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We report Raman and crystal-field infrared transmission studies of Nd2−xCexCuO4 single crystals. Nd3+

crystal-field excitations from the ground state to excited multiplets are detected. While the Nd3+ regular site is
almost not perturbed by Ce-doping and oxygen nonstoichiometry, oxygen vacancies in Os1d and Os2d sites, as
well as apical oxygen, are detected. The type of oxygen vacancies created is found to be Ce-doping dependent,
with the reduction of the optimally doped samples involving only CuO2 plane Os1d oxygen vacancies. In
contrast to the widespread belief, the apical oxygen is not removed by the reduction of as-grown samples.

DOI: 10.1103/PhysRevB.70.064513 PACS number(s): 74.72.Jt, 71.70.Ch

I. INTRODUCTION

Since their discovery, the 2-1-4 electron-doped supercon-
ductors RE2−xCexCuO4, RE=Pr,Nd,Sm(Ref. 1) occupy a
particular status among all cuprates. Contrary to the other
cuprates, the substitution of RE3+ by Ce4+ in these materials
is known to inject electrons instead of holes into the CuO2
planes. Moreover, as-grown Ce-doped samples become su-
perconductors only after reduction. The belief that the re-
moval of a small amount of extraneous oxygen above copper
[apical oxygen Os3d], explaining the appearance of super-
conductivity in reduced samples, is widely spread. The oxy-
gen content influences many important parameters such as
Tc, the concentration of free carriers, their mobility and their
scattering rate.2 As suggested by theoretical considerations3

and Hall coefficient measurements,4–8 it also affects the
charge character of the carriers. A positive contribution to the
Hall coefficient, increased by doping, is observed in reduced
optimally doped and overdoped samples.8 Consequently, the
role and the mechanism of the reduction process which trig-
gers the superconductivity seems more complex than ex-
pected. The understanding of the local crystallographic struc-
ture and charge distribution modified by the oxygen
nonstoichiometry is crucial to the comprehension of the so-
called electron-doped compounds superconductivity.

While thermogravimetric analysis have shown that the
concentration of oxygen decreases after the reduction
process,9–13 there is no consensus about which oxygens are
removed. Both Rietveld analysis of neutron powder
diffraction14–16 and EXAFS (Ref. 17) have concluded that
CuO2 in plane Os1d and out-of-plane Os2d oxygen vacancies
are present in reduced Nd2CuO4. On the other hand,
Pr2CuO4, Nd2CuO4, and Nd2−xCexCuO4 neutron elastic scat-
tering studies reported that only Os1d oxygen vacancies were
created by the usual sample reduction.18,19 In contrast to
these results, no oxygen vacancies were detected by Möss-
bauer spectroscopy on samples with low Cu→57Co
substitution.20 However, this technique suggested that a cer-
tain amount of apical oxygen Os3d is present in undoped
samples, a suggestion that remains controversial. While
some neutron measurements16,18 concluded that Nd2CuO4

contains no apical oxygen, an apical oxygen site occupancy
of 0.1 and 0.04 per formula unit has been reported by
others15 for oxygenated and reduced Nd2CuO4 samples, re-
spectively. Further studies have proposed that the apical oxy-
gen occupancy is reinforced with Ce-doping9,17,19and it has
been claimed that the amount of Os3d removed by the reduc-
tion process decreases with Ce-doping.11 Moreover, the Néel
temperature of the as-grown samples decreases after reduc-
tion, as shown by neutron measurements,21–23particularly for
xù0.1.22,23 Understanding how such small variations of the
oxygen content induces dramatic changes in the transport
and magnetic properties remains a crucial issue.

