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Abstract

Essentially single-phase Cu(Bag¢7Eug.33)2(Ceg33Eu0.67)2Cuy09. 5 samples of the Cu-1222 phase with a fluorite-structured
(Ce,Eu)-O,—(Ce,Eu) block between the superconductive CuO, planes were synthesized in O, atmosphere to exhibit super-
conductivity with 7, around 25 K. Wide-range tuning of oxygen content and thereby the overall hole-doping level of the phase was
found possible through (i) temperature-controlled oxygen-depletion (TCOD) annealing carried out in a thermobalance in N, at
various temperatures (for reduction), and (ii) high-pressure oxygenation (HPO) treatments carried out in a cubic-anvil-type high-
pressure apparatus in the presence of various amounts of Ag,O, as an excess oxygen source (for oxidation). For the HPO samples a
record-high T value of 62 K was achieved. On the other hand, deoxygenation to the oxygen content less than 9 + § ~ 8.9 was found
to kill superconductivity. The degree of hole doping (both in overall and for the CuO, plane and CuO,; charge reservoir

separately) in the samples is discussed on the bases of Cu L-edge and O K-edge XANES data.

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

The first high-T, superconductive copper oxide to
contain a fluorite-structured (Ce,R)-[O,-(Ce,R)],—1
block (R = rare-earth element; oxidation states Ce'”
and R™ expected) between superconductive CuO,
planes was discovered in the Ce—Nd-Sr—Cu—-O system
in 1988 by Akimitsu et al. [1,2]. The so-called T*
structure of this (Ce,Nd,Sr),CuO4 compound is a 1:1
piling of La,CuOy4-type (T structure [3,4]) and
Nd,CuOy-type (7" structure [5]) slabs with a layer
sequence of [(Nd,Sr)O—(Nd,Sr)Olrs{CuO,]p—{(Ce,R)-
0,—(Ce,R)]—[Cu0O,]p, where RS (rock-salt), P (perovs-
kite) or F (fluorite) refers to the structure type of the
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corresponding layer/block. Soon after Tokura et al. [6]
found the second copper-oxide superconductor with F-
type layers, i.e., (Ce,Nd),CuOy, of the bare T" structure.
Then, Cu(Ba,R),(Ce,R),Cu,09, s with a layer sequence
of [(Ba,R)Olrs{CuO1 + sJp{(Ba,R)Olrs{CuO,]p{(Ce,R)-
0,(Ce,R)]F{CuO,]p became the third superconductor
having the (Ce,R)-{O,—(Ce,R)],_; block [7]. With later
discoveries it has turned out that all these three phases
are members of a larger group of multi-layered
copper oxides that contain F-type layers between two
adjacent CuO, planes and an (MO 4 5/,)m (M = Cu, Bi,
Pb, TI, Hg, etc.; 0<m<3) ““charge reservoir’” between
two RS-type AO (4=Sr, Ba, R, ctc.) layers,
Le., [AOJrs{(MO 1 5/m)mlp/rs{AOIrs{CuOs]p—{(Ce,R)-
{0,~(Ce,R)};_1]lF[CuO,]p. Such a phase obeys the
general stoichiometry expression of M,,4,,(Ce,R),
Cuy 1O+ 4k +25+6 Or M—m(2k)s(1 +k) in short [8,9].
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Here one should recognize that many of the most
common high-7, superconductors are composed of
P- and RS-type layers only, to obey a layer se-
quence of [AO]rs{(MO1 +5/m)mlp/rsAOrs{CuO—~
(0—Cu0y,),_1lp (@ =Ca, R, etc.) and a stoichiometry
of MmAZQn—lcunOn1+2+2ni5 or M—m2(n—1)n We
classify these latter phases as members of “Category-
A”, while those containing the F-structured block are
defined to belong to “Category-B” [9,10].

