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We have performed an ultrasonic study of Nd2CuO4 in order to investigate the low temperature magnetism
due to the Nd3+ moments. In addition to small anomalies corresponding to the Cu2+ spin reorientations
observed at 33 and 67 K, a large magnetic field and frequency dependent anomaly is detected around 4 K in
the C66 elastic constant and the corresponding attenuation variations. The frequency dependence of this
anomaly, which disappears under a magnetic field of 2 T applied along the in-plane Cu-O bonds, is related to
a resonant phenomenon rather than to a phase transition as previously reported. The ultrasonic measurements
suggest the development of local domains, due to a frustration of the magnetic structure caused by the
competition between the Nd3+-Cu2+ and the Nd3+-Nd3+ interactions at low temperature. In contrast to the
common belief, theC66 elastic constant and attenuation anomalies above 2 T characterize a field-induced
transition of the Nd3+ spins which occurs at critical field lower than the one associated with the Cu2+ spins.
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I. INTRODUCTION

In order to clarify the role played by magnetism in the
high-temperature superconductors, much effort has been de-
voted in the past years to the understanding of the 2-1-4
electron-doped superconductorssRE2−xCexCuO4, RE=Pr,
Nd, Smd magnetic properties. In contrast to the hole-doped
materials, for which a low concentration of holes suppresses
the Cu2+ antiferromagneticsAFd order, the AF order persists
in Nd2−xCexCuO4 for dopings as high as the optimal cerium
concentration x=0.15.1 Furthermore, recent experiments
have established the AF order as a competing ground state in
the electron-doped superconductors.2 Among the 2-1-4
electron-doped superconductors, Nd2CuO4 has aroused a lot
of interest owing to the strongly coupled Cu2+ and Nd3+

magnetic subsystems, as illustrated by the spin reorientations
found around 33 and 70 K, well below the Cu2+ Néel tem-
peratures,250 Kd.3–6 Several experimental techniques have
been used for their study, such as crystal-field infrared
transmission,7 Raman scattering,8 muon spin relaxation,4 and
neutron measurements.5,9,10

As the temperature is decreased, Nd2CuO4 exhibits at
least three magnetic phases called phase Is70 K&T
&250 Kd, phase II s33 K&T&70 Kd, and phase IIIsT
&33 Kd; the magnetic structure being the same in phases I
and III. In between two consecutive phases, each three-layer-
spin unit, formed by one Cu2+ layer sandwiched between two
Nd3+ layers, rotates as a whole by 90° in theab plane, with
the adjacent unit rotating in opposite direction. While the
magnetic structure of Nd2CuO4 is noncollinear in zero ap-
plied field,11–13 the magnetic structure becomes collinear un-
der a magnetic field of 4.4 and 0.75 T applied along thef100g
and thef110g directions, respectively.11 As shown in a ther-
mal conductivity study of Nd2CuO4, these field-induced tran-
sitions are accompanied by the closure of a,0.3 meV gap in
an acoustic magnon branch atk =0, leading to magnon heat
transport at temperatures as high as 18 K.14

Even though Nd3+ spins are involved in these magnetic
transitions, a spontaneous ordering of the Nd3+ subsystem at
low temperature, due to a Nd3+-Nd3+ interaction, remains
controversial. Hence, while x-ray magnetic scattering data
indicate that Nd3+ ions are polarized at 37 K,15 the removal
of the Kramers doublet degeneracies, as observed by crystal-
field infrared transmission, indicates that these ions are al-
ready polarized by the Cu2+ subsystem at a temperature as
high as 140 K.7 An enhancement of neutron scattering mag-
netic peak intensities around 3 K has been interpreted by
Matsudaet al.as a direct Nd3+-Nd3+ interaction,5 while Lynn
et al.has estimated the Nd3+ ordering temperature around 1.5
K.6

