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We have performed an ultrasonic study of Nd2−xCexCuO4 samples which show frequency-dependent ultra-
sonic anomalies below 10 K in both the C66 elastic moduli and the corresponding attenuation � similar to those
observed in the undoped material. While the cerium doping only changes the temperature and magnetic scales
over which the anomalies are detected, no anomaly is observed for the reduced and superconducting state of a
Nd1.85Ce0.15CuO4 sample. This indicates that the sudden suppression of the Cu2+ long-range three-dimensional
antiferromagnetic order following the reduction process favors the emergence of the competing superconduct-
ing state.
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I. INTRODUCTION

In the past few years, much effort has been devoted to the
understanding of superconductivity in the 2-1-4 electron-
doped superconductors �R2−xCexCuO4, R=Pr, Nd, Sm�. In
addition to the sign of the carriers and the controversial issue
of their order parameter, the electron-doped cuprates have
raised a particular interest due to their peculiar magnetic
properties. In contrast to the hole-doped superconductors, for
which the long-range antiferromagnetic �AF� order is sup-
pressed at low doping, the AF order is more robust in the
electron-doped materials and persists up to optimal doping.
Even though Kang et al.1 proposed that long-range AF order
and superconductivity are competing states, another neutron
study rather concluded to the coexistence of these two
states.2 Hence, it is an important issue to determine the ef-
fect, on the AF ordering, of the reduction process that trig-
gers superconductivity in these materials by removing a tiny
amount of oxygen, which is estimated to be much less than
1% for the optimaly doped samples.3–7 According to neutron
measurements,8–10 the Néel temperature of the as-grown
samples decreases after the reduction process, particularly
for x�0.1.9,10 Unfortunately, literature not only lacks of re-
sults relative to the persistance of long-range order in these
systems, but also of microscopic interpretations for the role
of reduction process on their magnetic properties. Recent
Raman and crystal-field infrared transmission studies ques-
tion this issue. Their interpretation ruled out the generally
accepted assumption that oxygens are removed from intersti-
tial sites following reduction and suggested that a particular
defect, called � and tentatively attributed to in-plane oxygen
vacancies, is created instead at optimal doping.11,12

In comparison to Pr2CuO4 and Sm2CuO4 for which the
rare earth magnetic sublattices are not strongly coupled to
the Cu2+ one, the strong coupling between the Nd3+ and Cu2+

moments in Nd2CuO4 allows one to investigate the Cu2+ AF
ordering via the Nd3+ magnetic moments. Among several
techniques, ultrasonic propagation has proved to be particu-
larly sensitive to the magnetic structure of Nd2CuO4. Al-
though the ultrasonic waves do not seem to be affected by
the Néel AF order around 280 K, elastic anomalies have

been observed at 33 �Refs. 13–15� and 67 K,15 due to the
well known spin reorientation transitions of the Nd2CuO4
noncollinear long-range order. Moreover, short-range order
among the Nd3+ lattice gives rise to gigantic elastic anoma-
lies below 10 K, which have been associated to domains in
the frustrated magnetic structure of Nd2CuO4 resulting from
the competition between the Nd3+-Cu2+ and Nd3+-Nd3+

interactions.15 In the Ce4+ doped compounds, the spin reori-
entation anomalies are absent but the low temperature ones,
although strongly suppressed, broadened and shifted to
higher temperatures, are still observed.14 These ultrasonic
data were obtained on as-grown nonsuperconducting crystals
only. Although essential to induce superconductivity, the in-
fluence of the reduction process on the low-temperature
anomalies has not been investigated so far.

In this paper, we thus investigate the influence of the Ce
doping and the reduction process on the low-temperature
magnetic properties of Nd2−xCexCuO4 by analyzing the ul-
trasonic anomalies appearing on the elastic constant C66 and
on the attenuation. It is found that cerium doping modifies
the temperature and magnetic field scales over which the
anomalies are observed without changing the overall mag-
netic structure. The reduction process has, however, a more
drastic effect on the anomalies: they disappear completely
following the reduction process suggesting then the suppres-
sion of the Cu2+ 3D long-range AF order when superconduc-
tivity is induced.

