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Abstract

We report systematic studies on the relations among the Ce'V-for-Nd™ substitution level (x), oxygen-partial pressure (Po,), oxygen
content (4 +9), lattice parameters (a, c) and superconductivity characteristics (7, volume fraction) in the (Nd;_,Ce,)>Cu;_,O4 4 5 system
which includes electron-doped superconductors. Independent of the Ce-doping level x, samples synthesized in air are found oxygen
deficient, i.e. d <0. Nevertheless, reductive annealing is needed to induce superconductivity in the air-synthesized samples. At the same
time, the amount of oxygen removed upon the annealing is found very small (e.g. 0.004 oxygen atoms per formula unit at x = 0.075), and
consequently the effect of the annealing on the valence of copper (and thereby also on the electron doping level) is insignificant. Rather,
the main function of the reductive annealing is likely to repair the Cu vacancies believed to exist in tiny concentrations (y) in the air-

synthesized samples.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Since discovered in 1989 [1], electron-doped high-T,
copper-oxide superconductors, (R,Ce),CuO4 with R = Pr,
Nd or Sm, have been in the focus of continuous research
efforts. Nevertheless there still remain many questions to
be answered related particularly to their peculiar doping
characteristics, that is, the definite requirements in terms of
x, y and ¢ for the appearance of superconductivity in
(R1-xCey)2Cu;_, 04+ 5. The (R,Ce),CuOy4 phases crystallize
in a so-called 7~ structure [2] with an alternating stacking
of fluorite-structured (R,Ce),0, layers and apical-oxygen-
free CuO, planes. Successful induction of superconductiv-
ity seems to require that a proper concentration of
electrons is generated through partial substitution of
trivalent R by tetravalent Ce and—simultaneously—the
as-air-synthesized samples should be reduced through a
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low-oxygen-partial-pressure annealing [3]. The double
requirement is in clear contrast to the hole-doped copper-
oxide counterpart, the (La;_,Sr,),CuQOy . 5 system (of the T
structure [4]), which shows superconductivity simply upon
an introduction of a sufficient concentration of holes, as
achieved either through oxygen doping or by means of
divalent-for-trivalent cation substitution. Moreover, the
Ce-content range of x~0.07-0.09 within which super-
conductivity appears (after an appropriate post-synthesis
annealing) in (R;_,Ce,)>Cu;_,0445 [3,5,6] is much nar-
rower than that of Sr (x~0.03-0.125) in the hole-doped
(La;_,Sr,)»,CuQy 4 s superconductor system [7].

Most of the previous studies agree that the post-synthesis
low-oxygen-partial-pressure annealing plays an important
role in the course of superconductorizing electron-doped
(R,Ce),CuQy4 oxides. However, the reason for the necessity
of this has remained controversial. It has been suggested
that (i) complete removal of the minute amounts of oxygen
atoms from the otherwise vacant apical site is crucially
important in order to decrease magnetic correlation [§],
impurity scattering [9] and/or disorder effect [10], and
alternatively that (ii) creation of oxygen vacancies [11,12]


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2007.11.034
mailto:Maarit.Karppinen@tkk.fi

366 Y. Tanaka et al. | Journal of Solid State Chemistry 181 (2008) 365-372

or (iii) filling the Cu vacancies in the CuO, plane [13] is
crucially important in order to suppress the long-range
antiferromagnetic interactions and/or disorder within the
plane. Accordingly, some neutron diffraction studies have
ended up with a conclusion that the oxygen atoms that are
removed upon the reductive annealing are those located at
the defect apical oxygen site [14-16], whereas others have
concluded that the reduction creates oxygen vacancies in
the CuO, plane [17-20]. Oxygen vacancies may also appear
in the fluorite-structured (R,Ce),0, layer [14,15,17,20],
especially in samples with low Ce contents (x<0.05)
[11,12]. Moreover, most recent works have revealed that
the as-synthesized samples tend to be slightly Cu deficient;
then upon the reductive annealing the Cu-deficient
(R,Ce),Cu;_,04 1 5 phase separates into essentially cation-
stoichiometric (R,Ce),CuQy., superconductive phase and
a Cu-free minority phase of (R,Ce)>O;5 of the cubic fluorite
structure, i.e. [13]:

