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In the crystal structure of members of the (Cu,MgjSe,R)C:0s2s+5 Or (Cu,M0)-12Z2 homologous
series of superconductive copper oxides, adjacent,(ui@hes are separated by a fluorite-structured
(Ce,R)-[G-(Ce,R)]-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 constitdgriirst monotonically
increases and then decreases, having a maximum aroend Ror both s = 2 ands = 3. At the same
time the average valence of copper, derived fordhe2 samples from Cu j-edge XANES spectra, is
found to remain constant at 2.200.01. 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 Gla@e holes
from those residing in the (Cu,M0)® charge reservoir. The result shows that Tievalue and the
density of Cu@ plane holes follow parallel trends with respect to the size of R.

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

Among HTS copper oxide phases, those having adjacent
Cu(O, 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
fhe R elements can be fully substituted by most of the other

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., higf; superconductive (HTS) copper
oxides and colossal magnetoresistance (CMR) manganes

oxides! 2 Chemical pressure is generated through “isovalent R elements. For the prototype HTS oxide, CoBaWLO7_,

smaller-for-larger” cation substitution, typically involving (ie “R-123;” or Cu-1212 with a layer sec,quence of E;O

either divalent alkaline earth or trivalent rare earth elements. C.u(sl »—BaO-CuO,—R—Cu0y), T. decreases upon de-
— ’ Cc

To detgct prt:rtﬁ ﬂﬁssure el:‘fec;[_s, thﬁ sub_stltkutlcin Sh?u'(:creasing the size of the R constituértwvhereas the oppo-
proceed such that In€ overall calion charge Is kept constantye s trye for the other well-known R-based system,

Therefore, an essential requirement is that the oxygen ContenbuzBaQRCLbOE;—é (“R-124" or Cu-2212 with a layer sequence
remains cons_tant throughqut the substitution range investi- of BaO—CUOL_sp—CUOL_sp—BaO—CuO,—R—Cu0,) 89 The
9ated‘} Chemical p;essure is often taken as an analogue ©reason for the opposite trends has not been fully revealed
phyS|caI. pressure .Hc_)wever, the tWO. pressures often act yet. Here we should recognize a possibility that even though
to opposite directions in complex multilayered systénis. the average valence of copper remains constant upon
Despite the widespread utilization of the pressure effects, replacing one of the R species by another, chances are that
the charge balance between the Gur CuO,_; charge-
reservoir block and the Cu®lanes is affectet®°Indeed,
bond-valence-sum calculations for CyB&€w0O;-s have
suggested that, with decreasing size of the trivalent R
constituent, part of the positive charge of the nonsupercon-
ductive CuQ-; chain is gradually shifted to the C4yOR—
CuQ; block containing the superconductive Gy@anes!&11
Early Seebeck coefficient data for the CuBR&wO;-s
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compounds could also be interpreted along this Vi€8ince However, they remained nonsuperconductive even after the HPO
fully oxygenated samples of the Cu-1212 phase are in aannealing and were therefore excluded from the scope of the present
slightly overdoped state, an increase in the gpl@ne hole ~ work. Furthermore, we attempted to synthesize the=RLu

density would then cause a decrease in Th@alue, as it phases: fos = 3 no phase formation was observed, whereas for
makes the phase more heavily overdoped ’ s = 2 the synthesis yielded multiphase samples with the (Cu,Mo)-

. 1222 phase as the main phase though. For the phase-pure samples
In the newly realized (Cu,Mo)-E2 or (Cu,M0)Sx(Ce,Y)- (included in the present work), lattice parameters were readily

CwOsi2519 homologous series of HTS copper oxides, refined from the XRD data in the tetragonal space grddframm
adjacent Cu@planes are separated by a fluorite-structured (s = 2) andP4/mmm(s = 3).33 Superconductivity properties of
(Ce,Y)[O(Ce,Y)L-1 block (with expected valence states of the samples were investigated using a superconducting-quantum-
CéY and Y'") such that the phases obey a layer sequence ofinterface-device magnetometer (SQUID; Quantum Design MPMS-

SrO—(Cu,M0)QO1+s—SrO—CuO,—(Ce,Y)—-[0>—(Ce,Y)k-1— XL5) in the temperature range from 5 to 100 K under an applied
Cu0,.13 In our preceding work for the = 3 member of the field of 10 Oe in both zero-field-cooled (ZFC) and field-cooled
series, it was shown that the (Ce;YP,—(Ce,Y)—O,— (FC) modes. The value df; was taken at the onset temperature of

the diamagnetic signal.