The rare earthsRE3+d 4f electron crystal-field(CF) exci-
tations, as established by Raman spectroscopy, infrared(IR)
transmission, and inelastic neutron scattering, constitute a
powerful local probe to investigate defects, as well as mag-
netic and electronic properties, particularly in the RE2CuO4
(Refs. 24–28) and REBa2Cu3O6 (Refs. 29–32) systems
sRE=Pr,Nd,Smd. This probe is also appropriate to the study
of the oxygen nonstoichiometry in Ce-doped samples. A re-
cent infrared transmission and Raman study of Pr2−xCexCuO4
by Riou et al.33 showed that the amount of apical oxygen
increases with Ce-doping, and could not be removed by re-
duction of doped samples. Nevertheless, Os2d oxygen vacan-
cies are created at low Ce-doping, while only Os1d oxygen
vacancies appear forxù0.1 following reduction. These sur-
prising results are interpreted by the authors as the conse-
quence of Ce-Os3d pair formation, which would favor the
injection of holes in the CuO2 planes. It is suggested that
Os1d oxygen vacancies destroy the long-range antiferromag-
netism and increase the carrier mobility.

Since Nd2−xCexCuO4 compounds have been more exten-
sively studied than Pr2−xCexCuO4 samples, it is of great in-
terest to confirm the mechanism of the reduction process, in
order to interpret experimental results such as Hall coeffi-
cient measurements and ARPES data. In this paper, we
present IR transmission and Raman studies of Nd2−xCexCuO4
single crystals in order:(i) to characterize defects related to
the oxygen nonstoichiometry and particularly to the presence
of apical oxygen,(ii ) to generalize the conclusions reported
by Riou et al. in the Pr2−xCexCuO4 compounds.33
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II. EXPERIMENT

Single crystals of Nd2−xCexCuO4 (x=0,0.005,0.01,
0.05,0.1,0.15, and 0.2) were grown by the flux
technique.34,35 In order to investigate oxygen nonstoichiom-
etry, as-grown, reduced and oxygenated samples were stud-
ied. The as-grown samples were sandwiched between
Pr1.85Ce0.15CuO4 polycrystalline pellets36 and reduced be-
tween 900 and 950°C in Ar atmosphere. The same samples
were subsequently oxygenated between 900 and 950°C in
O2 atmosphere. The reducedx=0.15 has been found to be
superconducting with aTc of 22 K. Using a Fourier-
transform interferometer(Bomem DA3.002) equipped with a
CaF2 beamsplitter, an InSb detector and both quartz and glo-
bar sources, 0.5 cm−1 resolution infrared transmission spec-
tra were recorded at 9 K in the 1800–7000 cm−1 energy
range. The samples were mounted with thec axis perpen-
dicular to the unpolarized incident light beam. Raman spec-
tra of the samples were also recorded between 150 and
800 cm−1 in the xszzdx̄ configuration using a Micro-Raman
setup (Jobin-Yvon LabRam HR800) equipped with a He
-Ne laser.

III. RESULTS

A. Raman spectroscopy

The Raman spectra of oxygenated and reduced
Nd2−xCexCuO4 samples are shown in Figs. 1 and 2, respec-
tively. The Nd2CuO4 as-grown sample spectrum is presented
together with the oxygenated sample spectra. Each spectrum
has been normalized with respect to the Nd2CuO4 as-grown
sample spectrum by calculating the surface ratio of theA1g
phonon peak at 231 cm−1. This mode is not affected by the
oxygen content since only rare earth ions are involved. This
normalization procedure allows the determination of the
A* mode evolution as the Ce concentration is changed.
This local mode, associated with apical oxygen in

Pr2−xCexCuO4,
33 is observed around 580 cm−1, and its inten-

sity increases with Ce-doping. The enhancement of the peak
intensity mostly occurs at low doping, the integrated peak
intensity remaining roughly constant forxù0.1. Among the
Ce-doped samples and the two undoped samples studies,
only the Nd2CuO4 sample does not show theA* mode, sug-
gesting the absence of oxygen in apical position in this
sample. It is worthwhile to note that the superconductingx
=0.15 sample exhibits the same spectra at 30 K and 7 K.
This suggests that no strong lattice deformation is observed
as the sample enters the superconducting regime. In agree-
ment with Pr2−xCexCuO4 study,33 the A* local mode is not
affected by the reduction in the Ce-doped samples. Hence,
the presence of Ce adds tightly bound apical oxygens in
Nd2−xCexCuO4 as well as in Pr2−xCexCuO4.