For Category-A phases, the amount of accumulated
experimental data is huge and accordingly various
relations among the layer piling, crystallographic fine-
structure, oxygen nonstoichiometry, doping and super-
conductivity characteristics have been uncovered [9,11],
whereas Category-B phases are much less investigated
and therefore poorly understood. The s = 2 member of
the Category-B homologous series [12] of Cu-12s52 is an
interesting target for deeper oxygen nonstoichiometry
and hole doping studies: the first member of the same
series, i.e., Cu-1212 [9,13], is nothing but the prototype
superconductor, CuBa,RCu,074.5 (“R-1237) [14],
whereas the third member, obtained in the single-phase
form for (Cug.75M00.25)Sr2(Ceo.67Y0.33)3Cu2011 4.5, Very
recently turned out to be the first “triple-fluorite-layer”
superconductor [15]. The first samples of the Cu-1222
(s = 2) phase by Sawa et al. [7] were synthesized in O,
with the stoichiometry of Cu(Ba,R),(Ce,R),CuyO94 ;.
Among the samples, the highest T, of 43 K was due to
the R = Eu sample after post-annealing under elevated
O, pressures. The role of the trivalent R substituent at
the 4 ( = Ba) site was to stabilize the structure. The Cu-
1222 structure is also stabilized for 4 = Sr by substitut-
ing the charge-reservoir Cu partially by higher-valent
elements, e.g., (Cu,Mo0)Sry(Ce,Y),CuyO945 [15,16].
With Sr at the A4 site, the Cu-1222 structure is formed
even without structure-stabilizing substituents, i.e.,
CuSry(Ce,Y),Cuy09 5, though only through synthesis
under high O, pressures [17].

Here we selected the original cation composition,
Cu(Bag 67Eu0.33)2(Ceo.33Eu0.67)2Cu209 1.5 [7], of the Cu-
1222 phase for a systematic oxygen content/valence
tuning study. By taking advantage of both deoxygena-
tion (in N;) and oxygenation (under high O, pressures)
annealings the hole-doping level of the phase could be
continuously controlled from a nondoped (nonsuper-
conductive) state to a slightly overdoped state. Accord-
ingly, the value of T, increased up to 62K, to clearly
exceed any of the values previously reported for various
Cu-1222 structured compounds.

2. Experimental
The Cu(Bag 7Euy33)2(Ceo 33Eu0.67)2Cu09 4 5 master

sample was prepared by solid-state reaction from a
powder mixture of CuO, BaCO;, Eu,O5 and CeO, with

the ratio, Eu:Ba:Ce:Cu = 6:4:2:9. Following the recipe
given in the original work by Sawa et al. [7] two heat
treatments (for a pelletized powder with an intermediate
grinding) were employed, both at 1020°C for 15h in
flowing O, gas. After the second heat treatment the
sample was furnace-cooled in O, and powdered.
Portions of this as-O,-synthesized powder (henceforth
called AS sample) were subjected to different post-
annealing treatments in order to either increase or
decrease the oxygen content. For oxygenation, the
sample was mixed with 12.5-200mol% Ag,0,, loaded
in a gold capsule and annealed in a cubic-anvil-type
ultra-high-pressure apparatus at 5 GPa and 500 °C for
30min. Under these conditions Ag,O, functions as an
efficient oxygen source upon decomposing to Ag,O and/
or Ag metal [15,18]. The thus obtained high-pressure
oxygenated samples are henceforth called HPO samples
with a suffix that indicates the amount (in mol%) of
Ag>O, used, e.g., HPO:100 for 100mol% Ag,0-.
Decoxygenation was carried out by employing our
temperature-controlled  oxygen-depletion  (TCOD
[9,18]) technique by annealing a powder sample (ca.
100 mg) in flowing N, gas at a prefixed temperature of
300, 400 or 500 °C in a thermobalance (Perkin Elmer:
Pyris 1). The heating rate was 20 °C/min. At the final
temperature the sample was kept isothermally until the
weight loss of the sample saturated (ca. 24 h), and then
cooled with a rate of 20°C/min back to room
temperature. These deoxygenated samples are called
TCOD-300, TCOD-400 and TCOD-500.

All the samples were characterized by powder X-ray
diffraction (XRD; Rigaku: RINT2550VK/U; CuKo
radiation) for phase purity and lattice parameters.
Oxygen contents of the AS and TCOD samples were
determined by the iodometric titration method that
detects the total amount of high-valent metal species,
Cu™™ and Ce'V [19]. Superconductivity properties were
evaluated from both resistivity (p) and magnetic
susceptibility (y) measurements. The former measure-
ments were carried out using a four-probe apparatus
and the latter using a SQUID magnetometer (Quantum
Design: MPMS-XL) under an applied magnetic field of
10 Oe in both zero-field-cooled (ZFC) and field-cooled
(FC) modes. For the superconductive samples the value
of T, was defined at the onset temperature of the
diamagnetic signal.

