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Intermultiplet Transitions in Praseodymium Using Neutron Spectroscopy
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Intermultiplet transitions with energies up to 810 meV in praseodymium metal have been observed by
neutron spectroscopy. Both dipolar (3H4 3H5) and, for the first time, nondipolar, interterm
( H4~ F2,3,4) transitions have been identified. The energies of the interterm transitions are
significantly reduced by approximately 50 meV from their free-ion values. This gives direct evidence of
conduction-electron screening of the (on-site) Coulomb interaction between 4f electrons in rare-earth
metals.

PACS numbers: 71.70.Ej

Neutron-electron spectroscopy is a valuable technique
for the study of the highly correlated wave functions of
4f electrons in rare-earth metals and compounds. It has
been used extensively to determine the crystal-field po-
tential which lifts the degeneracy of the ground-state
(Hund's rule and total angular momentum J) multiplet.
Typically the overall splitting is in the range 10 to 20
meV. ' The crystal-field splittings are much smaller than
the intermultiplet splittings (& 200 meV for all but Sm
and Eu) and J mixing can be neglected. Such experi-
ments give information on the interaction of f electrons
with the crystalline electric field, but they are insensitive
to the spin-orbit and Coulomb interactions which give
rise to the multiplet splittings. The lowest J J+ 1 in-
termultiplet transitions in Sm + and Eu + have been ob-
served with conventional neutron sources. With the ad-
vent of pulsed spallation neutron sources, intermultiplet
transitions at 130 meV in Sm + (Ref. 3) and at 260
meV in Pr + (Ref. 4) have been reported. These ener-
gies are hardly changed from the free-ion values since
they are dominated by the spin-orbit coupling, which
principally depends on the interaction of the 4f electrons
with the ionic core. In contrast, we anticipate that tran-
sitions from the ground-state multiplet to levels derived
from different Russell-Saunders terms (i.e., with
different values of total orbital and spin angular momen-
ta, L and S) may be sensitive to modifications of the
Coulomb interaction between the 4f electrons induced
by a metallic environment. This Letter reports new mea-
surements on Pr metal with the first observation of tran-
sitions from the 04 ground state to the F234 states
and evidence for an enhanced screening of the intra-4f
Coulomb potential in a metal.

Comprehensive optical spectroscopy studies on
trivalent rare-earth ions in insulating ionic solids reveal
that all these interterm or "Coulomb" excitations have
energies greater than 500 meV. High-energy neutron
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where E; and Ef are the incident and scattered neutron
energies, ro =0.29 b, hto =E; —Ef, and Q is the scatter-
ing vector. The structure factor G(Q;p, v) for transi-
tions between states labeled by the quantum numbers p
and v may be expressed as a sum of products of radial
integrals of the tyPe (jtr(Q))(jtr (Q)), in which

(jtr(Q)) = drr f (r)jtt(Qr) %=0,2,4, . . . ,

where jib(x) is a sPherical Bessel function and f(r) is the
normalized radial part of the one-electron wave function.
The (jtr(Q)) values have been tabulated for all the rare
earths by Freeman and Desclaux using relativistic free-
ion wave functions.

These intermultiplet cross sections differ from the in-
tramultiplet cross sections in both their magnitude and Q
dependence (see Fig. 1). First, for Q less than 9 A
the intermultiplet cross sections are smaller by at least
an order of magnitude. Second, the Q dependence of
G(Q;p, v) is quite different from that of the magnetic
form factor. The structure factors of dipolar transitions
fall more sharply from their value at Q =0, while those
of the nondipolar transitions, which have zero intensity
at Q =0 (by definition), exhibit maxima at finite wave
vectors in the range Q=5-15 A '. The measured Q

spectroscopy opens up this field to optically opaque ma-
terials. An important advantage of neutron scattering is
that the wave-vector dependence of excitations can be
determined. Further, calculations of intermultiplet tran-
sition probabilities are more tractable for neutron, as op-
posed to optical, spectroscopy. A framework for such
calculations has recently been developed by Balcar and
Lovesey. This theory expresses the single-ion approxi-
mation to the neutron-scattering cross section as