B. Infrared transmission

The CF interaction, that splits the Nd3+ free ion energy
multiplets, is described by the HamiltonianHCF=oBkqCq

skd.37

The s2k+1d operatorsCq
skd sq=k,k−1,¯ ,−kd are the com-

ponents of a rankk irreducible tensor and theBkq coefficients
represent the CF parameters. To each Nd3+ environment cor-
responds a particular set ofBkq and its associated energy
levels. The energies and symmetries of the CF multiplet lev-
els, as well as the infrared selection rules resulting from the
Nd3+ C4y symmetry site in Nd2CuO4,

26 are used as templates
to identify the corresponding absorption bands in the
Nd2−xCexCuO4±d spectra. Additional absorption bands are as-
sociated with Nd3+ ions in nonregular sites.

The additional Nd3+ CF excitations related to the oxygen
nonstoichiometry are reported in Table I. They are associated
with Nd3+ ions located in the vicinity of either a defect pro-
duced by reduction or an apical oxygen. They correspond,
respectively, to CF excitations whose relative intensities,
with respect to the regular site, decrease or increase with the
oxygen content. If the amount of a particular oxygen nons-
toichiometry defect is neither modified by the reduction nor

FIG. 1. Raman spectra at 7 K of oxygenated Nd2−xCexCuO4

samples. AG corresponds to the as-grown sample while CF indi-
cates a crystal-field excitation.

FIG. 2. Raman spectra at 7 K of reduced Nd2−xCexCuO4

samples. CF indicates a crystal-field excitation.
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by the oxygenation of the samples, on needs to identify dif-
ferently the corresponding transitions. This was done for the
apical oxygen, as explained below. The intensities of the
Nd3+ nonregular excitation associated with a particular de-
fect are proportional to the defect density in a given sample.
Hence, different defects may be distinguished if they do not
appear in the same proportion in each sample. This allows us
to group the absorption bands associated with removal of
oxygen into four sets related to four distinct defects. Within a
set, transitions have relative intensities that remain constant,
and their absolute intensities vary proportionally to the cor-
responding defects, density. The groups of absorption bands,
as well as the corresponding defects, are labeleda ,b ,g1, and
g2. The nature of these defects is discussed in the next sec-
tion. Each spectrum has been normalized with respect to the
Nd2CuO4 as-grown spectrum using the intensity ratio of the
spectra at appropriate free-absorption frequencies. Even
though the undetermined dependence of the oscillator
strength of the transitions associated with defects does not
allow a quantitative analysis, important qualitative observa-
tions can be done. The lowc-axis superconducting plasma
frequency of cuprates41 allows the infrared transmission
throughac-planes in the superconducting state of the opti-
mally doped sample.

As typical results, Figs. 3 and 4 display, respectively, for
various Ce contents, the Nd3+ ion 4I9/2→4I11/2 transitions
s8.5 Kd of the oxygenated and reduced samples. The conclu-
sion obtained by the analysis of these spectra remains for the
4I9/2→4I13/2 and 4I9/2→4I15/2 spectral ranges
s3500–7000 cm−1d. The transitions related to oxygen nons-
toichiometry defects between 1800 and 7000 cm−1 are re-

ported in Table I. Transitions occurring in spectral ranges
where the signal to noise ratio is too weak, have not been
assigned to a particular defect. The CF transitions related to
Nd3+ ion in the proximity of an apical oxygen are indicated
in Figs. 3 and 4 by solid lines, those referring to a Nd3+ ion

TABLE I. Observed CF transitions(in cm−1) corresponding to
Nd3+ ions neighbored by an oxygen nonstoichiometry defect. The
a ,b ,g1, andg2 defects, as well as the unassigned transitions, are
related to the reduction process(see the text).

