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Measurements of the dispersion of magnetic excitons have been made in a single crys-
tal of praseodymium metal using inelastic neutron scattering. A preliminary analysis
of the data yields the first detailed information about the exchange interactions and the
crystal field splittings in the light rare-earth metals.

The elementary magnetic excitations in the
light rare earths are fundamentally different from
the magnons in the heavy rare earths which have
been extensively studied in xecent years by in-
elastic neutron scattering. ' For the heavy rare
earths the exchange forces are considex'ably larg-
er than I;he crystal field interactions, and the
crystal field is manifested as a, source of anisot-
ropy which determines the spin direction in the
ordered state and gives rise to the energy gap in
the measured magnon spectra. In the light rare
earths the effective exchange is weaker and is
comparable in magnitude to the crystal field forc-
es. ' Consequently the ordered moment is often
reduced fx'oIH the free-ion value gIL( g+ and 1ndeed
it is possible to have complete suppress1on of
magnetic order. In this case the magnetic excita-
tions nave the nature of magnetic 6xcitons in
which a transition between single-ion cxystal
field states is propagated through the cxystal by
the exchange interactions between neighboring
ions. ' ' %6 repoxt here the first measurements
of the dispersion of these excitations in the light
rare-earth metal praseodymium.

Praseodymium has the double hexagonal close-
packed crystal structure in which there is a
stacking sequence ABC along the crystal c axis.
The immediate suxroundings at the A sites have
approximately cubic symmetry, while the 8 and
C layexs both have local hexagonal symmetry.
Bleaney' made detailed calculations of the crys-
tal field potential and proposed a level scheme
which accounted reasonably well for the Schottky
anomaly in the heat capacity. ' The crystal field
splittings at the cubic sites (A layers) are differ-
ent from those at the hexagonal sites (8 or C lay-
ers) because of the different symmetry of their
surroundings. Recent susceptibility' and neutron
diffraction' measurements on a single cxystal of
Px' suggest that B163ney s level scheme ls in-
correct since it predicts the wrong sign for the
magnetic anisotropy. However, there is little
doubt that the ground state at both sites is a non-
magnetic singlet state. In this case no magnetic

order is possible at low temperatures unless the
exchange interaction exceeds a certain critical
value. " Although neutron diff raction measure-
ments'~' "have indicated that polycrystalline Pr
may be ordered antiferromagnetically at 4.2'K,
no trace of long-range magnetic order has been
detected in recent experiments on single cxystals
at low temperatures. ""

The pxesent measurements were made by in-
elastic neutron scattering from a small single
crystal of Pr using a triple-axis spectrometer
situated at the DR3 reactor at Riso. The disper-
sion relations measured with the specimen held
at 4.2'K are shown in Fig. 1(a), For each of the
symmetxy directions investigated these have
three branches. The single branch lying between
8 and 9 meV (open squares) can be assigned to a
mode propagating on the cubic sites since these
hie on a simple hexagonal lattice with one atom
per unit cell. The two lower branches (closed
circles and squares) have a larger dispersion
and corxespond to a mode propagating on the hex-
agonal sites. There are two branches in this case
because the hexagonal sites lie on a hexagonal
close-packed (hcp) lattice. From the measured
inelastic structure factors, the upper of these two
branches (closed circles) has been identified as
the "acoustic" mode, while the lower is the "op-
tic" mode. This indicates that the exchange inter-
actions between B and C layers, which give rise
to the Davydov splitting between the modes, are
antlfer1oIHagnetlc. The optic exciton betw6en I
and K shows a splitting which might be due to an
interaction with a transverse acoustic phonon. A
splitting is also observed for the acoustic exciton
mode between I" and M. In addition there is an
extra mode (open circles) lying below the optic
exciton. The origin of these two features is not
yet undex'stood.

The optic exclton at I displays a soft-IHode be-
havior in that its energy is considerably lower at
4.2'K than at 18'K [Fig. 1(a)]. This is in qualita-
tive agreement with Wang and Cooper's predic-
tions' concerning the temperature dependence of
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FIG. 1. (a) Dispersion relations for magnetic excitons in praseodymium at 4.2'K (Ref. 15). Measurements of the
c-axis dispersion of the lower mode at 18'K are also shown. (b) g(q) (closed circles) and J'(q) (closed squares) for
the hexagonal sites, deduced from Eq. (2) using the value of 6 derived from the data in Fig. 2,
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FIG. 2. The dependence of the c-axis dispersion of
the lovrer mode on external magnetic field applied nor-
mal to the c axis. The solid curves are fits of the dis-
persion relations given in Eqs. (3) and (4). Where the
splitting of the mode has not been resolved, the mean
of the two energies (dashed curves) has been fitted.
The zero-field data are included for comparison (open
circles)

the exciton dispersion in induced-moment sys-
tems. The instability of this mode would lead to
an antiferromagnetically ordered structure with
a modulation vector close to a (00l) reciprocal
lattice vector. It is interesting to note that the
measurements on polycrystalline Pr suggested
magnetic ordering with this periodicity.