The ultrasonic technique is known to be very sensitive to
the magnetic structure of crystals. Hence, in a previous ul-
trasonic study of Nd2CuO4 at a frequency of 54.3 MHz,
anomalies found around 33.5 K on theC66 and theC11-C12
elastic moduli have been associated with the phase II→phase
III magnetic transition.16 Moreover, this study has revealed a
strong anomalys,5%d around 5 K in the C66 elastic con-
stant, accompanied by a peak in the attenuation. While no
frequency dependence of this anomaly has been reported, a
shift towards the low temperatures, as well as a decrease in
its amplitude up to the maximum magnetic field useds3 Td,
have been observed under a magnetic field applied along the
f100g direction.16 Weaker anomaliess,0.1%d have also
been measured at the same temperature in theC11 and C44
elastic moduli. These anomalies around 5 K were attributed
to a spontaneous ferroelastic phase transition, whose origin
was later associated with a loss of spin orthogonality in the
magnetic structure.17 According to free energy calculations,
opposite signs between the Nd3+-Nd3+ and the Cu2+-Cu2+

interactions would be responsible for this symmetry
lowering.18 More recently, acoustic measurements at lower
frequencies performed on polycrystalline NCCO bars re-
vealed a softening of the Young’s modulus below 20 K.19

Because Ce doping shifts this anomaly to lower tempera-
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tures, the authors concluded that it could not be related to the
minimum observed inC66sTd in the ultrasonic experiments
performed on single crystals.16,17 The authors interpreted
rather this anomaly in terms of a paraelastic contribution
from the relaxation of Nd3+ 4f electrons between the levels
of the ground state doublet split by the interaction with the
antiferromagnetically ordered Cu2+ lattice; the value of the
splitting was then found to be in agreement with inelastic
neutron scattering,20 infrared transmission,21 and specific
heat experiments.22

In this paper, we further investigate the magnetic proper-
ties of Nd2CuO4 at low temperature with the ultrasonic tech-
nique. Beyond the confirmation of previous data, we have
characterized more thoroughly the low temperature anoma-
lies observed around 5 K by performing experiments as a
function of frequency and magnetic field. We focused our
study on theC66 elastic constant, which exhibits the stron-
gest anomalies at low temperatures, and on the correspond-
ing attenuation variations. Neither a spontaneous ferrroelas-
tic transition16,17 nor a paraelastic contribution19 can explain
our results; we rather propose to relate these anomalies to
growing magnetic domains due to the frustration of the Nd3+

magnetic subsystem arising from the competition between
Nd3+-Cu2+ and Nd3+-Nd3+ interactions.

II. EXPERIMENT

Preliminary ultrasonic measurements on our large
Nd2CuO4 samples have indicated that the strong ultrasonic
attenuation below 10 K, which increases and distorts the sig-
nal as the frequency is enhanced, does not allow a detailed
study as a function of frequency. In order to reduce the at-
tenuation significantly and avoid such complications, we
chose a Nd2CuO4 single crystalsla=0.54 mm;lb=2.37 mm;
lc=0.47 mmd grown by the flux method having a short
propagation lengthla. Usually, samples are measured using
an ultrasonic interferometer working either in the transmis-
sion or the reflection modes. However, samples with a short
propagation length cannot be studied with the standard mul-
tiple echo technique since the acoustic echoes overlap and
cannot be separated from the electric pulse. For this reason, a
CaF2 delay line is introduced between the sample and the
receiving transducer to enable measurements of small
samples in the transmission mode, for the first transmitted
pulse only.23,24 Using a frequency feedback, the phase shift
of the first transmitted pulse is maintained constant with re-
spect to a reference signal. Both the amplitude and the fre-
quency variations of that pulse are measured. This modified
technique generally yield highly reliable results for the ve-
locity variations since it is based on a null signal detection.
The amplitude of the transmitted echo can, however, be
weakly polluted by interference effects originating from mul-
tiple reflections inside the crystal, which overlap with vari-
ous relative phases. The use of LiNbO3 transducers allows us
to generate and detect, at 24 MHz and corresponding odd
overtones, transverse waves propagating along thea axis and
polarized along theb axis sC66d. While the absolute attenu-
ation and elastic constant values are not accessible, the varia-
tions of attenuationasTd−as40 Kd and the relative varia-

tions of the elastic constantfC66sTd-C66s40 Kdg /C66s40 Kd
are obtained with high accuracy. A magnetic fields0–10 Td
has been applied along various orientations. Both the varia-
tion of the sound attenuation and the relative variation of the
elastic modulusC66 were obtained in the 1.7–80 K tempera-
ture range.