Multiplet a b g1 g2 Unassigned Apical oxygen

1931 1893 1915 1902 1975
4I11/2 1966 1959 1906 2039

2031 2210 2061

2295 2265 2364

3843 3879 3866 3897

3890 4154 4168 3936
4I13/2 3982 4275 4194 3993

4005 4302

4025 4371

5772 5848

5788 5898

5802 6380

5821 6435
4I15/2 5835 6549

6201 6603

6229

6282

6332

FIG. 3. Nd3+ 4I9/2→4I11/2 low temperatures8.5 Kd infrared
transmission CF excitations of the oxygenated Nd2−xCexCuO4

samples. Downward arrows correspond to regular site Nd3+ CF ex-
citations while solid line indicate CF excitations of Nd3+ in the
vicinity of an apical oxygen.

FIG. 4. Nd3+ 4I9/2→4I11/2 low temperatures8.5 Kd infrared
transmission CF excitations of the reduced Nd2−xCexCuO4 samples.
Downward arrows correspond to regular site Nd3+ CF excitations,
while solid and dotted lines indicate CF excitations of Nd3+ in the
vicinity of an apical oxygen and an oxygen vacancy, respectively(
a and b refer to oxygen vacancies out and in the CuO2 planes,
respectively). Upward arrows and asterisks are, respectively, related
to the g2 and g1 defects(see the text). The curves in the inset
correspond, from top to bottom, to the samples:x=0 (as-grown),
x=0.01,x=0.05,x=0.1, x=0.15s8.5 Kd, x=0.15s30 Kd, x=0.2.
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in the vicinity of a and b defects are indicated by dotted
lines, and the CF excitations associated with theg1 and g2
defects are identified by asterisks and upward arrows, respec-
tively.

The C4y regular site absorption bands, observed at 1995,
2006, 2013, 2077, 2383, and 2414 cm−1 in Nd2CuO4, as
shown in Figs. 3 and 4, are not affected by the oxygen con-
tent, indicating that the main structure remains the same.
Following Ce-doping, these CF excitations are broadened by
the disorder introduced by the randomly distributed Ce4+

ions, and shift slightly, due to small variations of the lattice
parameters. Additional absorption bands indicate the pres-
ence of local defects. Nonregular site CF transitions ob-
served in the oxygenated samples are also observed in the
reduced samples with the same relative intensities to the
regular site transitions. These CF excitations, detected
around 1975, 2039, 2061, and 2364 cm−1, which do not vary
with the oxygen content, are enhanced and broadened with
Ce-doping. A direct correlation between these transitions, ob-
served in all sample spectra except Nd2CuO4, and theA*
local mode observed by Raman scattering in the same
samples, indicates that these CF absorption bands are asso-
ciated with Nd3+ ions in the vicinity of an apical oxygen.
Their intensities do not vary after either the reduction or the
oxygenation processes, confirming that these processes do
not change the amount of apical oxygen, as observed with
Raman spectroscopy in Nd2−xCexCuO4 (see Sec. III A) and
Pr2−xCexCuO4.