(R, Ce)2Cui—yO4y5 = (1 — p)(R, Ce),CuO4s,
4+ ¥(R, Ce);03 + 0.5[6 — ¢ + p(1 4 ¢)]Ox. (1)

Changes in the overall oxygen content upon the post-
synthesis low-oxygen-partial-pressure annealing have been
followed by means of thermogravimetric (TG) [13,21-27]
and iodometric titration [28-33] analyses. These studies
have concluded that the amount of oxygen lost upon the
reductive annealing is relatively small. Also agreed is that
the magnitude of oxygen loss decreases with Ce content
[18,21,25,26,28,29,32]. However, exact estimates for the
amount of lost oxygen vary from 0.01 to 0.04 oxygen
atoms per formula unit for samples with a sufficient Ce-
doping level (x=0.05-0.08) [13,18,21,25-29,31,32]. Abso-
lute oxygen content values reported for oxygen-reduced
superconductive samples are controversial too: some
groups have concluded values lower than 4.00 [28,31],
whereas others suggest values higher than 4.00 [29,30,32].

Here we readdress the yet puzzling questions related to
the oxygen nonstoichiometry and electron doping in the
(R,Ce)>,CuOy s system. For this purpose, an extensive
series of high-quality (Nd;_,Ce,)>Cu;_,04 s samples with
precisely controlled and accurately analyzed oxygen con-
tents was systematically investigated.

2. Experimental

A series of polycrystalline samples of (Nd;_,Ce,),
Cu;_,044 5 with x ranging from 0.00 to 0.10 was prepared
employing a wet-chemical method in which the solution-
mixed metal ions are uniformly precipitated using ethyle-
nediaminetetraacetic acid (EDTA) as a chelating agent
[34]. Compared with the conventional solid-state reaction
method the EDTA method yields more homogeneous
samples at lower synthesis temperatures. Accordingly the
grain size of the product is smaller and more uniform.
Stoichiometric (i.e. y = 0) amounts of the starting powders,
Nd»O; (heated to 850 °C prior to use to get rid of absorbed

water/carbon dioxide), Ce(NO3);-6H,O and CuO, were
dissolved in aqueous 2M HNOj; solution from which the
metal ions were chelated with aqueous EDTA/NH;
solution containing a 50% molar excess of EDTA against
the total amount of metal ions. The pH value was then
adjusted to 8-9 (with HNO; and/or NHj; solutions) to
obtain a clear blue solution. After stirring at ~80°C for
approximately 30min to promote the chelation, the
solution was evaporated and the gel was burned. The
resultant raw ash was pressed into pellets and fired at
1050 °C for 12 h in air, followed by furnace cooling to room
temperature at a rate of 5 °C/min.

For oxygen reduction, the as-air-synthesized samples
were annealed at 1000 °C for 24h under oxygen partial
pressures (Po,) ranging from 1073 to 1072 atm. During the
annealing the Po, value was precisely controlled using a
gas mixer and an oxygen densitometer equipped with a
ZrO, sensor. After the annealing the sample was furnace-
cooled down to room temperature in the same atmosphere
with the rate of 10 °C/min.

All the samples were examined with X-ray powder
diffraction (XRD; Rigaku: RINT2000 equipped with a
rotating anode; CuKa radiation) to investigate the phase
composition and to determine the lattice parameters.
Refinement of the lattice parameters was performed in
tetragonal space group, [4/mmm, using the software
JANA2000 [35]. Superconductivity properties were mea-
sured for powdered samples under an applied magnetic
field of 100e using a superconducting-quantum-interfer-
ence-device magnetometer (SQUID; Quantum Design:
MPMS-XL). The T. value was defined at the onset
temperature of the diamagnetic signal. The superconduct-
ing volume fraction was calculated from the field-cooled
(FC) magnetization data at SK.