III. RESULTS AND DISCUSSION

Figure 1 shows the amplitude of the first transmitted pulse
at 208 MHz, in the 2–80 K temperature range. As the tem-
perature is decreased from 80 K, three dips are observed
around 67, 33, and 4 K, respectively. The dip intensities are
enhanced as the temperature is decreased similarly to the
Nd3+ magnetic susceptibility,14,25 suggesting a magnetoelas-
tic coupling involving directly the Nd3+ magnetic moments
rather than the Cu2+ ones. Furthermore, the Cu2+ Néel phase
transition has been detected neither in our measurements nor
in previous ultrasonic studies,16,17indicating a weak coupling
of the Cu2+ sublattice with the acoustic phonons. The first
dip observed at 67 K, which is revealed using the ultrasonic
technique, is associated with phase I→phase II transition.
According to the enhancement of the attenuation with fre-
quency, the corresponding anomaly could not be detected
below 208 MHz. Also, no anomaly could be identified out of
the noise on the relative variations of the elastic constantC66
around 67 K. The second dip is associated with the phase
II→phase III magnetic transition, as reported elsewhere.16

The anomaly around 4 K, which is much stronger than the
others, is the main subject of this paper. It is also worth
noting that no hysteresis associated with the measurements
has been observed.

The attenuation variationsDasTd and the relative varia-
tions of the elastic constantC66 due to the phase II→phase
III magnetic transition, are given in Fig. 2. For sake of clar-
ity, the DC66sTd /C66 curves obtained at various frequencies

FIG. 1. Amplitude of the first transmitted pulse at 208 MHz.
Arrows correspond to Cu2+ spin reorientations.
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have been separated upwards from each other. BothDasTd
andDC66sTd /C66 exhibit a symmetric anomaly around 33 K.
The shape of the anomalies supports the hypothesis of a spin
reorientation. While a peak of attenuation is observed during
the rotation of the Nd3+ and the Cu2+ spins, a small softening
occurs in DC66sTd /C66. Furthermore, the variations in the
attenuation and in the elastic constantC66 are the same below
and above the transition. This indicates that the magnetic
structure has not been significantly modified by the spin re-
orientation. WhileDC66sTd /C66 is not affected by the usedn
frequency, the amplitude of theDasTd anomaly varies with a
n2 frequency dependence. Moreover, the temperature at
which the anomaly occurs is not frequency dependent, as it is
expected at a phase transition.

The situation is more complicated in the case of the
anomaly around 4 K, as illustrated in Fig. 3, which shows
DC66/C66 and Da at various frequencies. Both theDa and
the DC66/C66 anomalies around 4 K are stronger than those
detected at 33 K by two orders of magnitude, due to a much
stronger elastic coupling compatible with the Nd3+ magnetic
moments reinforcement at low temperature. As for the tran-
sition at 33 K, a peak of attenuation is accompanied by a
softening of theC66 elastic constant. However, the anomalies
around 4 K differ from those at 33 K in their amplitude,
shape and frequency dependence.

Contrary to the phase II→phase III transition, theDa and
DC66/C66 anomalies are not symmetric and their temperature
profiles differ below and above the transition. The small
wiggles observed on the attenuation data are extrinsic effects
likely originating from overlapping echoes: they are not ob-
served systematically at all frequencies and they have no
counterparts on the variations of the elastic constant. These
wiggles are observed only in the temperature range where
the variations of the elastic constantC66sTd vary rapidly,