33

The CF excitations observed in the reduced samples,
which are absent following their oxygenation, are associated
with the reduction process. Four sets of such transitions may
be distinguished. The transitions at 1931, 1966, 2031, and
2295 cm−1, which have the same relative intensities in each
spectrum, are assigned to thea set. While they are detected
in the as-grown Nd2CuO4 spectra as well as in all the
Nd2−xCexCuO4 reduced sample spectra forx,0.1, they are
not observed in the reduced sample spectra for higher Ce
content. The only transition observed after reduction in the
xù0.1 samples is detected at 1893 cm−1 and is ascribed to
the b defect. This defect is present in the reduced samples
for xù0.01, as can be seen in the inset of Fig. 4. The weak-
ness of this absorption band suggests that the corresponding
defect density is small. Two additional sets of transitions
related to the reduction process, which behave differently
from thea andb type transitions, are found in some reduced
samples. The transitions at 1915, 1959, 2210, and
2265 cm−1, detected in reduced Nd2CuO4 and weakly in re-
duced Nd1.99Ce0.01CuO4 only, are assigned asg1 defect tran-
sitions and those observed at 1902 and 1906 cm−1 asg2 de-
fect transitions. While the latter defect is present in the
reduced sample withxø0.05, it is absent in the highly doped
sample after reduction. It is worthwhile to note that the su-
perconductingx=0.15 reduced sample spectra obtained be-
low and aboveTc are identical, suggesting that no strong
local structural deformation occurs as the sample enters the
superconducting state.

IV. DISCUSSION

Despite the influence of Ce-doping and thermal treat-
ments on the sample infrared spectra, the main site CF exci-

tation energies of all samples do not vary significantly with
the oxygen and the Ce contents. The small energy variations
are due to slight modifications of the lattice parameters. This
indicates that there are no long range distortions following
Ce-doping and thermal treatments of as-grown samples. De-
fects affect the structure only locally and manifest them-
selves by the presence, in the various spectra, of additional
sharp Nd3+ CF absorption bands. We can also conclude, from
this observation, that the reduction and the oxygenation pro-
cesses lead to very small changes in the oxygen content of
the samples. Unfortunately, it is not possible to determine the
precise value of the oxygen content since the transition os-
cillator strengths depend on the defect environment. Never-
theless, our qualitative analysis leads to some fundamental
conclusions concerning the impact of the reduction process.

In contrast to the observation in Pr2CuO4,
33 no excitation

in the Nd2CuO4 Raman or the infrared transmission spectra
has been removed after the reduction of the samples or en-
hanced by the oxygenation process. However Nd2−xCexCuO4
Raman spectra exhibit the same A* Raman mode that has
been clearly related to the presence of apical oxygens in
Pr2−xCexCuO4. Hence, the presence of apical oxygens in
these samples is confirmed. The Nd2CuO4 sample is apical
oxygen free since its Raman spectra do not show the A*
mode. In agreement with the Pr2−xCexCuO4 results, the
Nd2−xCexCuO4 A* Raman mode intensity, and the corre-
sponding amount of Os3d, increases with Ce-doping. As
shown for the Pr2−xCexCuO4 compounds, these particular
oxygens could not be removed by reduction in the doped
Nd2−xCexCuO4 samples. This also suggests that the Pr2CuO4
compound, at the frontier of the T8→T structural transition,
allows more easily distortions, which favor the introduction
of extraneous oxygens in the apical position, than does
Nd2CuO4.

In agreement with the Pr2−xCexCuO4 data,33 a direct cor-
relation between the A* Raman mode and a particular Nd3+

nonregular site may be established. Similarly to the
Nd2−xCexCuO4 A* Raman mode, the CF excitations related
to this site are not affected by both oxygenation and reduc-
tion process. Moreover, the corresponding absorption bands,
absent Nd2CuO4, increase with Ce-doping. This Nd3+ non-
regular site, previously observed in the Ce-doped Nd2CuO4
(Ref. 38) and Nd2−xCexCuO4 (Ref. 40) samples, has been
attributed to charge inhomogeneities being reinforced by the
Ce-doping. The recent results obtained on Pr2−xCexCuO4, as
well as the assumption that the physical properties of
Pr2−xCexCuO4 and Nd2−xCexCuO4 are closely related, at-
tribute the origin of these inhomogeneities to apical oxygens.
Actually, recentab initio calculations have shown that in the
cuprates, the oxygen configuration surrounding the RE3+ are
mostly responsible for the local CF at the RE3+ regular site.39