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 Lj3
edge. In addition, for the AS and TCOD samples O K-
edge XANES spectra were collected for the layer-
specific hole concentrations. The XANES experiments
were performed at the 6-m HSGM beam-line of
NSRRC in Hsinchu (Taiwan) in X-ray fluorescence-
yield mode. The spectra were corrected for the energy-
dependent incident photon intensity and self-absorption
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effects, and normalized to the tabulated standard
absorption cross-sections in the energy range of
1000-1020¢V for the Cu L, 3 edge and 600-620eV for
the O K edge; details were as those given in Ref. [20].

3. Results and discussion
From X-ray diffraction observation the synthesized

Cu(Bay.67Eu0.33)2(Ceg.33Eu0.67)2Cu209 . 5 samples were
found to be of high quality, all the prominent diffraction
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Fig. 1. X-ray powder diffraction patterns for the TCOD-400, AS and

HPO:50 samples of CU(Ba().(ﬁEUOA33)2(CCOO33EUO.67)2CU209i(s;. Indices
are for the Cu-1222 structure (14/mmm).

Table 1

peaks detected being due to the Cu-1222 phase. In
Fig. 1, diffraction patterns for the TCOD-400, AS and
HPO:50 samples are shown. The only undesirable
impurity peak, seen about 28.55°, was assigned to a
trace of CeO, impurity. The amount of the CeO, trace
remained essentially constant for the entire sample
series. Besides the CeO, trace, the HPO samples should
contain decomposition residue(s) of Ag,0,, i.e., Ag,O
and/or Ag, as a natural consequence of the synthesis
procedure. Apparently the Ag-containing phases are of
rather low crystallinity, since even the main diffraction
peaks due to Ag,O/Ag were hardly visible. For all the
samples the diffraction peaks due to the Cu-1222 phase
were readily indexed in a body-centered tetragonal
symmetry (space group 74/mmm [7]). Lattice parameters
refined from the data are given in Table 1. From
Table 1, we conclude that deoxygenation/oxygenation
slightly increases/decreases the parameter ¢, whereas the
parameter a remains constant. Parallel trends were
observed for the s = 3 member of the Cu-12s2 homo-
logous series upon similar HPO treatments [15].

The values for the oxygen content, 9+ 9, and the
corresponding (nominal average) Cu valence, V(Cu)y,,
as obtained for the AS and TCOD samples from
iodometric titrations are given in Table 1. Note that
for the HPO samples, no attempts to employ the
iodometric titration method for oxygen-content deter-
mination were made due to the presence of nondefined
amounts of Ag,O and/or Ag. For the AS sample, the
precise oxygen content, 9 + J, was determined at 9.02.
This is compatible with a CuO;,s charge-reservoir
composition of 140 =1.02, if all other layers are
assumed to be stoichiometric in terms of oxygen [21]. A
similar situation with 1+ being larger than unity is
seen also for the Cu-1212 phase when the A site is co-
occupied by divalent Ba and trivalent R [22,23].
Deoxygenation of the AS sample by means of TCOD
annealing decreased the 9 + 6 value from 9.02 to 8.96
for TCOD-300, 8.90 for TCOD-400 and 8.82 for

Experimental data for the Cu(Bag ¢7Eu0.33)2(Ce 33E00.67)2Cu209 4 5 (Cu-1222) samples: oxygen content 9 + 9, lattice parameters, a and ¢, the T, value
and the superconductivity volume fraction, average nominal Cu valence as estimated from the redox titration data [V(Cu)y;] and from the Cu L;-edge
XANES data [V(Cu)xas] (see the text for definition), and the individual CuO,-plane and CuO, 4 s-charge-reservoir hole concentrations, p(CuO;)xas
and p(CuO 45)xas, as estimated on the basis of the O K-edge XANES data (see the text for definition)

