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Raman study of Kramers doublets in NdqCu04
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Raman-scattering measurements involving the Nd +-ion crystal field Kramers doublets in
Nd2Cu04 are reported. The observed splitting is attribut'ed to the lifting of the Kramers degeneracy
by the Nd-Cu exchange interaction. Below 150 K the splitting of these crystal-field excitations is
nearly temperature independent. There are also small discontinuities in the amplitude ratio of the
doublet components at 30 and 75 K. These discontinuities can be interpreted as arising from the
direction reversal of the Nd magnetic moment following the direction reversal of the copper exchange
field at these phase transitions.
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The Nd2 Ce Cu04 compounds have recently at-
tracted a lot of attention due to the fact that, for x 0.15
and once reduced, they become an electronlike high-T
superconductor (HTCS). Like other HTCS's, the par-
ent compound is a semiconducting antiferromagnet. In
Nd2Cu04 the copper spins order in a noncollinear mag-
netic structure, in which the spins that lie in the Cu-0
planes, parallel to the crystal axis, are rotated by 90, in
opposite directions in adjacent planes. The copper spin
system undergoes two orientational transitions. At 75 K,
all spins rotate by 90 about the c axis, and they rotate
back to their initial direction at 30 K. For tempera-
tures between 75 and 30 K this corresponds to a 180 spin

rotation in alternate planes (Fig. I). The origin of these
phase transitions is not well understood, even though it
has been suggested that it might arise from a competi-
tion between the Nd-Cu and Nd-Nd spin interactions.
Furthermore, an exotic heavy-fermion state has been re-
cently inferred from speciflc heat measurements in the
Ce-doped samples. In view of these properties, it seems
very important to refine our understanding of the Nd-Cu
interaction.

The sensitivity of the neodymium crystal-field lev-
els to both the local electric and magnetic fields, com-
bined with the high resolution of the optical techniques,
makes Raman scattering by these crystal-6eld excita-
tions a valuable probe for the magnetic interactions. In
that context, we have performed Raman-scattering ex-
periments that involve transitions &om the ground state
doublet of the Isy2 configuration to the first ( Iiig2) and
second ( Iis~2) excited configurations. Transitions be-
tween the I9y2 and the Izzy2 levels have been reported
previously.

II. EXPERIMENT
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FIG. 1. Magnetic structure of NdqCu04. (a) above 75 K
and below 30 K, (b) between 30 and 75 K.

Single crystals of Nd2Cu04 were grown from the Cu0
flux by spontaneous nucleation, as described in Ref. 8.
Typical crystals were 2x2 x 1 mm in size.

Raman spectra were measured as a function of tem-
perature with a Dilor XY triple spectrometer equipped
with a charge-coupled-device camera. The 4880 and 5145
A. argon-ion laser lines were used and the typical resolu-
tion was 1.5 cm . The splitting of the 2000 cm tran-
sitions was, however, determined in the triple additive
mode with the 5145 A. laser line leading to a 0.5 cm
spectral resolution. The temperature of the sample was
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may arise either from a Davydov splitting, due to the
presence of two Nd atoms in the unit cell, or from a lift-
ing of the Kramers degeneracy by the Nd-Cu exchange
interaction. As will be discussed below, the observation
of the strong effect that reorientation of the copper spins
exerts on these levels strongly favors the second hypoth-
esis. We therefore believe that the origin of the doublets
is the lifting of the Kramers degeneracy by the Nd-Cu
exchange interaction as has been proposed on the basis
of neutron and specific heat measurements.

The energy splitting of the ground state, however,
must be determined. indirectly because it is not known,
a priori, whether the observed splitting is the sum or
the difference of the ground and excited state split-
tings. The important observations concerning these spec-
tra (Fig. 2) consist of an overall decrease of the inten-
sity of the higher-frequency doublet component relative
to the lower-frequency one, with increasing temperature.
Moreover, discontinuities in these intensities accompany
the copper spin reorientations at 30 and 70 K.

In Fig. 3 we present the other transitions that have
been observed by Raman spectroscopy. In these cases
a splitting of the peaks is not clear, even though the
peak at 3955 cm is nearly twice as broad as the peak
at 3923 cm . It can be suggested, although not in a
conclusive way, that for these transitions we are observing
the difference between the splittings of the ground and
excited states. In this case, a near-zero splitting will be
observed if the excited state splitting is comparable to
that of the ground state. For this set of transitions, there
are one I'6 to I'6 and four I'6 to I'7 transitions missing in
the measured spectra.

IV. DISCUSSION

We have fitted the Raman spectra with a sum of
Gaussian line shapes. This type of profile was chosen be-
cause it gave an excellent fit to the experimental data. A
Gaussian profile frequently suggests that the width of
the peak is dominated by a distribution of frequencies
(inhomogenous broadening) and not by the lifetime of
the excitation (homogenous broadening), i.e. , that the
crystal-field transitions have slightly different frequencies
in different unit cells due, possibly, to local electric-field
variations. This interpretation of the line shape justifies
the use of the amplitude instead. of the area of the peaks
in the analysis of the results. From the fits to the spectra,
we have extracted the peak positions, widths, and ampli-
tudes. These results are summarized in Figs. 4, 5, and 6
where the temperature evolution of these parameters is
shown. Note that the widths [Fig. 6(a)] are independent
of temperature within error. The ratio of the amplitudes
is displayed in Fig. 4 since it is more reliable than the
absolute values. Of particular interest here is the ratio
of the amplitude of the main doublet at 1993 cm and
1999 cm . As can be seen in Fig. 4, this amplitudes ra-
tio exhibits a nonmonotonic behavior with a clear slope
change at 30 and 75 K. The 30 K discontinuity is also
clearly visible in the doublet splitting. These disconti-
nuities (Figs. 4 and 5) seem to be related to the two
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FIG. 4. Amplitude ratio of the main doublet around
2000 cm . Notice the slopes change (nonmonotonic behav-
ior) at 30 and 75 K. The circles are the experimental data.
The line is calculated with the model discussed in the text.
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FIG. 5. (a) Temperature dependence of the frequencies
of the observed crystal-field transitions. (b) Frequency dif-
ference of the two peaks of the central doublet around
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FIG. 6. Temperature dependence of the width of the ob-
served crystal-field transitions (a) for the 1993 cm peak and
(b) for the 1998 cm peak.

