(CeIV,RIII ) plot
(shown for the same samples in Figure 2), suggesting that
the chemical-pressure-derived changes inTc are simply due
to changes in the CuO2 plane hole density. Since the total
amount of holes remains constant, this means that for the
larger R constituents holes are gradually shifted from the
(Cu,Mo)O1+δ charge reservoir to the CuO2 planes upon
decreasing the size of the R constituent, whereas for the
smaller R constituents the direction of the hole shift is
opposite.

Hence, we have so far shown that the size of the R
constituent apparently has an influence on the charge
distribution between the nonsuperconductive charge-reservoir
block and the superconductive CuO2 planes. Assuming that
the situation for the Cu-1212 (CuBa2RCu2O7-δ) and Cu-2212
(Cu2Ba2RCu2O8-δ) systems would be parallel to that for the
(Cu,Mo)-1222 system with the large R constituents, i.e., a
decrease inr(RIII ) would increasep(CuO2), we propose an
explanation for the differentTc versusr(RIII ) behaviors of
the Cu-1212 and Cu-2212 systems. Fully oxygenated Cu-
1212 superconductors are in a slightly overdoped state.
Therefore, an increase inp(CuO2) upon decreasingr(RIII )
decreases the value ofTc. On the other hand, Cu-2212
superconductors are known to be underdoped (unless RIII is
partly substituted by divalent calcium). This is whyTc

increases with decreasingr(RIII ) and increasingp(CuO2).
Coming back to the present (Cu,Mo)-1222 and (Cu,Mo)-
1232 systems, from our previous studies we believe them to
be underdoped.13,14 Hence, for the larger R constituents the
trend of increasingTc with decreasingr(RIII ) [and increasing
p(CuO2)] is just what we should expect provided that the
(Cu,Mo)-1222 and (Cu,Mo)-1232 systems behave in the
same way as the Cu-1212 and Cu-2212 systems. Then the
only question left open is why the trend of increasing
p(CuO2) with decreasingr(CeIV,RIII ) abruptly changes about
R ) Y for (Cu,Mo)-1222 and (Cu,Mo)-1232. Here we
acknowledge the importance of precise crystal structure
analysis. On the basis of the present XRD data collected by
commercial laboratory equipment, it was not possible to
address the aforementioned question.

Conclusion

We have utilized thes ) 2 and 3 members of the recently
established (Cu,Mo)-12s2 homologous series as a novel
model system to deepen our understanding of rare-earth-
derived chemical-pressure effects in layered copper oxide
superconductors. Superconductive samples with 11 different
R constituents from La to Yb in the fluorite-structured
(Ce,R)[O2(Ce,R)]s-1 block separating the adjacent CuO2

planes were successfully synthesized. It was shown that the
size of the R constituent has a significant influence on the
charge distribution between the nonsuperconductive charge-

Figure 5. (a) Representative O K-edge XANES spectra obtained for the
superconductive (Cu,Mo)-1222 [(Cu0.75Mo0.25)Sr2(Ce0.45R0.55)2Cu2O9+δ]
samples (here R) Yb, Y, and La) and (b) illustration of the fitting of the
spectral features (in the preedge area) into components that correspond to
hole states in the (Cu,Mo)O1+δ charge reservoir (CR), superconductive CuO2

planes, and the upper Hubbard band (UHB).

Figure 6. Density of CuO2 plane holes,p(CuO2), plotted against the average
ionic radius,r(CeIV,RIII ), for the superconductive (Cu,Mo)-1222 [(Cu0.75-
Mo0.25)Sr2(Ce0.45R0.55)2Cu2O9+δ] samples. For the estimation of thep(CuO2)
value, see the text.
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reservoir block and the superconductive CuO2 planes. To
follow these changes, O K-edge XANES spectroscopy was
utilized. The total amount of holes was determined from Cu
L-edge XANES data. For samples with the same amount of
holes in total, the value ofTc was found to show a rather
interesting behavior, increasing first with decreasing size of
the R constituent up to R) Y and then showing just an
opposite trend for the smallest R constituents. It however
turned out that the changes inTc were fully explained by
the observed changes in the CuO2 plane hole density. Finally,
it is emphasized that the results revealed for the members
of the (Cu,Mo)-12s2 series could be readily extended to

explain the chemical-pressure effects in the two well-known
R-based HTS copper oxide systems Cu-1212 and Cu-2212.
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