leading to strong modulations of the relative phases between
the overlapping echoes and consequently to modulations of
the measured attenuation amplitude. Interestingly, the tem-
perature for which the attenuation is maximum does not cor-
respond to the minimum ofDC66/C66, but is rather close to
the maximum of its temperature derivative, indicated in Fig.
3 by upward arrows. Also noticeable is the frequency depen-
dence of the 4 K anomalies. As shown in Fig. 3, the
DC66/C66 and theDa anomalies are shifted towards lower
temperatures as the frequency is enhanced. This shift is ac-
companied respectively by a decrease and an increase in the
amplitude of theDC66/C66 and theDa anomalies. The tem-
perature profiles of the anomalies sharpen as frequency in-
creases and the reinforcement of theDa anomaly amplitude
follows a n dependence rather than an2 dependence. Such a
frequency dependence ofDa andDC66/C66 cannot be attrib-
uted to a phase transition. This situation suggests that the
anomalies are related either to a resonance or a relaxation
phenomenon characterized by coefficients varying with tem-
perature. However, the relaxation model would not produce a
peak inDC66/C66 unless the relaxation timetsTd does not
vary monotonically with temperature. For this reason, we
argue that the anomalies shown in Fig. 3 are more compat-
ible with a resonance phenomenon. For example, such a
model has already been introduced in order to describe the
damping of ultrasonic waves due to dislocations.26 Hence,
Da and DC66/C66 could be related, respectively, to the dis-
sipative and the elastic terms of a forced harmonic oscillator
response to a fixed excitation frequency, when the param-
eters which characterize the resonance phenomenon vary
with temperature.

Since the 4 K anomalies are observed only in
Nd2−xCexCuO4, they should be related to the Nd3+ ion mo-

FIG. 2. Relative variation of the elastic constantC66 stop paneld
and variation of attenuationsbottom paneld due to the phase
II→phase III magnetic transition. TheDC66/C66 curves have been
shifted for sake of clarity.

FIG. 3. Relative variation of the elastic constantC66 stop paneld
and variation of the attenuationsbottom paneld at various frequen-
cies, measured using a transverse wave propagating along thea axis
and polarized along theb axis. The arrows correspond to the critical
temperatureTa ssee the textd.
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ments. In order to confirm that these anomalies are the con-
sequences of their magnetic properties, measurements have
been performed under magnetic field. The low temperature
magnetic field dependences ofDC66/C66 and Da at 148
MHz, which are illustrated respectively in the top and bot-
tom panels of Fig. 4 for a field applied along thea axis
spropagation directiond, confirm that the anomalies have a
magnetic origin. The influence of the magnetic field on the 4
K anomalies is similar to the one produced by a frequency
increase: while these anomalies are shifted towards lower
temperatures, they get sharper as the magnetic field is en-
hanced. However, both amplitudes of theDC66/C66 and the
Da anomalies decrease under magnetic field and no anomaly
is observed above 4 T in our temperature range. Furthermore,
the temperature profiles ofDC66/C66 become very different
above and below the minimum of theDC66/C66 anomaly.
While the profile ofDC66/C66 above that minimum is very
abrupt above 2 T, it is not significantly affected by the ap-
plied field below 2 T. Moreover, all theDC66/C66 curves
corresponding toH,2 T reach the same curve below the
minimum of the anomaly. Above that field, the low tempera-
ture values ofDC66/C66 are no longer in coincidence.

As mentioned earlier, theDC66/C66 and theDa anomalies
around 4 K can be interpreted as the elastic and the dissipa-
tive terms of a forced harmonic oscillator response, respec-
tively. The two parameters which characterize the resonance
phenomenon are the center temperatureTa sdefined as the
maximum temperature derivative ofDC66/C66d and the full
width DTa. On the different plots shown in Figs. 3 and 4,
only Ta values could be measured with high precision at
different frequencies and magnetic field values. TheseTa
data are reported in Fig. 5 as a function of magnetic field at
24 and 148 MHz frequencies. Similar data at other frequen-
cies are not included for the sake of clarity.

