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High-resolution study of the supposed fourfold Nd spin-wave degeneracy of Nd2CuO4

N. M. Pyka*
Institut Laue Langevin, BP 156, F-38042 Grenoble Cedex 9, France

M. d’Astuto
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Model predictions for the Nd spin-wave dispersion in Nd2CuO4 have been tested with high-resolution
inelastic neutron scattering on a single crystal atT50.5 K. A Heisenberg model in the random phase approxi-
mation has been previously proposed which predicts two dispersionless fourfold degenerate modes along the
crystallographicAM direction. This particular feature is a consequence of the symmetry and of the type of
interactions considered in the Hamiltonian. Our data unambiguously reveal additional peaks alongAM which
were previously unresolved. Possible origins for the lifting of the fourfold degeneracy of the modes along the
AM direction are discussed.
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In the last few years a large amount of experimental
formation was collected on the spin dynamics ofR2CuO4

compounds which crystallize into a tetragonalT8 structure.
Such a structure is characteristic for the light rare-ea
based compounds (R5Nd, Pr, Sm, Eu) which exhibit super
conductivity upon doping with more positively charged io
~Ce41 instead ofR31 or F2 instead of O22! and correspond-
ing injection of electrons into conducting CuO2 planes. The
relatively simple and highly symmetrical crystal structure
theT8 phase leads to a situation where the Cu-Cu spin in
actions of Heisenberg type between adjacent CuO2 planes
are frustrated and the other magnetic interactions
anisotropies,a priori considered to be weaker than th
Heisenberg exchange, come into play to determine
ground state and lowest excitation spectrum as well as
low-temperature thermodynamics. An additional complic
tion arises from the presence of magnetically activeR ions
whose role in the stabilization of the existing long-ran
magnetic ordering and excitation spectra is not yet fully u
derstood.

The Cu spin structure of Nd2CuO4 ~NCO! is antiferro-
magnetic and noncollinear belowTN;280 K.1 The ordered
moment of Nd becomes sizable only at low temperatu
(T,5 K!.2–5 It is believed that the Cu-Nd interaction caus
a Zeeman splitting of the Nd crystal field ground state d
PRB 610163-1829/2000/61~21!/14311~4!/$15.00
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blet and permits transitions within this ground state. The fi
detailed study of such low-energy~, 1 meV! Nd spin-wave
excitations were time-of-flight neutron-scattering measu
ments on polycrystalline samples.6 It was found that the Nd
excitations are split into two bands of magnon branches7 at
energies of about 0.2 to 0.5 meV and 0.5 to 0.7 meV, resp
tively. Inelastic-neutron-scattering measurements on sin
crystals by different groups have shown that both bands
split into several modes.8–11 A mean field random phase ap
proximation ~RPA! Heisenberg model12 predicts that the
modes in the upper band have the same dispersion as
lower band modes. The only difference being that the up
modes are shifted upwards in energy and have a slig
reduced energy range due to the crystal field anisotropy. T
means in particular that at anyQ vector the number of mode
in the lower band is identical to the number of modes in
upper band, see Figs. 5 and 6 of Ref. 12. From this mode
eight expected modes should be observable only alongGX
while two fourfold degenerated modes should show up alo
AM, see dotted lines in Fig. 3 of the present paper. T
highly degenerate regime is appropriate to test the the
because the particular choice of the model parameters
duces only shifts in energy but does not remove the deg
eracy itself. We will also refer to a different model, whic
calculates the spin waves inR2CuO4 and predicts a highly
14 311 ©2000 The American Physical Society
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14 312 PRB 61BRIEF REPORTS
degenerate state at theM point as well.13 Preliminary
inelastic-neutron-scattering experiments on NCO, howe
indicate that the supposed fourfold degeneracy of the s
wave modes at theM andA points is partly lifted.14,15