II. EXPERIMENT

A superconducting Nd1.85Ce0.15CuO4 sample �Tc=21 K�
grown by the floating zone technique �la=2.59 mm, lb
=1.50 mm, lc=1.20 mm� has been studied using ultrasonic
interferometry in the reflection mode. In order to study the
oxygenated state of Nd1.85Ce0.15CuO4, the same sample has
then been placed in a O2 atmosphere at 900 °C during one
week. Using a frequency feedback, the phase shift of the first
reflected ultrasonic pulse is maintained constant with respect
to a reference signal. Both the amplitude and the frequency
variations of that pulse are measured. The use of a LiNbO3
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transducer allows us to generate and detect, at 26 MHz and
corresponding odd overtones, transverse waves propagating
along the a axis and polarized along the b axis �C66�. While
the absolute attenuation and elastic constant values are not
accessible, the variations of the sound attenuation ��T�
-��40 K� and the relative variations of the elastic constant
�C66�T�-C66�40 K�� /C66�40 K� are obtained with high accu-
racy. These quantities have been obtained in the 2–40 K
temperature range. In order to confirm that the ultrasonic
anomalies have a magnetic origin, a magnetic field has also
been applied along the a axis.

III. RESULTS AND DISCUSSION

While the spin reorientations found around 33 �Refs.
13–15� and 67 K �Ref. 15� in Nd2CuO4 are not detected in
the doped samples, the ultrasonic anomalies below 10 K are
still observed in the Nd1.85Ce0.15CuO4 oxygenated sample.
We present in Fig. 1 the temperature dependence below 35 K
of the �C66 elastic moduli and the corresponding ultra-
sonic attenuation �� at 152 MHz of an oxygenated
Nd1.85Ce0.15CuO4 sample �dotted curves�, which show such
anomalies. At this frequency, �C66 and �� have been, re-
spectively, reduced by a factor of 34 and 16 relative to their
values in Nd2CuO4.15 Even though weakened, broadened,
and shifted to higher temperatures, these anomalies show
temperature profiles that are similar to the ones observed in
Nd2CuO4: a pronounced softening of �C66 is accompanied
by an attenuation peak, in agreement with a previous ultra-
sonic study.14 The position of the attenuation peak does not
correspond to the minimum of the elastic constant, but is
rather close to the maximum of the �C66�T� temperature
derivative designed as Ta, suggesting a resonant phenomenon
as in Nd2CuO4.15

The comparison with the undoped crystal is reinforced
when frequency and magnetic field effects are examined. The
results are summarized in Fig. 2 where the temperature Ta is
mapped as a function of frequency and magnetic field. In
zero field, Ta decreases with increasing frequency, going
from 9.6 K at 26 MHz to 5.7 K at 152 MHz; in Nd2CuO4, at
approximately the same frequencies, the displacement was
only from 5 to 4 K.15 When a magnetic field is applied along
the a axis �Cu-O bonds�, the downshift of Ta is again similar
to what is observed in the undoped material. In Fig. 2, at
26 MHz, Ta decreases with a near quadratic dependence with
field up to 0.7 T �2 T in Nd2CuO4�; over this field range,
frequency effects are clearly observed. At higher field values,
a quasilinear decrease is rather obtained up to 1.25 T �4 T in
Nd2CuO4� where the anomalies are no more detected in our
experimental temperature range; frequency effects are absent
over this range. In the oxygenated optimally doped crystal,
we thus conclude that the low temperature anomalies result
from the same resonant phenomenon as in the undoped one.
The main differences with the pure Nd2CuO4 crystal are the
temperature and magnetic field scales over which the phe-
nomenon is observed and the reduced amplitude of the
anomalies.

In the optimally doped Nd1.85Ce0.15CuO4 crystal, the non-
observation of the elastic anomalies due to the reorientation
transitions at 33 and 67 K and the reduced amplitude of the
low-temperature anomalies are clearly coherent with a reduc-
tion of the magnetic couplings as compared with the un-
doped compound. On the one hand, the decrease of the av-
erage magnetic moment on the Cu2+ sites due to the injection
of mobile carriers in the CuO2 planes should affect the
Nd3+-Cu2+ interactions. On the other hand, it is also expected
that the Nd3+→Ce4+ substitution dilutes the Nd3+-Nd3+ in-
teractions. Nonetheless, these interactions are not affected in
the same way following Ce doping. As previously
proposed,15 the low-temperature ultrasonic anomalies are re-

FIG. 1. �Color online� Relative variations of the elastic constant
C66 �top panel� and corresponding variations of the sound attenua-
tion �bottom panel� of oxygenated and reduced Nd1.85Ce0.15CuO4 at
152 MHz.