Overall oxygen contents of the samples before and after
the reductive annealing were determined by the iodometric
titration method [36]. Here it is important to bear in mind
that iodometric titration (i) is not a phase-specific
technique, and moreover, (ii) it actually probes high-valent
copper and cerium species rather than oxygen directly.
However, once the exact cation composition is known (or
assumed) the titration result can be converted into an
(overall) oxygen content value in a straightforward
manner. On the other hand, in the actual analysis of
(R,Ce)>,CuQy s samples the main source of error/inaccu-
racy lies in the poor sample solubility in diluted HCI
solutions of KI. To ensure the complete dissolution highly
concentrated HCI solutions and/or elongated dissolution
periods are commonly employed. In both cases the
undesirable side reaction is accelerated which occurs
between iodide and dissolved oxygen (inevitably present
in minute amounts in the solution). Here the advantage of
using the EDTA synthesis method became evident: our
samples with relatively small grains dissolved much faster
than those synthesized through a conventional solid-state
synthesis route. Moreover, we carefully searched for the
proper experimental conditions for the titration. The
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criterion was to find conditions under which a blank
titration carried out with the same amount of KI but
without the sample material would not produce any iodine
(due to the undesirable side reaction). In our titration
procedure an accurately weighed sample of ~20mg was
dissolved in oxygen-freed (achieved by boiling the solution
in N, gas flow) relatively diluted (1.0-1.3 M) aqueous HCI
solution containing a carefully optimized amount of KI
(~300mg). The exact amount of iodine produced through
the target reaction between I~ and ceV, cu, cu™ and
O~ species (if present) was then determined using a
~0.01 M Na,S,O5 solution as the titrant and starch (1 ml;
0.2m %) as the indicator for the end point. Just before the
end point ~200mg KSCN was added to avoid the end-
point from being diffuse. Concentration of the Na,S,03
solution was standardized against a standard 1/60 M KI1O;
solution and CuO. Each titration analysis was repeated at
least five times with reproducibility better than +0.002 for
the oxygen content (4 + ¢). From the titration result for the
(overall) oxygen content, the average valence of Cu was

calculated assuming the following valence states for the
other elements: Nd"', Ce!'Y and O~

3. Results and discussion

Judging from the XRD patterns (as shown in Fig. 1), the
(Nd;_Cey)>Cui_,04 + s samples as-synthesized in air were
of the single (Nd,Ce),CuO, phase with no traces of
impurity phases up to x = 0.10. Upon increasing the Ce
content, both the lattice parameters, ¢ and ¢, were found
to change in a highly linear manner: the a parameter
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Fig. 1. X-ray diffraction patterns for the as-synthesized samples of
(Nd;_,Ce,)>,CuOy4_;. Inset shows the variation of lattice parameters, ¢ and
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increases, whereas the ¢ parameter decreases (see the inset
of Fig. 1). The decrease in c is straightforwardly explained
by the difference in ionic radii of eight-coordinated Nd™
(1.109 A) and Ce' (0.97 A) ions [37]. Also agreed is that
the increase in a with increasing x is due to the electron-
doping effect into the antibonding Cu—O orbital in the
CuO; plane [23,38].

For each as-air-synthesized sample the post-synthesis
reductive annealing was carried out under various partial
pressures of oxygen, Po,. As a final outcome of decreasing
the Po, the (Nd,Ce),CuO4 phase was found to decompose
into (Nd,Ce),03 and CuNdO,. However, prior to the
actual decomposition minute amounts of the (Nd,Ce),O3
phase were detected by XRD in all samples. Fig. 2
summarizes the situation in the form of an x-vs.-Pg, phase
diagram, where a circle, square, triangle and christcross
refer respectively to single-phase (Nd,Ce),CuQy, appear-
ance of a minute amount of (Nd,Ce),O3, partial decom-
position and total decomposition to (Nd,Ce),O; and
CuNdO,. From Fig. 2, the stability of the (Nd,Ce),CuOy4
phase against the decrease in Pg, is enhanced with
increasing Ce content. The appearance of minute amounts
of (Nd,Ce),0O3 (found for each sample composition x)

before the actual decomposition agrees with the phase-
separation scheme suggested in earlier works [13,39-42],
i.e. separation of as-synthesized Cu-deficient (Nd,Ce),
Cu;_,0445 into an essentially cation stoichiometric
(Nd,Ce)>,CuQy ;. superconductor and a Cu-free (Nd,Ce),
05 minority phase upon the reductive annealing according
to Reaction (1). Here we carefully investigated the
reversibility of the phase-separation reaction and found
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Fig. 2. Phase diagram (Ce content x-vs.-Po,) for the (Nd;_.Ce,),
Cu_, 04+ 5 system. The samples were annealed at 1000 °C for 24 h under
the given Po, (@, stable; B, phase-separated; A, partially-decomposed;