reorientations of the copper spin system.
The origin of these discontinuities can be quantita-

tively understood with three assumptions:
(1) The splitting of the Kramers doublets is mainly

due to the Nd-Cu exchange interaction with a small con-
tribution from the dipolar magnetic Beld induced by the
copper at the Nd sites.

(2) The Raman-scattering efficiency for the two com-
ponents of the doublet is not the same.

(3) The ratio of these Raman-scattering efficiencies is
temperature independent and remains the same in the
three phases.

The exchange interaction postulated in the first as-
sumption has been used previously and has led to a
good agreement between the experimental data and
their modeling in both neutron and specific heat
measurements. However, in the model of Ref. 10 the
use of the exchange interaction was limited to the low-
temperature phase. There was no clear effect of the cop-
per spins, except that a static field was needed, as ex-
pected for the copper exchange Beld well below the Neel
temperature. Here, since there are two phase transitions
the effect of which is to reverse the copper spins in alter-
nating planes (see Fig. 1) and therefore the magnetic field
at the neodymium site, the origin of the magnetic field
is quite clear. The exchange Belds of the nearest neigh-
bor (to a given Nd ion) copper planes cancel at that Nd
site. A noncanceling contribution results &om the Cu
ions in the second neighbor plane. In the representation
of Fig. 1 this results in a reversal of the copper exchange
Geld in every other Nd ion. Note that at the phase tran-
sition, those ions for which the exchange Geld reverses
direction experience a dipole field (induced mainly by
the NN planes) which does not change direction, and
vice versa. The effect of a reversal of the total copper-

induced magnetic Geld is a reversal of the Nd magnetic
moment, inverting the two components of the crystal-
field Kramers doublet.

If the exchange Beld is treated as an external magnetic
field it is clear, on the basis of time reversal symmetry,
that mixing among the Nd states would fail to repro-
duce the behavior observed for the amplitude ratio. The
small difference in the transition amplitudes of the two
different components of a Kramers doublet can be qual-
itatively understood on the basis of the Brst and second
neighbor (planes) copper interaction. Interaction with
the first neighbor coppers should induce an admixture of
Cu wave functions on the Nd crystal field states. This
admixture should be spin dependent and would lead to
a difference in the intensities of the doublet components.
Since the effect of the nearest neighbor plane is reversed
at the phase transition, the effect of that admixture on
the intensities is also expected to reverse (together with
the eKect of the dipole field on the splitting).

The dipolar magnetic field is needed to explain the ob-
served discontinuities of the doublet splitting [Fig. 5(b)].
In phase I [Fig. 1(a)], the main component of the copper
dipolar magnetic field at the Nd site is parallel to the
exchange Beld and has the same direction leading to an
increase in the doublet splitting. In phase II [Fig. 1(b)],
the orientation of the dipolar field remains the same but
the direction is now opposite to that of the exchange
field leading to a decrease in the doublet splitting. Using
a magnetic moment of 0.4@~ for the copper, the varia-
tion of the dipolar magnetic field between the two phases
is 750 C, leading to a change of the order of 0.1 cm
in the ground state Kramers doublet splitting. Assum-
ing that the effect on the excited state is about the same
(this should be so since the doublet splitting caused by
the exchange field is of the order of 6 cm and that
of the ground state is 3 cm ) we expect a decrease of
0.2 cm of the doublet splitting due to the dipolar mag-
netic Beld between phase I and phase II. This is in good
agreement with the observed value of 0.3+0.2 cm

The results of Fig. 4 are fitted with the following func-
tion:

f(T, A, p)

pe &~ for 14 & T & 30 K and T ) 75 K,
p ie&T' for 30 & T & 75 K,

where P is a temperature-independent amplitude ratio
and L is the splitting of the ground state Kramers
doublet induced by the temperature-independent copper
magnetic field. In the intermediate phase, the amplitude
ratio is inverted because the energy levels have reversed
with nearly no change of the overall splitting. As can be
seen in Fig. 4 this model reproduces the amplitude ra-
tio very well over the whole temperature range, thereby
giving the first direct evidence that the Nd magnetic mo-
ments are also inverted when the two copper spins reori-
ent. Prom the model, we extract an amplitude ratio of
1.06 and a gap of 3 + 1 cm . This splitting is in very
good agreement with the 4 K value that was obtained by
specific heat measurements and high-resolution neutron
spectroscopy.
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V. CONCLUSIONS

We have observed the copper spin reorientations asso-
ciated with the magnetic phase transitions in Nd2Cu04
by Raman spectroscopy. The reorientations manifest
themselves through the coupling of the Nd spins to the
Cu spins, in the splitting of the crystal-Beld transitions.
Our measurements allow us to confirm the previous hy-
pothesis that the Nd magnetic moments flip to follow
the copper spins at these phase transitions. We have
also been able to extract an independent value of the
splitting of the Kramers ground state from the evolution
of the amplitude ratio of one of the Kramers doublets
(3 cm ~). Finally, our measurements provide further in-

formation on the energies of the crystal-field transitions
that might be used to refine the value of the crystal-field
parameters.
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