Although the neutron groups measured at 18 K
were perfectly well defined, preliminary mea-
surements at 30'K suggest that the lifetime of the
excitations is very short at this temperature,
The observed energy broadening of the excitons
could originate either in exciton-exciton interac-
tions or in spin-lattice or conduction-electron re-
laxation. Further measurements are planned to
examine these possibilities.

We have also investigated the effect of a mag-
netic field on the c-axis dispersion of the lower
mode. The field was applied perpendicular to the
t." axis along a b direction. The measurements
(Fig. 2) show an upward shift of the mode and a
pronounced change in the shape of the dispersion
relations with increasing field. A splitting of the
mode is just resolvable at the highest applied
fi.eld,

In the light of a recent analysis" of the single-
crystal susceptibility results we can assign the
wave functions involved in the transition on the
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hexagonal sites as

~g) = ~m ~ = 0), ground state (singlet);

~e) = ~m~ =+I), excited state (doublet).

The transition between these states is then the
only allowed transition on the hexagonal sites at
low temperatures. The assignments for the cubic
sites are less certain at present. Following
Grover's' approach we can calculate the disper-
sion relations for the excitations using the Bogo-
liubov approximation. This is valid in the limit
of low temperatures and small dispersion. For
the hexagonal sites the Hamiltonian may be writ-
ten

) 1-A'X(q)
W'+ o.'I '~) (0)

and
2 W-z»2

E '(P) = —(A+W) 1-—A(q)1 —, , (4)S'+ 6
where

h =gp~H;„„W = (b, '+2o.'h')'i',

and

) (q) = I-E,'(0)/A'.

E,(0) is the measured energy in zero field at
wave vector q. The solid lines in Fig. 2 repre-
sent the best fit of these relations to the experi-
mental data with ~ and 0;„,as disposable param-
eters for each value of the external field. The
value of 4 corresponding to the best fit is 2.14
+ 0.10 meV, while the values obtained for the in-

1256

%=V, —Q8;;J ~ J; —Q 8,, J ~ J,
j&j'
-Q8, , J, J„(1)

i&j

where V, is the crystal field potential and the in-
dices i and j refer to atoms on the two sublattices
of the hcp lattice. We find two doubly degenerate
branches with energies

E, = fA'-~'At&(q) ~ &'(q)I)", (2)

where 8(q) and 8'(q) are the Fourier transforms
of the exchange integrals 8 „and/ „', respec-
tively. 4 is the crystal field splitting and o. is
the matrix element of J' or J between ~g) and

~e). Note that A cannot be directly determined
from the experimental data. However, the mea-
surements in an applied field give additional in-
formation. For a fieM 0 applied perpendicular
to the c axis it can be shown" that the splitting
of the mode is small up to moderately large
fields in agreement with observation. The dis-
persion relations for an integral field H;„, are
then (using the double-zone scheme for the c-axis
dispersion)

(,)~) W+ n'h2AA, (0
(2)

ternal field are reasonably consistent with those
estimated from the measured single-crystal sus-
ceptibility. The fitted curves are seen to give a
good account of both the change in shape of the
dispersion relations with field and of the splitting
between the modes where this has been resolved.
The value for ~, obtained in this way, has been
used together with Eq. (2) to determine the Fou-
rier-transformed exchange parameters g(q),
J'(q) for the hexagonal sites; these are shown in
Fig. 1(b). The observed splittings of two of the
branches of the dispersion relations, referred to
above, have been ignored in this calculation. The
calculated Fourier-transformed exchange param-
eters show several interesting features. The
maximum at I"' indicates the tendency towards
antiferromagnetic ordering, as discussed above.
Further, the shape of J'(q) in the directions IKMI'
closely reflects the shape of the dispersion rela-
tions of the upper mode [open squares, Fig. 1(a)]
which propagates on the cubic sites. The results
in Fig. 1(b) will be analyzed to yield interplanar
exchange parameters.
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