x , decomposed).
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that the diffraction peaks due to the (Nd,Ce),O3 phase
disappeared (for all the x compositions) when the oxygen-
reduced samples were re-oxygenated by annealing in air.
The situation is illustrated for x = 0.075 in Fig. 3, showing
XRD patterns for the same sample powder (i) after the
initial synthesis in air, (ii) after the reductive annealing in
low-oxygen-pressure atmosphere, and again (iii) after a re-
annealing in air. Only in pattern (ii) peaks due to the
(Nd,Ce),03 phase are visible. In order to determine the
fraction of the (Nd,Ce),O; minority phase, the patterns
were analyzed through a two-phase Rietveld refinement
which revealed the following (Nd,Ce),Os-phase contents:
(1) 0.0 mol%, (ii) 1.6 mol% and (iii) 0.0 mol%.

In Ref. [13], it was convincingly demonstrated that the
phase separation reaction is related with the presence of
tiny amounts of CuO,-plane Cu vacancies in as-air-
synthesized samples, see Reaction (1). Apparently the
vacancies are due to evaporation of small amounts of
copper during the sample synthesis, as no traces of Cu-
containing impurity phase(s) were detected in any of our
nominally stoichiometric samples. As for the concentration
of these vacancies, we may use Reaction (1) to reveal an
estimate for the magnitude of y in the as-synthesized
(Nd;_Cey)>Cui_,04+5 samples (here at ~0.016) on
the bases of the fraction of the (Nd,Ce),O3 phase in the
annealed samples (here 1.6mol%). Unfortunately, the
resolution/sensitivity of the present laboratory — XRD
data did not allow us to directly refine the Cu occupancy
factors in a reliable manner. Hence, we only refer to the
synchrotron X-ray and neutron diffraction study by Kang
et al. [13], revealing the magnitude of y at 0.01-0.02 in as-
air-grown (R,Ce),Cu;_,04 15 single crystals.
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Fig. 3. X-ray diffraction patterns for the x = 0.075 sample powder (i)
after the initial synthesis in air, (ii) after the reductive annealing in low-
oxygen-pressure atmosphere, and again (iii) after a re-annealing in air.

As for the superconductivity characteristics, it turned
out that for each (Nd;_,Ce,),Cu;_,04 s sample whatever
was the value of x, the best superconductivity character-
istics (in terms of 7. and volume fraction) were achieved
when the sample was annealed in the vicinity of the lowest
possible Po,, i.e. in the region where the first signs of the
(Nd,Ce),03 phase appear in the XRD pattern. Hence, the
optimal annealing condition in terms of Po, differs from
sample to sample depending on the Ce content, x. Here the
optimal or the lowest possible annealing Po, at 1000 °C
was determined at ~3.2 x 107*atm for x<0.06 and at
~1.0 x 10~ *atm for x>>0.065.

The optimal (= lowest possible) P£)2s were used to
prepare a series of (Nd;_,Ce,),Cu;_, 045 [or (1-p)
(Nd;_,Ce,),CuOy4 ¢+ y(Nd;_,Ce,),03] samples with the
lowest possible oxygen content for each Ce composition x.
It should be emphasized that even though the oxygen-
reduced samples include minute amounts of the (Nd,Ce),0O3
phase, the overall cation composition is believed to remain
constant in Reaction (1) [13]. Hence, the overall sample
composition may be expressed by (Nd;_,Ce,),Cu;_,04;
both before and after the oxygen reduction/phase separa-
tion. In Fig. 4, the overall oxygen content values, i.e. 4+
in (Nd;_,Ce,)>Cu;_,04 5, as calculated from the results
of iodometric titration analyses are plotted against x for
the maximally reduced samples together with the corre-
sponding as-synthesized samples. Since the exact y value
is not known, the result is shown for three different
cases assuming y = 0.00, 0.01 or 0.02. From Fig. 4, in
accordance with the earlier studies on the (Nd,Ce),CuOy 5
system [29,30], it is found for both the as-synthesized and
the maximally-reduced sample series that the overall
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Fig. 4. Oxygen content, 4+ 9, plotted against the Ce content x for as-
synthesized and oxygen-reduced samples of (Nd;_.Ce,),Cu;_,O4+5
assuming y = 0.00 (circle), 0.01 (triangle) and 0.02 (square). The samples
with x<0.05 and x>0.065 were annealed at Po, =3.2 x 107* and
1.0 x 10~*atm, respectively.
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oxygen content systematically increases with increasing Ce
content. Also revealed is that the amount of oxygen lost
upon the annealing decreases with increasing x, being
~0.01 oxygen atoms per formula unit for the non-doped
x=0 sample and as little as ~0.004 for the x=0.075
sample. In general, the observed oxygen loss is very tiny,
and accordingly the influence of oxygen reduction on the
average valence of copper is insignificant (assuming that
the valence state of cerium remains constant [43]). For
example, a decrease in the oxygen content by 0.004 (as
detected for the x = 0.075 sample upon the reduction
annealing) makes the (Cu) value decrease by 0.008.