&/2

ro G (Q;p, v) b(h co+E„E„), —
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FIG. 2. Neutron-scattering cross section of praseodymium
at 17 K, measured at an angle of 5' with an incident neutron

energy of 1300 meV. The change in scattering vector across
the spectrum is shown at the top of the diagram. The instru-
mental resolution varies from 60 to 25 meV as the energy
transfer increases from 0 to 1000 meV. The data have been
fitted by four Gaussians and a tail of low-energy scattering.
Inset: the results above 400 meV on an expanded scale.
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FIG. 1. Neutron inelastic structure factors for intermultip-
let transitions in praseodymium. The lines represent the calcu-
lated intensities (Ref. 6) of the 'H4 H4, H5, 'H6, F2, 'Fi,
'F4, and '64 transitions. The structure factors are normalized
to the H4 'H4 intensity at Q 0, which has a cross section
of 620 mb/sr. (a) The intensity of the 260-meV transition
measured with incident energies of 370 meV (filled square);
515 meV (open triangles); 830 meV (open squares); and 1300
meV (filled circles). (b) The intensity of the transitions at 578
meV, 'H4 'F2 (filled circles); 747 meV, 'H4 'Fi (open
diamond); and 809 meV, iH4 iF4 (filled triangle) measured
with an incident energy of 1300 meV. While the Q depeit-
dence of the 578-meV transition could be studied in detail, the
747- and 809-meV transitions could only be resolved individu-

ally at low scattering angles.

dependence has been a crucial factor in assigning the
transitions that we have observed.

It is well known that the combined requirements of
high energy transfer and low momentum transfer are
difficult to achieve in neutron spectroscopy without the
use of excessively high incident energies coupled with

very small scattering angles. Indeed, it has sometimes
been suggested that such kinematic constraints would
effectively limit all magnetic scattering experiments to
energy transfers below about 400 meV. Fortunately, the
calculated structure factors shown in Fig. 1 lead to less
stringent kinematic requirements because of the strength

of the (jx(Q)) terms when E is greater than zero. Re-
cent experiments on the J 1+1 transition in SmPd3
are in accord with theory.

Praseodymium has the lowest "Coulomb" or interterm
splitting ( H F) of the rare-earth ions and is there-
fore an appropriate first candidate for exploration of the
Coulomb potential in a metal. The sample consisted of
—100 g of high-purity praseodymium metal supplied
by the Materials Preparation Center, Ames Laboratory,
Iowa. It was mounted in a thin-walled aluminum can
and cooled in a closed-cycle refrigerator to 17 K in order
to reduce multiple phonon scattering. The measure-
ments were performed on the high-energy transfer spec-
trometer (HET) at the Rutherford Appleton Labora-
tory's pulsed spallation neutron source, ISIS. HET is a
direct geometry chopper spectrometer capable of high
resolution (-1% for E;) and low momentum transfer
equipped with a bank of detectors at 4 m from the sam-
ple position (scattering angle 3'-7'). A lower-
resolution bank at 2 m (scattering angle 10'-30') al-
lows measurements at higher Q. The momentum trans-
fer may also be varied by the selection of different in-

cident energies. In our measurements, incident energies
of 370, 515, 830, and 1300 meV were used, and the
different runs were normalized to each other by using the
scattering from a vanadium standard.

Figure 2 shows the scattering intensity measured with
E;=1300 meV at a scattering angle of 5 . There are
four inelastic peaks with energies at 261, 578, 747, and
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TABLE I. The experimental and calculated energies (meV) of intermultiplet transitions
from the H4 ground-state multiplet of the Pr'+ ion. Free ion (Ref. 10); Pr doped in anhy-
drous LaC13 (Ref. 5); Pr metal (this work); calculation using the following parameters:
F t21 8102 meV, F t 1 =6200 meV, F ' 1 =4060 meV, $4f =92.2 me V.

H5
H6
F
F3
F4

lg

Free-ion

266.8
544. 1

619.5
795.4
849.9

1230.0

(La, Pr)C13

262.5

533.9
600.9
772.7
828.4

1202.3

Pr metal

261

578
747
809

Calculation

259.3
529.3
577.3
751.4
808.7

1173.5

809 meV. Their energies are compared with the transi-
tion energies of both free Pr + ions and Pr + in LaC13
(Refs. 5 and 10) in Table I. The lowest transition is evi-

dently the H4~ H5 at an energy only slightly reduced
from the free-ion value. This result confirms the previ-
ous observation carried out using the LRMECS spec-
trometer at the Intense Pulsed Neutron Source (IPNS),
Argonne National Laboratory. The Q dependence of the
peak intensity was followed by our varying the incident
energy and measuring at different scattering angles.
These experimental points were normalized to the mea-
sured scattering within the H4 ground-state multiplet,
and are shown in Fig. 1(a); they are seen to be in good
agreement with the calculated structure factor. In as-
signing the remaining levels, we compared their intensi-
ties with those calculated for the nondipolar H4 H6
and H4 F234 transitions; see Fig. 1(b). In these
cases, we found that the measured peak intensities
(which are up to 3 orders of magnitude less in intensity
than the intramultiplet scattering) were up to a factor of
2 lower than calculated. Nevertheless, we may conclude
that the peak at 578 meV arises predominantly from the
H4 F2 transition, since the calculated H4 H6

intensity is an order of magnitude weaker. The relative
peak intensities observed at 747 and 809 meV differ
significantly from those calculated with use of pure F3
and 'F4 wave functions. However, by including the ad-
mixture of 'G4 and H4 character into the F4 wave
function (as discussed below), we calculate that these
two transitions have similar intensity [see Fig. 1(b)].