Sample aA) c(A) 9+% V(Cu)yie V(Cu)xas p(CuOy)xas p(CuOy 45)xas T. (K) (vol. fraction)
TCOD-500 3.86 28.50 8.82 2.11 2.04 0.06 0.00 < 4
TCOD-400 3.86 28.49 8.90 2.16 2.05 0.07 0.01 <4
TCOD-300 3.86 28.49 8.96 2.20 2.10 0.10 0.02 15 (12%)
AS 3.86 28.48 9.02 2.24 2.12 0.10 0.03 25 (29%)
HPO-12.5 3.86 28.47 — — — — — 42 (24%)
HPO:25 3.86 28.46 — — — — — 55 (31%)
HPO:50 3.86 28.46 — — 2.20 — — 62 (51%)
HPO:100 3.86 28.48 — — 2.24 — — 62 (59%)
HPO:150 3.86 28.47 — — 2.30 — — 58 (35%)
HPO:200 3.86 28.46 — — 2.33 — — 58 (150%)
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TCOD-500, according to iodometric titrations. Reading
the oxygen contents for the TCOD annealed samples
directly from the corresponding thermogravimetric
(TG) curves (Fig. 2) gives values of 8.94, 8.89 and
8.82, respectively. Hence the TG data corroborate the
iodometric titration results, though it should be
recognized that the TG curves for the TCOD annealings
reveal no absolute but relative oxygen-content values
only. From preliminary experiments it was known that
heating the Cu(Bag67Eu0.33)2(Ceo 33Eu0.67)2Cu200 4 5
samples in N, to temperatures higher than 500 °C ended
up with gradual decomposition of the Cu-1222 phase.
Hence, the 9+ 6 value of 8.82 determined here for
the TCOD-500 sample is believed to be close to the
lowest level of oxygen content yet tolerated by the
Cu-1222 structure (at the cation stoichiometry of
Cu(Bag ¢7Eu 33)2(Ceg.33Eu0 67)2Cu209 4 5).
Superconductivity characteristics of the samples were
evaluated on the bases of magnetic susceptibility and
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Fig. 2. TCOD curves for post-annealings carried out in N, gas for an
AS sample of Cu(Bag.67Eu0.33)2(Cep.33EU0.67)2Cu209 15 (9 £ 6 = 9.02)
to obtain the oxygen-depleted samples of 9+ ¢ = 8.96 (TCOD-300),
8.90 (TCOD-400) and 8.82 (TCOD-500). The given oxygen contents
are from iodometric titrations.
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resistivity measurements, see Figs. 3a and b, respec-
tively. The most reduced samples of TCOD-400 and
TCOD-500 were not superconductive. For all other
samples bulk superconductivity was confirmed. The T,
values together with the superconducting volume frac-
tions (as calculated from ZFC data at 5K) are given in
Table 1. In the p — T curve (Fig. 3b), a sharp drop was
observed for every superconductive sample, at a
temperature that is very close to the 7, value determined
on the basis of the y — T data. However, zero-resistivity
was not achieved for any of the HPO samples. This is a
rather common phenomenon for samples high-pressure
oxygenated using Ag,O, as the oxygen source and it is
attributed to the apparent existence of partly amor-
phous decomposition residue(s) of Ag,O, at the
boundaries of superconductive grains [15]. The same
explanation is also valid to rationalize the somewhat
high normal-state p values of the HPO samples.
Moreover, in the y — T curve a two-step transition
was seen for the HPO samples (Fig. 3a). This may be
considered as an indication that oxygen incorporation
upon high-pressure oxygenation has not been perfectly
homogeneous thorough the sample volume. For the AS
sample synthesized in 1 atm O,, T, was found at 25K,
being in good agreement with the value originally
reported by Sawa et al. [7]. Upon loading the phase
with increasing amounts of oxygen 7. increased up to
62K for the HPO:50 and HPO:100 samples (Table 1).
The fact that the highest T, value achieved was not due
to the HPO samples being prepared with the largest
amounts of Ag,0O, suggests that these samples
(HPO:150 and HPO:200) might be (slightly) overdoped.
In the following we discuss this on the basis of Cu L, ;-
edge XANES data for the hole-doping level of the
samples.