Y) block is flexible en h for Y fully repl
(Ce,Y) block is flexible enough fo to be fully replaced X-ray absorption spectra were collected for the oxygen-loaded

by other R constituents ranging from La to ¥dence, the '
(C)J/u Mo)-1%2 series rovidgesgus with an interesting new (superconductive§ = 2 samples at both Cuzls and O K-edges
! P 9 in X-ray fluorescence yield mode atett6 m HSGM beam-line of

model system for deepening our understanding on the e National Synchrotron Radiation Research Center in Hsinchu,
R-element-derived chemical-pressure effects. The presentrajwan; experimental details were as previously given else-

work is focused on the = 2 and 3 members of the series. where'415In brief, the spectra were recorded using a micro-channel-
For sample characterization, X-ray absorption near-edgeplate (MCP) detector system located parallel to the sample surface
structure (XANES) spectroscopy was employed. The spectraat a distance of-2 cm. Photons were incident at an angle of 45
were collected (fos = 2) at both Cu Lz and O K-edges. with respect to the sample normal. The incident photon flux was
The former allows relatively accurate determination of the monitored simultaneously by a Ni mesh located after the exit slit
total amount of doped holes, whereas the latter reveals theirof the monochromator. The photon energies were calibrated with

distribution between the (Cu,Mo)Q; charge reservoir and 2" accuracy of 0.1 eV using the Cy white line at 931.2 eV and
the CuQ planes ( 19 9 the O K-edge absorption peak at 530.1 eV of a CuO reference.

The monochromator resolution was set+®.15 eV for the O
) ) K-edge energy region and t00.30 eV for the Cu L-edge energy
Experimental Section region. The recorded spectra were corrected for the energy-

S | fth h Sr(C CHO dependent incident photon intensity as well as for self-absorption
amples of the two phases ((78V00.29 Si2(Cev.4%0.592C1:Os15 effectd®17and normalized to the tabulated standard absorption cross

[(Cu,M0)-1222] and  (Cpiz9M00.25)SK(Cen 6/0.393C 01146 sectiongs
[(Cu,M0)-1232], with R= La, Nd, Sm, Eu, Gd, Dy, Y, Ho, Er,

Tm, and Yb, were synthesized from stoichiometric mixtures of high-

purity CuO, MoQ, SrCQ;, CeQ, and RO; powders. The powder

mixtures were calcined in air at 95€ for 24 h and after careful In Figure 1, lattice parameteris plotted as a function of
grinding pressed into pellets for three or four consequent 24 h heat-r(CeV,R") (average ionic radius at the (Ce,R) $i)dor both
treatment periods (with regrinding and subsequent repelletizing the air-synthesized (AS) and the HPO samples of the two
between them) carried out at 1020 in air (for thes= 3, R=Yb phases (Cu,M0)-1222 and (Cu,M0)-1232. For all the R
sample at 1096C in flowing O, gas). For boths = 2 ands = 3, constituents a common trend is seen: oxygen loading through
the synthesis process yielded single-phase samples within thene HPO annealing causes theparameter to contract by
detection limit of powder X-ray diffraction (XRD) measurement ~0.07 A (per formula unit). Lattice contraction along the
(Rigaku RINT2550VK/U equipped with a rotating Cu anode). The _axis is what one commonlv sees for HTS copper oxides
as-air-synthesized samples, however, are not superconductive, bu? y . PP

an additional high-pressure oxygenation (HPO) annealing is requiredand also what W‘T"S expected from o.ur prev!ous work on the
to induce superconductivity in the (Cu,Mo)s2phase$314 The (Cu,Mo)-122 series 41t was rather interesting to note that
HPO annealing was carried out in a cubic-anvil-type ultra-high- the magnitude of contraction was essentially the same (within
pressure apparatus at 5 GPa and 0Gor 30 min. For the HPO  £0.005 A) for all the samples. This already gives a positive
annealing, a~100 mg portion of air-synthesized sample was signal toward the fact that we apparently were able to load
thoroughly mixed with 75 mol % AgD,, which acts as an efficient  the samples with the same amount of (excess) oxygen. A
external oxygen source as it decomposes to Ag and/gDAgthe further proof was obtained from the Cu L-edge XANES data;
sample cell during the high-pressure treatment. It should be see the discussion later on for the (CU,MO)-1222 Samp|es'
mentioned that we also successfully synthesized the samples with 5| the oxygen-loaded samples were found to exhibit bulk
R = Prand Tb (for botfs = 2 ands = 3) in single-phase form. oo rconductivity. In Figure 2, the value Bfis plotted for