With these assignments, it is evident that the "Cou-
lomb" transitions are all reduced to energy by -50 meV
from the free-ion values. To interpret this result, we
have adjusted the four parameters which determine the
matrix elements of the Coulomb and spin-orbit Hamil-
tonian. The three Slater integrals, F,F, and F
which characterize the strength of the Coulomb poten-
tial, and the spin-orbit parameter, (4f, mix +'LJ basis
states of equal J. The H4 H5 transition is almost
exclusively given by (4f which was fixed to the value 92.2
meV deduced by optical spectroscopy. ' The shifts of
the other energy levels are determined by the Slater in-

tegrals and are well reproduced by a reduction of F by

10.0% from its free-ion value [4.4% from its value in

(La,Pr)C13] keeping Ft ) and F( ) fixed. We propose
that the extra shift in going to the metallic system arises
from a more efficient screening of the Coulomb interac-
tion by the conduction electrons.

Additional measurements with an incident neutron
energy of 1630 meV were made to search for the
H4 'G4 transition expected around 1170 meV, but no

significant intensity above the background was observed.
However, an examination of the wave functions obtained
from the above analysis shows that the F4 and 'G4
terms are strongly mixed:

F4 0.805 F4 —0.580'G4 —0.125 H4,

'G4 0.797'G4+0.592 F4+0.117 H4.

This admixture (particularly the H4 component) in-
creases the intensity of the 809-meV transition at the ex-
pense of the 1170-meV transition as compared with the
calculations which were derived from pure +'LJ states.

The reason for the discrepancy in the measured and
calculated intensities of the "Coulomb" transitions
shown in Fig. 1(b) remains puzzling. The calculated in-
tensities sum over all the 2J+1 levels of the H4 multi-

plet, whereas, at 17 K, transitions from only the lowest
crystal-field levels are significant. Additional scans at
room temperature were made in order to thermally pop-
ulate the whole multiplet, but only a small change in the
intensities of the transitions was observed. These experi-
ments have probed previously inaccessible regions of
high energy and momentum transfer. It is possible that
they are revealing the breakdown of the description of
4f-electron states by simple atomic wave functions.

These measurements of intermultiplet transitions dem-
onstrate the ability of neutron inelastic spectroscopy to
investigate the magnetic response of localized systems at
energies up to 1 eV. We have studied the wave-vector
dependence of the intensities of both dipolar and, for the
first time, nondipolar transitions in Pr metal. The ob-
served shifts in the energies of the Coulomb transitions
result from an increased screening of the conduction
electrons in a metallic environment.

We acknowledge the support of the Science and En-

1311



VOLUME 61, NUMBER 11 PHYSICAL REVIEW LETTERS 12 SEPTEMBER 1988

gineering Research Council.

'For recent reviews, see M. Loewenhaupt and P. Fulde, Adv.
Phys. 34, 589 (1985); W. G. Stirling and K. A. McEwen, in

Methods of Experimental Physics, edited by K. Skold and

D. L. Price (Academic, New York, 1987), Vol. 23, Chap. 20,
pp. 159-240.

2D. B. McWhan, S. M. Shapiro, J. Eckert, H. A. Mook, and
R. J. Birgeneau, Phys. Rev. B 18, 3623 (1978); E. Holland-
Moritz, E. Braun, B. Roden, B. Perscheid, E. V. Sampath-
kumaran, and W. Langel, Phys. Rev. B 35, 3122 (1987).

W. G. Williams, B. C. Boland, Z. A. Bowden, A. D. Taylor,
S. Culverhouse, and B. D. Rainford, J. Phys. F 17, L151
(1987).

4W. G. Stirling, K. A. McEwen, and C.-K. Loong, Physica
(Amsterdam) 136B, 420 (1986).

SG. H. Dieke, in Spectra and Energy Levels of Rare
Earth Ions in Crystals, edited by H. M. Crosswhite and
H. Crosswhite (Interscience, New York, 1968).

6E. Balcar and S. W. Lovsey, J. Phys. C 19, 4605 (1986).
7A. J. Freeman and J. P. Desclaux, J. Magn. Magn. Mater.

12, 11 (1979).
8The analysis supplied by Ames Laboratory showed the hy-

drogen content to be less than 139 at. ppm, other rare earths
less than 20 at. ppm, and other elements less than 200 at. ppm.

A. D. Taylor, B. C. Boland, Z. A. Bowden, and T. J. L.
Jones, Rutherford Appleton Laboratory Report No. RAL 87-
012, 1987 (unpublished).

'oJ. Sugar, Phys. Rev. Lett. 14, 731 (1965).

1312