Even though thea and the b axes are magnetically
equivalent, we have included in Fig. 5 data obtained with the
field applied along these two axes. We recall that we use
transverse waves propagating along thea axis and polarized
along theb axis to obtainC66; different field orientations
imply different orientations of the Nd3+ moments relative to
the polarization vectorê. For H ' ê sH ia axis, black and
white upward trianglesd, the characteristic temperatureTa de-
creases with increasing field. If the values ofTa are quite
different in zero field for the two frequencies, they merge as
a single line above 2 T: this behavior has been verified at all
frequencies. ForH i ê, sH ib axis, black and white circlesd, Ta
rather increases with field forH&1.5 T; it then decreases
rapidly for higher field values before reaching the universal
H-T line observed for the other field orientation. These mea-
surements confirm that the low temperatureDC66/C66 and
Da anomalies cannot be related to a magnetic phase transi-
tion, in contradiction with previous studies using only one
frequency.16–18

While the Nd3+ magnetic subsystem is involved in the
resonance phenomenon that occurs around 4 K, a strong
Nd3+-Cu2+ coupling remains, as indicated by data obtained
with various magnetic field orientations. The results at 148
MHz are reported in the inset of Fig. 5. Similarly to the
anomalies at 33 and 67 K, which are related to the Cu2+ spins
coupled to the Nd3+ moments, the low temperature anoma-
lies are not significantly affected by a magnetic field as high
as 7.25 T applied along thec axis. Only a small shift ofTa
for H ic axis is observed, possibly due to a small canting of
the Nd3+ moments out of theab planes. While the 4 K
anomaly disappears above a field of 4 T applied along thea
andb axes, a more drastic effect is observed when the field is
oriented along thef110g direction. In such a configuration,Ta

FIG. 4. Relative variation of the elastic constantC66 stop paneld
and variation of the attenuationsbottom paneld at 148 MHz under
magnetic field. The field is applied along thea axis spropagation
directiond.

FIG. 5. Magnetic field dependence of the low temperature
anomaly critical temperatureTa, at 24 and 148 MHz, for field ap-
plied along thea axis and along theb axis. The magnetic field
dependence ofTa at 148 MHz for various field orientations are
shown in the inset. The gray symbols refer to magnetization data
from Chernyet al. ssee Ref. 11d. Lines are guides for the eye.
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decreases rapidly above 0.5 T, and persists up to 0.75 T.
These results are consistent with magnetization data on
Nd2CuO4, which are most sensitive to the Nd3+ magnetic
moments. Considering that the Nd3+ spin orientation is
driven by the Cu2+ magnetic sublattice, a magnetization
study has reported critical fields ofHc1=4.4 T and Hc2
=0.75 T associated with the transition from a noncollinear to
a collinear magnetic structure at 0.7 K, for magnetic fields
applied along the f100g and the f110g directions,
respectively.11 However, these transitions are detected only at
low temperature and are not observed above 2.2 K. The val-
ues ofTa obtained from magnetization have been included in
Fig. 5 sgray trianglesd and we observe that our universal
H-T line extrapolates towards these magnetization data.

Now we may ask the question: what is the origin of the 4
K anomaly observed in Nd2−xCexCuO4 crystals? On the one
hand, a paraelastic contribution due to the splitting of the
Nd3+ Kramers ground state doublet as suggested by Cordero
et al.19 cannot explain the frequency and magnetic field de-
pendences observed in our ultrasonic experiment. Indeed, a
paraelastic contribution should decrease in amplitude with
increasing frequency without any shift in temperature; more-
over, since the ground state splitting should increase with
magnetic field, the anomalies would then move to higher
temperatures, as the Schottky anomaly in the specific heat
measurements.22 The frequency and magnetic field trends re-
ported here are opposite to these observations. If a paraelas-
tic contribution is still possible in this system, it is not de-
tected in the megahertz frequency range. On the other hand,
although our data are fully consistent with previous ultra-
sonic studies, they cannot be explained by a spontaneous
ferroelastic phase transition.16–18The frequency and the mag-
netic field orientationsa axis versusb axisd dependences of
these anomalies obtained in the present study invalidate this
hypothesis since the energy of the probe used is much lower
than the typical energies involved. These dependences are
also incompatible with a possible resonance of the ultrasonic
wave with the gap observed below 4.5 T in an acoustic mag-
non branch:14 the gap energy being two to three orders of
magnitude larger than the energies associated with the used
ultrasonic frequenciess1 meV<2.43105 MHzd. Besides,
thermal conductivity measurements show similar results in
Nd2CuO4 and Pr2CuO4

14 while the ultrasonic anomaly
around 4 K is observed only in Nd2−xCexCuO4 crystals.