Results and Discussion
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Figure 1. Lattice parametec for AS (®) and HPO Q) samples of (Cu,-

Mo)-12s2 (s= 2 and 3) plotted against the average ionic radi(¢",R"),
of the fluorite-block cations.
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Figure 2. T values for similarly synthesized and high-pressure-oxygenated

(Cu,M0)-122 sampless = 2 (®) ands = 3 (O), plotted against the average
ionic radius,r(Cev,R"), of the fluorite-block cations.
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Figure 3. (a) Representative Cwls-edge XANES spectrum obtained for
the superconductive (Cu,M0)-1222 [(£dM00.25) Sr(Cey 45R0.55) 2CUOg 1]
samples (here R= Yb) and (b) illustration of the fitting of the spectral
features (in the g area) into Cli and CU' components.
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Figure 4. Average valence of coppeY/(Cu), as estimated from CusL
edge XANES data and plotted against the average ionic ragceY ,R"),

for the superconductive (Cu,M0)-1222 [(§£4MO00.25)Sr(Cey 450552
Cuw,Og45] samples.

state of copper in HTS copper oxidgg5172624 The narrow
peak centered about 931.2 eV is due to divalent coppér, Cu
[i.e., transitions from the Cu(3p)3c® ground state to the
Cu(2p2) 13d¥ excited state, where (2p ~* denotes a 2p
hole], whereas the high-energy shoulder around 932.4 eV is
assigned to trivalent copper states!'Gie., transitions from

the Cu(2p;)3d°L ground state into the Cu(2p '3d°L
excited state, where denotes a ligand hole in the O 2p
orbital]. The spectral features about the Cuddge 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 the931.2 eV (Ctl)
and~932.4 (CU") 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 obtain&{@s)

= 2 + [(CU")/I(CU") + I(CuM)].1#152L.24n Figure 4, the
V(Cu) value is plotted againstCeVv,R") for the (Cu,Mo)-
1222 samples. From Figure 4, it may be concluded\¥i@t)
remains constant at 2.28 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,M0)Q charge reservoir and
the CuQ plane. Representative O K-edge spectra (in the low-
energy preedge energy range of 5537 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 pha$g$2224
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1222 and (Cu,Mo0)-1232 show essentially parallel trends. That (21) Ghigna, P.; Spinolo, G.; Flor, G.; Morgante, Rhys. Re. B 1998

is, with decreasing size of the R constituert, first

monotonically increases and then decreases, having a max

mum at R=Y (i.e., atr(Cev,R") ~ 0.99 A).
Figure 3a displays a representative Culzlspectrum

obtained for the (Cu,M0)-1222-phase samples (shown here

for the smallest R constituent, Yb). The Cudrea has been

commonly used for the estimation of the average valence

57, 13426.
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Figure 5. (a) Representative O K-edge XANES spectra obtained for the
superconductive (Cu,M0)-1222 [(GV00.25)Sr(Cey.45R0.552CU00+¢]
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 t
hole states in the (Cu,M0)®s charge reservoir (CR), superconductive GuO
planes, and the upper Hubbard band (UHB).

Figure 6. Density of CuQ plane holesp(CuQ,), plotted against the average

ionic radius,r(Cév,R"), for the superconductive (Cu,Mo)-1222 [(&
00.29 Sr(Cey 45R0.552Cw00+5] Samples. For the estimation of theCuQy)
alue, see the text.