FIG. 2. Magnetic field dependence of the critical temperature Ta

�see the text� observed at 26 MHz in oxygenated Nd1.85Ce0.15CuO4,
and frequency dependence of Ta in absence of magnetic field. The
field is applied along the a axis �propagation direction�.
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lated to the competition between the Nd3+-Cu2+ and the
Nd3+-Nd3+ interactions, the latter one becoming important at
low temperature due to the rapidly increasing moment of the
Nd3+ Kramers ions.15 Hence, the increase in zero applied
field of Ta with increasing Ce content indicates that this com-
petition is found at higher temperature in the doped samples,
suggesting that the Nd3+-Cu2+ interactions are more sup-
pressed by Ce doping than the other ones. Moreover, this
assumption is also consistent with the shift of the H-T line
observed in the frequency-independent regime previously as-
sociated with a noncollinear→collinear transition of the
Nd3+ magnetic sublattice configuration.15 Hence, this shift
toward lower temperatures and lower magnetic fields, as
compared to Nd2CuO4, indicates that the Nd3+-Nd3+ interac-
tions compete more efficiently with the Nd3+-Cu2+ interac-
tions. This allows the Nd3+ sublattice to align in a collinear
magnetic configuration at a lower field than in the undoped
materials, rather than align in the noncollinear one otherwise
imposed by the Cu2+ sublattice.

Even though weakened by Ce doping, the ultrasonic
anomalies at low temperature and the magnetic interactions
responsible for them remain in the oxygenated and as-grown
doped samples, indicating a long-range AF ordering of the
Nd3+ and Cu2+ sublattices, at least on a scale compatible with
the ultrasonic characteristic length and time scales. In order
to determine if the Nd3+-Cu2+ and the Nd3+-Nd3+ interactions
are affected by the reduction process, we have performed
ultrasonic measurements on the same Nd1.85Ce0.15CuO4 crys-
tal in the reduced state. The results are reported in Fig. 1
�plain curves�. While the temperature profile of �C66/C66
above 15 K is not significantly modified by the oxygen con-
tent, the ultrasonic anomaly observed below 10 K in the oxy-
genated sample is not observed in the reduced one. Similarly,
the corresponding peak of attenuation observed for the oxy-
genated sample disappears after the reduction process. These
observations indicate a strong modification of the magnetic
ordering, and raises the question: how the reduction process
can affect the magnetic properties of the optimally doped
samples? Since the amount of oxygen removed in this pro-
cess is very tiny, the crystal-field parameters deduced from
the Nd3+ ions within the bulk Nd2−xCexCuO4 structure are
not affected,12 suggesting that the probed structure is not
significantly changed. This is consistent with the invariance
of the �C66/C66 temperature profile above 15 K. At least,
this indicates that the elastic constant is not affected by the
presence of the �Nd,Ce�2O3 epitaxial impurity phase ob-
served by neutron scattering,16–18 which occupies a volume
much smaller than 1% in optimally doped samples. For these
reasons, we do not expect any direct effect on the Nd3+ mag-
netic moment as well as on the Nd3+-Nd3+ interactions.

In Nd2CuO4, the resonant phenomenon responsible for
the low-temperature ultrasonic anomalies is quite well de-
scribed by a resonant frequency �0�T� and a damping coef-
ficient ��T� which vary rapidly in temperature proportionally
to the Nd3+ paramagnetic susceptibility ��q=0,T� and its
inverse, respectively.15 While the magnetic susceptibility is
related to the Nd3+-Nd3+ interactions, the effect of the Nd3+

-Cu2+ is somehow included in the proportionality coeffi-
cients. As shown experimentally19,20 and expected theoreti-
cally owing to its nearly unperturbed structure, the overall

Nd2−xCexCuO4 magnetic susceptibility, which is mainly gov-
erned by the Nd3+ paramagnetic susceptibility, is not signifi-
cantly affected by the reduction process. Hence, only the
proportionality coefficients in the resonant model are al-
lowed to vary. Furthermore, no direct ordering of the Nd3+

subsystem following the reduction, that could modify the
magnetic susceptibility, is observed above 2 K. The fact that
the Nd3+ sublattice is not directly affected by the reduction is
also supported by the comparison with other rare earth com-
pounds.