From the iodometric titration results (for the overall
oxygen content of the sample) meaningful phase-specific
oxygen-content values are obtained only for the as-air-
synthesized samples that are perfectly single-phasic. In this
case too, the precise concentration of Cu vacancies is not
known. (Obviously, the larger the y value in reality is, the
smaller becomes the oxygen-content value, 4+J, as
calculated from the titration data, see Fig. 4). From
Fig. 4, it is however clear that the as-air-synthesized
(Nd;_.Ce,)>Cu;_, 04+ samples are oxygen-deficient, i.e.
4+06<4.00, at least for x<0.065 (i.e. d<0 even if
y=0.00). On the other hand, if y =0.02, even the
x>0.065 samples are all oxygen deficient. Needless to
say, iodometric titration does not allow us to directly
obtain information about the location of the oxygen
vacancies. However, a 6 <0 value indicates for sure the
presence of oxygen vacancies within either the CuO,-plane
or the fluorite-structured (Nd,Ce)-O,—(Nd,Ce) block or in
both; at the same time, it does not totally rule out the
presence of small amounts of defect oxygen atoms at the
apical site (which may exist due to a kind of redistribution
of some of the oxygen atoms).

In Fig. 5, the lattice parameters, a and ¢, are plotted
against the Ce content for as-synthesized and variously
oxygen-reduced samples of (Nd,_,Ce,),Cu;_,O04, ;. At a
fixed Ce content x, the ¢ parameter progressively increases
with decreasing Po,. This trend is particularly evident for
the lightly Ce-doped samples: the relative expansion along
the a-axis is calculated to be ~0.04% at x = 0, while for the
heavily Ce-doped samples it is ~0.02%. The difference in
the magnitude of the a-parameter expansion between the
lightly and heavily Ce-doped samples is similar to that of
the removal of oxygen (see Fig. 4). The observed lattice
expansion along the a-axis upon enhancing the reductive
conditions is well explained by the electron-doping effect
(though it should be emphasized that the situation is rather
complicated since the reduction is apparently accompanied
by a simultaneous filling of the Cu vacancies). As for the c-
parameter, a systematic contraction is observed for the
lightly Ce-doped samples (~0.05% at x = 0), but none for
the heavily Ce-doped samples.

Fig. 6 shows the dependence of magnetic suscepti-
bility on temperature for (a) the differently Ce-doped
(Nd;_Cey)>Cui_,04+5 samples annealed at a constant
Po, =10 x 10~*atm, and (b) the x=0.075 samples
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Fig. 5. Lattice parameters, ¢ and ¢, plotted against the Ce content x for
both as-synthesized and oxygen-reduced samples of (Nd;_,Ce,),
Cul—yO4+r5~

annealed at different szs. Upon increasing x under the
constant-Po, condition (Fig. 6(a)), the first sign of super-
conductivity (with a low volume fraction) appears about
x = 0.065. With further increasing x, superconductivity
with the maximum volume fraction shows about x = 0.075.
With still further increase in x the superconductivity
properties gradually get deteriorated. It should be noted
that with decreasing x (below x = 0.075) the superconduct-
ing volume fraction rapidly decreases, while the 7, value
remains rather constant. This behavior is consistent with
the previous reports for polycrystalline samples [3,26,44],
but (particularly for small x values) somewhat contra-
dicting those reported for single crystals [6], probably due
to the difference in the reduction processes. On the other
hand, when Po, for the annealing is varied while the Ce
content is fixed at x = 0.075 (Fig. 6(b)), both the T, value
and the superconducting volume fraction systematically
increase with decreasing Po, down to an optimal value of
1.0 x 107*atm and then below this the superconducting
volume fraction again starts to decrease due to (partial)
phase decomposition.