The Cu L, ;-edge XANES spectra (collected for most
of the samples) are shown in Fig. 4. For the HPO
samples, the Cu Lz-edge area of the spectra exhibits two
readily distinguishable but overlapping peaks about
931.2 and 932.7 eV, due to nominally divalent (Cu'": 34°)

HPO:100 |

HPO:12.5

AS N
n——

-5 1 1
107 100 200
Temperature (K)

300

Fig. 3. Temperature dependence of: (a) magnetic susceptibility (ZFC), and (b) resistivity for selected Cu(Bag ¢7Eu0.33)2(Ceo.33Eu0.67)2Cu2009 5

samples.
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Fig. 4. Cu L,3-edge XANES spectra for the AS, TCOD and HPO
samples of Cu(Bag¢7Eu¢33)2(Cep 33Eu0.67)2Cus09.4 51 contributions
from nominally divalent (Cu®: 3¢°) and trivalent (Cu™™: 3¢°L) copper
states are indicated.

and trivalent (Cu'™: 34°L, where L = oxygen-ligand

hole) copper states, respectively [24—26]. With decreas-
ing oxygen content, i.e., going from the HPO samples to
AS and TCOD samples, the intensity of the higher-
energy peak due to Cu' gradually decreases as a
manifestation of the gradual decrease in the overall
hole-doping level of the phase. At the same time, no sign
of an additional peak around 934 eV is seen that would
indicate the presence of (two-fold coordinated) mono-
valent Cu species. (Note that such a feature is clearly
observed for oxygen-deficient samples of the Cu-1212
[26,27] and (Pb,/3Cu,/3)-3212 [28] superconductors and
also for the binary copper oxide Cu,O [29], all contain-
ing monovalent Cu in a linear coordination.) We
analyzed the Cu L3-edge spectral features by fitting the
intensities of the 931.2 and 932.7-eV peaks into a
combination of Lorentzian and Gaussian functions after
approximating the background to a straight line. The
normalized integrated cross-section of the higher-energy
peak, i.e., I9327/(I9312+ I932.7), should reflect (at least
qualitatively) the extend of hole doping in the CuO,
planes and the CuO,.s charge reservoir in average
[24-27]. For the sake of an ecasier imagination, we
convert this normalized intensity into an expression,
V(Cu)xas=2+1932.7/(lo312+ 1o32.7), to get a number,
that should be comparable to the chemical quantity of
“average nominal valence state of copper” [30,31]. The
resultant V(Cu)xas values are listed in Table 1. From

Table 1, it is seen that V(Cu)xas increases monotoni-
cally from 2.04 for the TCOD-500 sample up to 2.33 for
the HPO:200 sample. Among the TCOD and
AS samples, comparison between the FV(Cu)xas and
V(Cu)y, values reveals that the former values are
systematically somewhat smaller than the latter ones,
but the trends are consistent (Table 1). The small
systematic difference in the absolute values of V(Cu)xas
and V(Cu)y may originate from (i) the small CeO,
impurity present in the samples (with a constant
concentration), (ii) a possible systematic mistake in the
fitting procedure of the spectral features, and/or (iii)
anomalous transfer of spectral weight highly possible in
strongly correlated systems [32]. In Fig. 5 we use the
V(Cu)xas values to show the relation between 7. and
the overall hole-doping level for our Cu-1222 phase
Cu(Bag 67Eu0.33)2(Ce.33Eu0.67)2Cu209 1. 5 samples. With
increasing V(Cu)xas the phase becomes superconduc-
tive for V(Cu)xas=2.1 and exhibits the highest T, value
of 62K at V(Cu)xas~2.2. With a further increase in
V(Cu)xas, T, slightly decreases presumably due to
overdoping.

In comparison to the V(Cu)xas values obtained for
optimally doped samples of the Cu-1212 phase, i.c.,
V(CU)XAs% V(Cu)l;1z2.3 in CuBazYCu206,93 [33], the
present V(Cu)xas value of ~2.2 for the optimally doped
samples of the Cu-1222 phase looks somewhat low. As a
possible explanation we suggest that in the two phases
the excess positive charge may be differently distributed
between the CuO, plane and the CuO;.; charge
reservoir. Since the Cu L-edge XANES data do not
allow us to differentiate the two types of copper—oxygen
layers, we employed O K-edge XANES spectroscopy to
obtain an estimate for the distribution of holes among

80 —

Te (K)