The presence of apical oxygens strongly disturbs this oxygen
configuration. Hence, if Os3d oxygen are present, they
should be detected with Nd3+ CF excitations. This is the case
because the ratio of the A* to A1g Raman peak integrated
intensity is of the same order of magnitude in
Nd1.85Ce0.15CuO4 and Pr1.85Ce0.15CuO4, indicating that the
amount of apical oxygen is roughly the same in both com-
pounds. Moreover, a defect easily detected with Pr3+ CF ex-
citations in Pr2−xCexCuO4, should also be detected in

RICHARD et al. PHYSICAL REVIEW B 70, 064513(2004)

064513-4



Nd2−xCexCuO4 using the CF excitations of the Nd3+ ions
located in the same low symmetry nonregular sites.

While Os3d apical oxygens are neither introduced nor re-
moved by thermal treatments, these processes are able to
create and remove Os1d and Os2d oxygen vacancies. Two
inequivalent oxygen sites are involved in the so-called T8
crystal structure of Nd2CuO4. Contrary to the Pr2−xCexCuO4
samples where only two defects related to the reduction pro-
cess are observed,33 the four observed CF excitation sets
related to the reduction process confirm the presence of four
different defects. According to EXAFS(Ref. 17) and to neu-
tron diffraction structural refinement results,14–16 both de-
fects corresponding to Os1d and Os2d oxygen vacancies are
present in the reduced samples. Detected only in two
samples, theg1 defect should nota priori be related to one of
these oxygen vacancies. As observed in the Pr2−xCexCuO4
compounds, the oxygen removed by the reduction process is
not the same at low and high dopings. Only theb-defect is
observed at high doping, and thus it must be related to an
oxygen vacancy in one of the two regular sites. Conse-
quently, the order oxygen vacancy type corresponds to either
the a or the g2 defects. The sharpness of thea-type transi-
tions as compared to theg2-type suggests that thea defect
corresponds to an oxygen vacancy in a regular site. Also,
since only a small amount of oxygen is removed by the
reduction process,9,11,15 the probability to detect CF transi-
tions of a RE3+ in the neighborhood of two oxygen vacancies
or more, is small. However, this possibility is not excluded in
the case ofg1 defects, present only in the reduced samples
where the oxygen contents are the lowest(reduced Nd2CuO4
and Nd1.99Ce0.01CuO4), i.e., the sample having the strongest
transitions related to the reduction process.

The striking fact emerging from the Pr2−xCexCuO4 and the
Nd2−xCexCuO4 studies is that the mechanism of reduction is
not the same at low and high doping, and in contrast to the
common belief, apical oxygen, although present, is not in-
volved in this mechanism, except for the Pr2CuO4 com-
pound.The key role ofthe reduction proess, which triggers
superconductivity in the so-called electron-doped supercon-
ductors, is to create oxygen vacancies rather than to remove
apical oxygen. The Madelung potentials calculated for sites
Os1d and Os2d in the undoped compound indicate that oxy-
gen ions are less strongly bound in the Os2d site than in the
Os1d site.3 Hence, the oxygen removed at low doping, asso-
ciated with thea defect, corresponds to the Os2d position,
while the oxygen removed at high doping, labeled asb de-
fects, is located in the CuO2 planes Os1d position. It is im-
portant to mention that all these defects related to the reduc-
tion process (a ,b ,g1, and g2) have disappeared after
oxygenation of the samples, as confirmed by infrared trans-
mission. This is an indication that they do not correspond to
decomposition phases, such as thesNd,Ced2O3 epitaxial
phase reported elsewhere.42