The T, value and the superconducting volume fraction
for the oxygen-reduced samples are plotted against the Ce
content and the annealing Po, in Figs. 7(a) and (b),
respectively. The sample with x = 0.075 shows the best
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1.0 x 10~*atm and (b) a x = 0.075 sample annealed at various P’Ozs.

superconductivity properties for almost all Po, values
(Fig. 7(a)). For the samples with x>0.075, the best
superconductivity properties are achieved at Po, =
1.0 x 107*atm. On the other hand, samples with
x<0.075 show the highest 7. values at Po, = 5.0x
1073 atm, though partial phase decomposition takes place
for Pp, <5.0 x 1073 atm.

In order to illustrate the importance of oxygen reduc-
tion, we plot the 7. values in Fig. 8 against the CuO»-plane
electron density calculated from the average copper valence
value as n(CuQO,) = 2—FV{(Cu) for both as-synthesized and
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Fig. 7. The T, value and superconducting volume fraction for oxygen-
reduced samples of (Nd;_Ce,),Cu;_,0O4 + 5 plotted against (a) Ce content
x, and (b) oxygen partial pressure used in the final annealing, Po,.

oxygen-reduced samples of (Nd;_,Ce,)>Cu;_,O445. It is
explicitly seen that-in contrast to the p-type high-T,
superconductive copper oxides-the appearance of super-
conductivity is not determined by the degree of carrier
doping only. For instance, the superconductive oxygen-
reduced x = 0.075 sample has the same n(CuQ,) value as
the as-synthesized x = 0.08 sample that does not show
superconductivity. Hence we conclude that the reduction
process should have a significant role other than sufficient
electron doping in the course of inducing superconductivity

in (R,Ce)ZCu 1 ,yO4 +5-

4. Conclusion

A large number of high-quality samples (with system-
atically varied x values) of the electron-doped copper-oxide
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Fig. 8. Relationship between the 7. value and the CuO,-plane electron
density, n(CuQO,) =2—V(Cu), calculated at y = 0.00 for both the as-
synthesized and oxygen-reduced samples of (Nd;_.Ce,),Cu;_,O4 5. The
oxygen-reduction annealing was carried out under Po, = 3.2 x 10~ and
1.0 x 10~*atm for the samples with x<0.05 and x>0.065, respectively.

system, (Nd;_,Ce,),Cu;_,04 5, were prepared and char-
acterized for the phase composition, lattice parameters,
precise oxygen content and superconductivity character-
istics both before and after the low-oxygen-partial-pressure
annealing treatments needed to superconductorize the
phase. The results obtained are strongly in line with the
recently presented phase separation scheme, i.e. separation
of as-synthesized Cu-deficient (Nd,Ce),Cu;_, 045 into an
essentially cation-stoichiometric superconductor, (Nd,Ce),
CuOy, and a Cu-free minority phase, (Nd,Ce),O3 upon
the reductive annealing treatments [13]. The fraction of the
minority phase was estimated at ~1.6% in maximum. Also
shown was that the phase separation reaction is reversible,
as the diffraction peaks due to the (Nd,Ce),O3 phase
disappeared when the oxygen-reduced samples were re-
oxygenated by annealing in air. Accurate iodometric
titrations revealed that the as-air-synthesized (single-phase)
samples are oxygen-deficient, i.e. d<0. Moreover, the
amount of oxygen actually removed upon the reductive
annealing was found to be extremely small. Accordingly,
we may conclude that the impact of the annealing on the
valence of copper (and thereby also on the electron doping
level) is insignificant. The main outcome of the low-
oxygen-partial-pressure annealing seems to be that the
copper vacancies present in as-air-synthesized samples are
filled, and accordingly minute amounts of Nd and Ce
separate as a (Nd,Ce),O3 secondary phase. Note that the
fact that successful induction of superconductivity through
the low-oxygen-partial-pressure annealing requires very
high temperatures (~1000 °C) agrees with our conclusion

that the reduction involves diffusion of the (heavier)
cations (rather than oxide anions).
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