The present inelastic-neutron-scattering experiment
carried out at the IN14 spectrometer of the high flux reac
of the Institut Laue-Langevin at Grenoble. A vertical
curved PG002 monochromator and a horizontally curv
PG002 analyzer were used with a 408 collimator between
monochromator and sample and no collimators between
sample-analyzer-detector. Appropriate diaphragms were
stalled instead. A Beryllium filter was used in front of th
sample to suppress higher-order contaminations. The s
trometer was operated in the fixed final energy mode w
kf51.10 Å21, giving an elastic energy resolution of 49meV.
Some scans were made withkf51.30 Å21 to compare with
previous measurements. The sample~the same as in Ref. 15!
was a 1-mm-thick platelike single crystal with almost perfe
crystal structure, a volume of 0.15 cm3, and a mosaicity
smaller than 1 arc min. No misaligned crystals nor twinni
were observed. The crystal was mounted in
3He-4He-dilution cryostat and cooled down to 0.5 K to o
tain saturated magnetic moments of Nd. All scans were p
formed in the$010% scattering plane to observe reflections
type (h,0,1). We use the reciprocal lattice notation of t
chemical cell. The notation used by the authors of Refs
and 12 refers to the rotated magnetic cell. TheA andM point
read~0.5, 0, 0.5! and~0.5, 0, 0! in our notation and~0.5, 0.5,
0.5! and~0.5, 0.5, 0! in the latter notation. The magnon pea
are fitted with a Gaussian function.

In most Brillouin zones contributions from both magno
bands can be observed but with different structure fact
The dynamic structure factor is modulated as a function
Qz ~z component of momentum transfer in reciprocal latt
units!, in such a way that atQz50 only the upper band is
observed, while nearQz51.9 the intensity of the lower ban
has its maximum. This is a direct consequence of the
that there are two different Nd sites in the chemical unit c
Figure 1~a! shows a scan at theM point at ~0.5, 0, 2!. Two
distinct peaks are observed that are well resolved. The u
one at 0.38 meV has an energy widthDE558meV corre-
sponding to the resolution of the focusing setup. The low
one at 0.25 meV is broadened toDE572meV. This peak
can as well be reproduced assuming a double peak wi
resolution limited line width and about equal intensity f
both individual peaks. No intensity is observed above 0
meV, i.e., the upper band modes do not contribute to thisM
point. Figure 1~b! shows a scan at theA point at~0.5, 0, 1.5!
measured withkf51.3 Å21. In this case the modes are n
well resolved due to the worse resolution.

A scan at theM point measured at~0.5, 0, 3! is shown in
Fig. 2~a!. In this configuration the modes of the upper ba
can be observed. They yield a widely distributed signal
tween 0.4 and 0.8 meV with a structured plateau on top. F
peaks have been fitted to analyze the broad intensity di
bution. In addition the two excitations at 0.25 and 0.38 m
of the lower band are observed at thisM point. An indepen-
dent test of the observed excitations would be the meas
ment of an equivalentM point in reciprocal space, e.g., a
~0.5, 0, 1!. ThisM point is expected to have a larger structu
factor for the lower band than~0.5, 0, 3! as can be inferred
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from the relatively strong intensity of the two excitations
the lower band as shown in Fig. 2~b! for a scan measured a
~0.5, 0, 0.75!, halfway betweenM and A. In this scan the
upper band still shows the four peak structure. At theA point
at ~0.5, 0, 0.5!, Fig. 2~c!, the structure factor of almost a
modes has changed considerably: the two highest upper
magnons have decreased their intensity and the upper m
non of the lower band has vanished. The peak at 0.25 m
measured at~0.5, 0, 0.75! and at~0.5, 0, 0.5! has the same
line width as measured at the~0.5, 0, 2! M point @see Fig.
1~a!# an indication that it possibly comprises two peaks.
should be noted that there is a weak additional intensity
low 0.2 meV in some scans, see Fig. 2. Figure 3 shows
the observed dispersions alongAM. The experimental obser
vations are summarized in the following.

For the frequency region of the lower band two exci
tions have been found, possibly three~in the latter case two
of them must be very close to each other,DE53567 meV!.
The total lower band splitting is 0.14 meV.

For the frequency region of the upper band the obser
multiple peak structure is consistent with four excitation
They seem dispersionless betweenA andM. Obtained differ-
ences in the peak positions of 20meV or less are not signifi-
cant because they could as well be due to changes in
structure factor. The total upper band splitting is 0.21 me

The lower and upper bands are not symmetric at and
tweenA and M: the number of observed peaks is differe
and also their relative position in energy with respect to
position of the predicted two fourfold degenerate modes. T

FIG. 1. Magnon groups in Nd2CuO4 at T50.5 K of the lower
band at theM andA points at~0.5, 0, 2! and ~0.5, 0, 1.5!, respec-
tively. The lower peak is broadened and probably comprise
double peak. The long tail above 0.45 meV stems from upper b
modes which are weak in this configuration. TheA point was mea-
sured withkf51.3 Å21 which leads to larger line widths than wit
kf51.1 Å21.
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structure factor of several modes has been found to cha
considerably between theA andM point. The mean separa
tion between the lower and the upper band is 0.25 meV.