The reason why such a tiny amount of oxygen in the
CuO2 planes has to be removed in order to render the
samples superconducting is not obvious. However, the ap-
pearance of superconductivity must be somehow related to
the oxygen nonstoichiometry, since the reduction process is
needed. A parallel between the structural defects, Hall coef-

ficient measurements, and ARPES gives some hints. As sug-
gested by the oxygen nonstoichiometry defects,
Nd2−xCexCuO4 compounds show two regimes, one at low
doping dominated by the Os2d vacancies, and another one at
high doping, for which apical oxygens and Os1d vacancies
prevail. Similarly, the temperature dependence of the Hall
coefficient is significantly different at low and high doping.
While the Hall coefficient of lightly doped Nd2−xCexCuO4 is
negative and roughly temperature independent,43 it gets a
holelike component character for the reduced Nd2−xCexCuO4
samples when Ce-doping becomes important. Hence, the
Hall coefficient of Nd1.85Ce0.15CuO4, although remaining
negative, has a pronounced upturn once reduced.7 Moreover,
overdoped samples exhibit positive Hall coefficient.8 Pres-
ence of holes at high Ce-doping, in the reduced samples, is
confirmed by APRES.44 Hence, a holelike Fermi surface cen-
tered atsp /2 ,p /2d, that could be reinforced by the reduction
process, appears at high doping.

The oxygen nonstoichiometry defects observed in this
study lead to two possible scenarios for the injection of hole-
like carriers in the CuO2 planes. The first one concerns the
formation of Ce-O(3) pairs.33 Os1d vacancies would then
affect the long range antiferromagnetism. Although the
amount of apical oxygen is enhanced with Ce-doping, it is
not obvious to determine what proportion of Ce produces
Ce–Os3d pairs. The second scenario can be understood using
the Hubbard model and the modification of the Fermi sur-
face. As doping increases, the Hubbard gap is reduced until
the Fermi level crosses both the upper Hubbard band around
sp ,0d and the top of the lower Hubbard band at
sp /2 ,p /2d.45 The presence of Ce4+ ions in substitution to
Nd3+ ions increases the stability of the Os2d oxygen with
respect to Os1d, allowing preferentially the creation of Os1d
vacancies. Such vacancies, even though in small proportion,
are the likely candidates to affect sufficiently the long range
antiferromagnetism and the shape of the Hubbard bands.
They prevail forxù0.1, the doping range for which a large
decrease of Néel temperature after reduction is observed.22,23

Furthermore, as long as antiferromagnetic fluctuations per-
sist, these holelike carriers, located on the first magnetic Bril-
louin zone, could be coupled with antiferromagnetic wave
vector Q=sp ,pd. The antiferromagnetic fluctuations would
then be responsible for the formation of Cooper pairs, as
suggested by STS results on Bi2Sr2CaCu2O8+d, which show
that superconductivity is locally destroyed by the substitution
of Cu2+ with nonmagnetic Zn2+,46 while unaffected by sub-
stitution of Cu2+ with magnetic Ni2+.47 This is consistent
with theoretical calculations which indicate that antiferro-
magnetic fluctuations enhanced-wave pairing correlations.48

In summary, these scenarios question the nature of the super-
conducting carriers in the electron-doped cuprates, as well as
the eventual asymmetry between electrons and holes in the
pairing mechanism in these materials.

V. CONCLUSION

In this study, we have shown that Raman scattering and
CF infrared transmission spectroscopy are powerful tools for
characterizing defects related to oxygen nonstoichiometry in
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Nd2−xCexCuO4 samples. The results obtained in these com-
pounds are in good agreement with a recent study of
Pr2−xCexCuO4 by Riou et al.33 The Nd3+ regular sites are
neither affected significantly by the oxygen content, nor by
the Ce content. Also, the reduction process of the samples,
which triggers superconductivity in these materials, is not the
same at high and low doping. Oxygen vacancies in the Os2d
sites are created following reduction of low Ce-doping
samples while Os1d vacancies are created at high Ce-doping
samples. Contrary to the widespread belief, the amount of
apical oxygen, that increases with Ce-doping, is not affected

by the reduction process. We have also proposed scenarios
by which holelike carriers are injected in the CuO2 planes, in
agreement with Hall coefficient measurements and ARPES.
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