Similar to Nd2−xCexCuO4, the Sm3+-Sm3+ interactions and
the ordering of the Sm3+ sublattice in Sm2−xCexCuO4 are not
affected by the reduction process, as shown by ultrasonic and
specific heat measurements.21 In contrast to the Sm3+ mo-
ments in Sm2−xCexCuO4, the Nd3+ moments in
Nd2−xCexCuO4 are strongly coupled with the Cu2+ sublattice
and can be used to probe the magnetic properties of the
CuO2 planes. It follows from the comparison between
Nd2−xCexCuO4 and Sm2−xCexCuO4 that if the reduction pro-
cess affects strongly the low-temperature ultrasonic anoma-
lies in Nd2−xCexCuO4, which originate from the competition
between the Nd3+-Cu2+ and the Nd3+-Nd3+ interactions, it is
necessarily due to Nd3+-Cu2+ interactions via the Cu2+ sub-
lattice. The corollary to the previous remarks is the suppres-
sion of the Cu2+ long-range 3D AF order.

The explanation for such variations in the magnetic prop-
erties, which support a competition between AF and super-
conductivity, must be found in the small structural modifica-
tions induced by the reduction process necessary to achieve
superconductivity. Until recently, it has been generally ac-
cepted that the oxygens removed in the reduction process are
located in interstitial sites, above copper ions �apical oxygen
O�3��. Contrary to this widespread belief, Raman and
crystal-field infrared transmission studies on Pr2−xCexCuO4
�Ref. 11� and Nd2−xCexCuO4,12,22 as a function of the oxygen
content, have shown that while the amount of apical oxygens
increases with doping, these oxygens are not removed by the
reduction of doped samples. It was also shown that the type
of oxygen removed in the reduction process depends on the
cerium concentration. The authors proposed that oxygens are
removed mostly from the charge reservoirs �O�2�� at low
doping, while only oxygens in the CuO2 planes �O�1�� are
removed at high doping �x�0.1�.11,12 Actually, such in-plane
oxygen vacancies created after the reduction process would
be likely candidates to destroy the Cu2+ long-range AF order,
thus affecting the ultrasound anomalies.

In a competing scenario, the �Nd,Ce�2O3 epitaxial impu-
rity phase, observed recently by neutron scattering and con-
firmed by high-resolution TEM,16–18 is created in order to
remove Cu2+ vacancies in the CuO2 planes, making the re-
maining structure more perfect for superconductivity.23 Un-
fortunately, the correction of the Cu nonstoichiometry in the
CuO2 planes after the sample reduction has not been directly
confirmed yet by any local probe. Furthermore, the authors
of this scenario suggested an increase of carriers introduced
by the oxygen reduction, in contrast to a recent Hall effect
study, which has shown that the carrier mobilities rather than
their concentrations are significantly changed by the reduc-
tion process, preventing us to attribute these magnetic modi-
fications to a simple dilution of the Cu2+ sublattice due to a
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simple addition of carriers.24 While one cannot conclude at
this stage on a particular scenario of the microscopic details
of the reduction process, it is clear from our ultrasonic results
that superconductivity emerges from the competing AF or-
der, probably by modifying the local structure rather than by
introducing carriers. The suppression of the long-range AF
3D order, which acts as a source of localization, is believed
to largely enhance the transport properties in the reduced
materials. As for the short-range AF order, its persistence in
the superconducting state is supported by Hubbard model
calculations,25,26 which indicate that short-range AF fluctua-
tions are responsible for the loss of spectral weight observed
in the ARPES spectra of superconducting Nd2−xCexCuO4
samples at the crossing of the Fermi surface and the first
magnetic Brillouin zone.27,28 Unfortunately, the detail of the
interplay between the short-range AF order and the super-
conducting state is not completely clarified yet and would
need to be studied more thoroughly using local probes.

IV. CONCLUSION

In summary, we have first discussed the influence of the
cerium content on the Nd3+-Cu2+ and the Nd3+-Nd3+ interac-

tions. As illustrated by the temperature dependence of low-
temperature frequency-dependent ultrasonic anomalies, we
have shown that the latter is less influenced than the former
one by Ce doping. Nevertheless, the ultrasonic anomalies
persist in the oxygenated optimally doped samples, and they
are suppressed only after the reduction process. While the
detail of the reduction process remains an open issue, this
indicates that the Cu2+ long-range 3D AF order is destroyed
by the reduction process, thus favoring the emergence of
superconductivity in these materials.
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