Preliminary experiments on NCO~Refs. 14, 15! already
indicated that the fourfold degeneracy of the modes at thA
and M point is partly lifted. This is in contradiction to th
predictions of the Heisenberg model in the RPA treatme12

that has been used to fit the experimental data of Ref. 8.
model12 comprises an isotropic Nd-Nd exchange, while t
Cu-Nd interaction is treated in the mean-field approximat
as a staggered field on the Nd sites induced by Cu mome
The decoupling of Cu and Nd excitations is reasonable
view of the energy scales: below 5 K the energy gap of the
Cu excitations determined by INS is larger than 10 m
~Ref. 16! while the energy of the Nd excitations is below
meV. An alternative approach to the Nd spin dynamics
been given in Ref. 13. Here the Cu spins are included exp
itly. However, concerning the low-energy excitations due

FIG. 2. Magnon groups in Nd2CuO4 at T50.5 K of the upper
band alongAM. The upper band yields a broad intensity distributi
above 0.4 meV and is fitted by four Gaussians. The lower b
excitations at 0.25 and 0.38 meV are also clearly observed in
given configurations. Note also the extra intensity below 0.2 m
ge
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the Nd spin dynamics the authors arrive at similar results
in Ref. 12.

Since both models12,13 yield only two, fourfold degener-
ate, excitations alongAM we will shortly discuss possible
origins for the lifting of the degeneracy. One possible exp
nation lies in the nature of the spin interactions, which a
involved within the Nd sublattices. Indeed, it has been sho
that interactions of isotropic Heisenberg type cannot exp
several magnetic properties ofR2CuO4: the stability of the
magnetic structure of the Cu spins in Nd2CuO4 and its de-
velopment with field,17 the sequence of magnetic phases a
function of temperature,3,18 and the dispersion of low-lying
magnetic excitations of the Cu spins in Pr2CuO4.

19 This is
because isotropic Heisenberg interactions in a centered
tragonal structure are frustrated and cause a decouplin
the orthogonal Cu and Nd sublattices in a static mean fi
approximation. In contrast, it has been proposed20 that
pseudodipolar interactions might explain these observat
because they are able to lift the degeneracies. This ques
has been discussed concerning the Cu-Cu~Ref. 19! interac-
tions and the Cu-Nd~Ref. 21! interactions. It might apply to
the Nd-Nd interactions as well, lifting also the degeneracy
magnetic excitations along the lineAM.

Another explanation may arrive from the possibility th
the symmetry of the chemical and magnetic lattice is low
than has been hitherto assumed. While at present there
direct evidence for this assumption in NCO, there are a nu
ber of experiments that support this claim. Several heavR
cuprates, in particular Gd~Ref. 22! and Eu,23 show weak
ferromagnetism, which is explained as being due to dis
tions of the basal plane O~1! atoms. In fact, the correspond
ing phonon eigenmode, an O~1! in-plane rotation around Cu
shows rather anomalous behavior and tends to become s24

In the case of NCO weak ferromagnetism has not yet b
reported, but recently the magnetoelectric effect in NCO
been observed.25 Since tetragonal symmetry does not allow
magnetoelectric effect, the observation of magnetic-field
duced electric polarization might prove that the actual crys
and magnetic symmetry of this system is lower than it w
thought to be. The lifting of the fourfold degeneracy by

d
e
.

FIG. 3. Magnon dispersion in Nd2CuO4 at T50.5 K alongAM.
Full lines correspond to the upper band excitations, dashed line
the lower band excitations, full dots are data points. The do
lines represent the model prediction8 of the two, fourfold degener-
ate, dispersionless modes alongAM.
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external field is discussed in Ref. 26.
In summary, we have measured Nd spin waves alongAM

with high-energy resolution. The predicted fourfold dege
eracy has not been observed. Instead the presented da
consistent with a multiple peak structure consisting of six
more peaks. All observed modes seem dispersionless
tweenA andM. The lower and upper bands in that part of t
Brillouin zone are not symmetric with respect to the numb
of observed excitations and their relative positions with
spect to the position of the predicted two fourfold degener
modes. It is likely that either the nature of the spin intera
tions is different and might be better described by pseu
-
are
r

be-
e
r
-
te
-
o-

dipolar interactions or a symmetry breaking has to be
sumed. Both mechanisms would be able to lift t
degeneracy at and between theA andM points.
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