Below 2 T, the experimental data of Fig. 5 rather suggest
the presence of domains, which resonate with the ultrasonic
waves. Hence, these domains should involve either a charac-
teristic length or a characteristic time. Using the absolute
sound velocity of a transverse wave propagating along thea
axis and polarized along theb axis, which is
4.223103m/s,27 the corresponding length or correlation
length that would be probed in our experiment ranges be-
tween 15 and 175mm. On the other hand, the corresponding
time or correlation time that would be probed ranges be-
tween 4 and 42 ps. These domains could also be related to a
Nd3+ spin glass phase.

A likely candidate to explain the development of these
magnetic domains is the competition between the
Nd3+-Cu2+ exchange interaction, which is responsible for the
polarization of the Nd3+ sublattice at temperatures as high as

140 K,7 and the Nd3+-Nd3+ interaction which is enhanced
significantly at low temperature. In Fig. 5, the discrepancy
observed between the frequency dependent regime data and
the extrapolation to lower field of theH-T universal line
obtained above 2 T suggests that the magnetic structure is
frustrated. Hence, as the temperature is lowered, the mag-
netic moments of the Nd3+ Kramers ions increase rapidly, as
indicated by the in-plane Nd2CuO4 susceptibility.13,14,25Con-
sequently, the frustrated magnetic structure of the Nd3+ sub-
system gets unstable. Knigavkoet al.have suggested that the
Nd3+-Nd3+ and the Cu2+-Cu2+ interactions have opposite
signs.18 This idea has also been pointed out in an inelastic
neutron scattering study.28 Consequently, the orientation of
the Nd3+ ions, as imposed by the Cu2+ subsystemvia the
Nd3+-Cu2+ anisotropic exchange interaction is not the one
adopted in the absence of the Cu2+ subsystem.

The frustration of the Nd3+ magnetic subsystem should
lead to the formation of local magnetic domains where the
Nd3+ and Cu2+ magnetic moments are not parallel. Hence,
there are some indications that the magnetic structure of
Nd2CuO4 at low temperature has a lower symmetry than the
usually reported one. While the supposedmmmsymmetry of
the Nd2CuO4 magnetic structure does not allow any magne-
toelectric effect, a non-negligible electric polarization along
the f100g direction is observed at 4.2 K as an external mag-
netic field is applied along thef010g direction.29 Moreover, a
splitting along the AM direction of the Nd3+ spin wave
dispersion30 has been attributed to a tilting of the Nd3+ spins
with respect to the Cu2+ sublattice, which is estimated to be
less than 1°.31

TheH-T line above a magnetic field of 2 T applied along
the Cu-O bonds could be associated with a field-induced
transition of the Nd3+ spins from a noncollinear to a collinear
magnetic structure. While the field-induced transition of the
Cu2+ subsystem is observed up to 18 K in thermal conduc-
tivity without significant variation of the critical fieldHc1
=4.5 T,14 the magnetization of Nd2CuO4, directly sensitive
to the Nd3+ magnetic moments, shows small variations of
that critical field which extrapolate to theH-T line measured
with the ultrasonic technique. Nevertheless, these magnetiza-
tion data have been unambiguously attributed to a transition
from a noncollinear to a collinear magnetic structure.11

Hence, the noncollinear magnetic structure of the Nd3+ sub-
system at low temperature transits to a collinear configura-
tion at a critical field lower than the corresponding field-
induced transition of the Cu2+ spins, in contrast to the
common belief.11 On the other hand, the magnetic anisotropy
between thea and b axes, as well as the frequency depen-
dence of theH-T line below 2 T, suggest that the Nd3+

noncollinear→collinear magnetic transition is not complete
in this range, but is rather characterized by magnetic do-
mains which indicate a beginning of Nd3+ ordering. Hence,
no long range self-ordering of the Nd3+ spins is observed
below 2 T.