0
2

.0 2.1 2.2 2.3 2.4
V(Cu)xas

Fig. 5. T, versus V(Cu)xas (see the text for definition) for the
variously oxygenated and deoxygenated Cu-1222-phase samples of
Cu(Bag 67Eu0 .33)2(Ceo.33Eu0,67)2Cu200 4. 5.
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the different oxygen sites. In Fig. 6, O K-edge XANES
spectra for the AS and TCOD samples in the energy
range of 525-555eV are displayed. (In the case of the
HPO samples, O K-edge data were not considered due
to Ag oxide inclusions in these samples in not well-
defined amounts.) The pre-edge peak seen for all the
samples about ~528.1¢V is the well-known signature of
hole states in the p-type doped CuO, planes in high-T,
superconductors [20,25-28,31,34-36]. We can distin-
guish another pre-edge peak at ~527.3eV partly over-
lapping with this peak. Taking analogy to the Cu-1212
phase [26,27,34,35], we assign this lower-energy pre-edge
peak to the hole states in the CuO, s charge reservoir.
From Fig. 6, it is clearly seen that with increasing
oxygen content the overall spectral weight below
~529¢V increases as expected. Another indication of
the increasing hole-doping level is the shift of the
“528.1-eV peak” to slightly lower absorption energies;
in other words, the Fermi level moves to a lower energy
when the hole concentration within the CuO, plane
increases. In order to get quantitative information on
the hole distribution between the CuO, plane and the
CuOj 15 charge reservoir, we fitted the pre-edge peaks
with Gaussian functions. The background was approxi-
mated by a straight line. Thus-obtained values of
spectral weight (in MbeV per unit cell) for the 527.3-
and 528.1-eV peaks were then “standardized” against
the value of 15 MbeV that corresponds to one hole in the

T T T

CuO 1.5 TCOD-500

charge
__|reservior
ut TCOD-400
2
0
c
]
€ TCOD-300
[¢3]
2
g
]
[vd

uO, plane
L | L | L | L
520 530 540 550 560

Photon energy (eV)

Fig. 6. O K-edge XANES spectra for the AS and TCOD samples of
Cu(Bag ¢7Eu¢ 33)2(Cep 33E00 67)2Cu209 150 contributions from the
CuO,; plane and CuO, . charge reservoir hole states are indicated.
(Note that the spectral weight due to the CuO, plane hole states
corresponds to two copper—oxygen planes, whereas that of the CuO, .4
charge reservoir corresponds to one copper—oxygen layer only.)

Cu-1212 phase [26,34] to get rough estimates for the
absolute hole numbers in one CuO, . s charge-reservoir
unit  [p(CuO;4s)xas] and two CuO,-plane units
[2p(CuO,)xas], respectively. (Note that the spectral
weight due to the CuO,-plane hole states corresponds
to two copper—oxygen planes, whereas that of the
CuO; 1 charge reservoir corresponds to one copper—
oxygen layer only.) The resultant layer-specific hole
concentrations, p(CuOj,s)xas and p(CuOj)xas, are
given in Table 1. Obviously, in our Cu-1222 phase
samples of Cu(Bag.67Eug.33)2(Ceo 33Eu0.67)2Cur09 1 5 the
CuO; plane is more heavily doped with holes than the
CuO, 4 5 charge reservoir, whereas the opposite is true in
fully oxygenated samples of the Cu-1212 phase
[9,26,27,33-35]. Hence, the CuO»-plane hole concentra-
tion in optimally doped Cu-1222 (with presumably
somewhat lower overall hole-doping level) may not be
much different from that in optimally doped Cu-1212.

4. Conclusions

The Cu-1222 phase was found flexible enough for
wide-range oxygen-content tuning. By means of a set of
deoxygenation (in N,) and oxygenation (under high O,
pressures) annealing treatments the hole-doping level of
the phase could be continuously adjusted from a
nondoped (nonsuperconductive) state to a slightly
overdoped state. For optimally doped samples T,
reached a value as high as 62K. From Cu L-edge
XANES spectroscopy data the overall hole-doping level
looked somewhat low in comparison to optimally doped
samples of the Cu-1212 phase. However, O K-edge
XANES data revealed that in Cu-1222 [at least with the
cation stoichiometry of Cu(Bag¢7Eug33)>(Ceg33Eug¢7)>
Cu,09 5] the holes are more efficiently accommodated
by the CuO, plane than in the Cu-1212 phase.
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