Hence, we have so far shown that the size of the R
The broad peak about530 eV is due to transitions into the ~ constituent apparently has an influence on the charge
upper Hubbard band (predominantly formed by the hybrid- distribution between the nonsuperconductive charge-reservoir
ization in the ground state of the Clf3shd Cu3¢lL states), ~ block and the superconductive Cufanes. Assuming that
and the peak with a maximum at528.3 eV is due to the  the situation for the Cu-1212 (CuBCw:07-s) and Cu-2212
excitations of O 1s electrons to O 2p holes located in the (ClbB&RCWOs-,) systems would be parallel to that for the
Cu0Q; planes. Partly overlapping with the latter peak, the third (Cu,M0)-1222 system with the large R constituents, i.e., a
preedge peak is discerned a627.5 eV. With analogy to  decrease im(R") would increasey(CuQ;), we propose an
the Cu-1212 or CuB Cu,0;_, phase that also contains Cu  €xplanation for the differenT, versusr(R") behaviors of
in the charge-reservoir blo@&23 we assign the 527.5 eV the Cu-1212 and Cu-2212 systems. Fully oxygenated Cu-
peak to the hole states at the oxygen sites in the (Cu,Mo)- 1212 superconductors are in a slightly overqloped state.
Ou+s charge-reservoir block. To derive a quantitative estima- 1herefore, an increase p(CuQ;) upon decreasing(R")
tion for the distribution of holes between the (Cu,Mg)9  decreases the value Gk. On the other hand, Cu-2212
charge reservoir and the Cu@lanes, we analyzed the supercondugtors are knpwn to be upderdopgd (.unltijs:sR
spectral features by fitting the three preedge peaks with aPartly substituted by divalent calcium). This is wh
combination of Lorentzian and Gaussian functions after increases with decreasingR") and increasingd(CuG,).
approximating the background within 52832 eV with a ~ COming back to the present (Cu,M0)-1222 and (Cu,Mo)-
straight line; see Figure 5b. The thus obtained integrated 1232 Systems, from our previous studies we believe them to
intensities! (527.5) and (528.3) of the two peaks at527.5 be underdopetf* Hence, for the larger R constituents the

and~528.3 eV are believed to be proportional to the relative trénd of increasingc with decreasing(R") [and increasing
hole densities of the (Cu,Mo)Q@; charge reservoir and the P(CUQ)] is just what we should expect provided that the

two CuQ, planes, respectively. Hence, the ratiol(628.3)/ (Cu,M0)-1222 and (Cu,M0)-1232 systems behave in the
[1(528.3)+ 1(527.5)] should give us the share of one GuO same way as R Cu-1212 and Cu-2212 systems. The.n the
plane of the total hole content. For the total hole content only question left open |SVWT|)/ the trend of increasing
(p), on the other hand, we obtain a reasonable estimate fromp(CUOZ) with decreasing(Ce",R") abruptly changes about
the Cu L-edge XANES data, i.ep = 2.75 M(Cu)-2]. R =Y for (Cu,M0)-1222 and (Cu,M0)-1232. Here we

Hence, we calculate an estimate for the absolute Qu&he acknovyledge the irr_lportance of precise crystal structure
hole density p(CuQy)] as follows: p(CuOy) = 0.5[1(528.3)]- analysis. Qn the basis of thg presen'.[ XRD data collepted by
o[1(528.3)+ 1(527.5)]. Note that a commoW(Cu) value commercial Iaboratory_equment,_ it was not possible to
. address the aforementioned question.
of 2.20 was used for all the samples. In Figure 6, we plot
the thus obtaine@(CuQ,) values against(CéeY,R"). It is
immediately recognized that ti¢CuQ,) versusr(CeV,R'"")
plot is almost identical with thd; versusr(CeV,R") plot We have utilized the = 2 and 3 members of the recently
(shown for the same samples in Figure 2), suggesting thatestablished (Cu,Mo0)-E¥2 homologous series as a novel
the chemical-pressure-derived change$.are simply due  model system to deepen our understanding of rare-earth-
to changes in the Cuplane hole density. Since the total derived chemical-pressure effects in layered copper oxide
amount of holes remains constant, this means that for thesuperconductors. Superconductive samples with 11 different
larger R constituents holes are gradually shifted from the R constituents from La to Yb in the fluorite-structured
(Cu,M0)O14+s charge reservoir to the Cu(planes upon  (Ce,R)[Q(Ce,R)}-1 block separating the adjacent CuO
decreasing the size of the R constituent, whereas for theplanes were successfully synthesized. It was shown that the
smaller R constituents the direction of the hole shift is size of the R constituent has a significant influence on the
opposite. charge distribution between the nonsuperconductive charge-

Conclusion
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reservoir block and the superconductive Guytanes. To explain the chemical-pressure effects in the two well-known
follow these changes, O K-edge XANES spectroscopy was R-based HTS copper oxide systems Cu-1212 and Cu-2212.
utilized. The total amount of holes was determined from Cu
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