Even though the characterization of the resonance phe-
nomenon due to the presence of these magnetic domains
would need a better understanding of their magnetic struc-
ture, which cannot be determined with only ultrasonic mea-
surements, we can adequately assume that the damping co-
efficient and the resonance frequency of the resonance
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phenomenon are somehow related to the Nd3+ uniform mag-
netic susceptibilityxsq=0,Td, which increases rapidly at
low temperature. In the relaxation model, frequently used for
magnetic domains,32,33 the damping coefficient is supposed
to be inversely proportional toxsq=0,Td and such a depen-
dence will also apply here. As for the resonance frequency,
we expect that it will increase with the domains magnetiza-
tion, and thus be proportional toxsq=0,Td. Such tempera-
ture dependent parameters are sufficient to reproduce quali-
tatively the attenuation and the elastic constantC66sTd
observed experimentally. According to Ref. 26,DC66sTd and
DasTd can be described, in the case of a resonant phenom-
enon, by

DC66sTd = A
n2 − n0

2sTd
fn2 − n0

2sTdg2 + G2sTdn2 , s1d

DasTd = Bn
GsTdn

fn2 − n0
2sTdg2 + G2sTdn2 , s2d

whereA andB are constants. Using the strongly temperature
dependent parametersGsTd~1/xsq=0,Td and n0~xsq
=0,Td, where the uniform paramagnetic susceptibilityxsq
=0,Td can be obtained from the the crystal-field parameters
given in Ref. 34, simulations ofDC66sTd andDasTd at vari-
ous frequencies have been performed and reported in Fig. 6.
Even though the Nd3+-Nd3+ and Nd3+-Cu2+ interactions have

not been included in the calculation ofxsq=0,Td, these
simulations reproduce rather very well both the shapes and
the frequency dependence of the experimental data shown in
Fig. 3, especially the displacement with frequency, confirm-
ing that the ultrasonic anomalies found around 4 K onsingle
crystals are described by a resonant phenomenon involving
strongly temperature dependent parameters, rather than by a
relaxation process. A quantitative comparison will be only
possible using an adequate model including the Nd3+-Nd3+

and Nd3+-Cu2+ interactions, which is outside the scope of the
present study.

IV. CONCLUSION

In this study, we have shown that the ultrasonic technique
is a powerful tool to characterize the magnetic structure of
Nd2CuO4. In addition to an anomaly related to the phase
II→phase III transition, an anomaly related to the phase
I→phase II transition is observed using this technique. More-
over, the use of small samples has allowed a frequency study
of the ultrasonic anomalies previously reported around 4 K
on both the ultrasonic attenuation and theC66 elastic modu-
lus. These anomalies have been found to be field orientation
and frequency dependent, preventing their association with a
phase transition, in contrast to previous studies using only
one ultrasonic frequency. This behavior is also incompatible
with the resonance of an ultrasonic wave with an energy gap
in an acoustic magnon branch.14 Owing to the anomaly pro-
files, which cannot be reproduced by any relaxation model
using a relaxation time varying monotonically with tempera-
ture, we propose that these anomalies are associated with a
resonance phenomenon which is somehow related to local
magnetic domains due to the frustration of the Nd3+ mag-
netic subsystem arising from the competition between the
Nd3+-Cu2+ and the Nd3+-Nd3+ interactions. The latter in-
crease as the Nd3+ low temperature magnetic moments. Fi-
nally, we have shown that the Nd3+ magnetic moments can-
not order by themselves without a magnetic field of 2 T
applied along the Cu-O bonds. Above that critical field, the
H-T line obtained is associated with a transition of the Nd3+

spins from a noncollinear to a collinear magnetic structure,
which occurs at a lower critical field than the one required
for the Cu2+ spins.
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