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Crystal-field transition in PuO 2
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A single peak at 123 meV has been found in the neutron inelastic-scattering spectrum of PuO2 measured on
the PHAROS chopper spectrometer at LANSCE. This is ascribed to theG1 to G4 transition of the ground-state
crystal-field multiplet and quantitative agreement is obtained between the observed and calculated cross sec-
tion. The peak is broadened beyond the instrumental resolution. A short discussion is presented on how this
observation complements our understanding of the actinide oxides.@S0163-1829~99!02602-8#
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I. INTRODUCTION

The tetravalent actinide oxides~with the cubic fluorite
structure! have been perhaps the most studied of any actin
compounds. Their high-temperature properties are, of cou
of technological importance, but much effort has been
rected also at understanding their low-temperature pro
ties, which are the focus of this paper. Despite considera
effort, many aspects remain poorly understood. Being in
lators with well-localized 5f electrons,1,2 we would expect
that crystal-field~CF! theory would be immediately appli
cable. Indeed, a classic calculation reported for UO2 in 1966
by Rahman and Runciman3 provided the framework for
much of the subsequent interpretation of the electronic st
ture. However, neutron experiments4 which examined di-
rectly the CF level structure of UO2 showed that the energ
splittings were considerably smaller, by more than a facto
2, than those predicted by Rahman and Runciman. Su
quent higher-resolution experiments at the ISIS spalla
source in the UK showed remarkable ‘‘fine’’ structure in t
CF levels5 and this was interpreted as a result of the inter
tions between the electronic and lattice modes. That s
effects are important in UO2, which has of course been b
far the most studied, had already been shown at lower e
gies by the spin-wave6 and elastic constant7 measurements
and by the considerations of the susceptibility of diluted s
tems performed by Sasaki and Obata.8 Moreover, Allen9,10

developed a theory of an interaction within theG5 ground-
state multiplet of UO2 and this led to the prediction of
static Jahn-teller distortion at low temperature. The obse
tion of an internal distortion of the oxygen sublattice,11 al-
though not the one predicted by Allen, led strong suppor
the ideas that the interaction between the lattice and e
tronic modes is significant, at least in UO2.

The exact ground state of NpO2 has remained an enigm
since the discovery of magnetic effects in 1967,12 but it is
accepted that the CF ground state of the 5f 3 ion must have
G8 character. Neutron inelastic experiments13 established
PRB 590163-1829/99/59~1!/104~3!/$15.00
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that there is a broadband of magnetic scattering extend
from 30 to 80 meV, and this is assumed to arise from tr
sitions between the ground and excitedG8 states. Much of
this broadening may also arise from interactions between
phonon and electronic systems, in particular t
Raman-active14 mode at 58 meV.

For the purpose of this paper it is sufficient to note th
the V4 andV6 CF parameters deduced for NpO2 are consis-
tent with those derived for UO2 (V4;2120 meV; V6;
220 meV; Ref. 5!. These values are only 30% of those pr
dicted by Rahman and Runciman for UO2.

3

Even if the ground state of NpO2 is not completely under-
stood, both it and that of UO2 have antiferromagnetic groun
states. This complicates determining the CF parameters
the electronic structure. In particular, susceptibility measu
ments are difficult to interpret as they may exhibit effects
antiferromagnetic correlations. In PuO2, on the other hand
with a 5f 4 ionic state, and withV4,0, theG1 singlet should
be the ground state.15 Indeed, early measurements16 con-
firmed that the susceptibility was independent of tempera
but the samples contained a considerable amount of i
Raphael and Lallement17 reported the results from exper
ments up to 1000 K using high-purity samples and th
reproduced the temperature-independent values, but the
solute value of the susceptibility was smaller at 5
memu/mol. ~This has been corrected for the calculated d
magnetic contribution of256 memu/mol.! This low value
was independently confirmed at Argonne Nation
Laboratory.18 Using the weak-field approach,19 which as-
sumes negligibleJ mixing, this small value of the suscept
bility implies aG1 to G4 energy separation of 284 meV, an
a V4;2320 meV, much larger than the experimental val
deduced from neutron inelastic-scattering results in UO2 and
NpO2.

The simplicity of the PuO2 ground state makes it particu
larly attractive. Dipole matrix elements exist between t
ground stateG1 and the excited stateG4 , but are zero with
other excited states. Thus, onlyone transition should be ob-
104 ©1999 The American Physical Society
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served within the ground-state manifold, and other manifo
are at energies of at least 0.5 eV. Additional transitions
observed in PuO2, would be a certain sign of more compl
cated interactions. The earlier neutron inelastic-scatte
experiments19 on PuO2 were carried out with a sample highl
enriched in the nonabsorbing isotope242Pu at the IPNS spal
lation source at Argonne National Laboratory. Two bro
peaks at;90 and;120 meV were observed. However, th
peak at 90 meV was ascribed to hydrogen impurities in
sample. The peak at 120 meV was almost 25 meV@full
width at half maximum~FWHM!# broad and there was eve
a suggestion that two peaks might be present. These re
suggested that higher-order effects might be important.
instrumental resolution was 6 meV~FWHM!. In view of the
pivotal importance in understanding the CF scheme in P2
it seemed worthwhile to repeat these measurements wi
better sample, higher neutron intensity, and better resolut

II. EXPERIMENT AND RESULTS

The sample used in the earlier experiment at Argonne
apparently absorbed a large quantity of water, and poss
other hydrocarbons, on the large surface area of the s
particles. To remove the absorbed water a part~29 g! of the
original sample was heated to 800 °C and exposed to o
gen. The absence of hydrogen was verified by Four
transform infrared spectroscopy. The lattice parameter
5.395 Å, compatible with stoichiometric PuO2, and no other
phases were detected. The sample was then resealed
double-walled container. The neutron inelastic scattering
performed on the PHAROS chopper spectrometer at the
Alamos Neutron Scattering Center~LANSCE! of Los Ala-
mos National Laboratory. PHAROS is a high resolution,
rect geometry, chopper instrument20 with better resolution
~and more intensity! than the spectrometers used for the e
lier work.19 The incident energy for these experiments w
184 meV, and the resolution at an energy transfer of 125
3.6 meV. Using a large vanadium sample as a standard
have been able to put the scattering cross section on an
solute scale. The sample was inside a closed-cycle refrig
tor and could be cooled to;30 K. Lower temperatures wer
not attained because of the double encapsulation require
safety considerations, the large thermal mass, and the
thermal conductivity of this material.

Figure 1 shows the data atT530 K. Except for a small
broadening, the spectra are identical at 100 K. A small tim
independent background has been subtracted. There
single peak at 123 meV, and no significant signal in
range;10–80 meV. A Gaussian fit with a full width at ha
maximum ~FWHM! of 11 meV is indicated with the solid
line. The peak seen at;90 meV in the earlier work is absen

III. DISCUSSION

The first point to remark is that the peak at;90 meV is
now unambiguously associated withH in the lattice. This
was suspected, but not proved, in the earlier work.19 We can
now concentrate on the 123 meV peak as coming from
G1→G4 transition.

By using the superposition model21 with t4511 and t6
57 we may determine how the UO2 CF parameters would
s
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change for PuO2 to take account of the small difference
the electron wave functions in going from U to Pu. We fin
V4521220 cm21 ~2151 meV! and V651248 cm21 ~131
meV! as the cubic CF parameters; they generate aG1→G4
transition of 115 meV. The value of this calculated cro
section is 81 mb/sterad. By fitting a Gaussian to the curve
Fig. 1 we obtain an experimental value for the absolute cr
section of 84~5! mb/sterad. This agreement is unusually go
for a neutron experiment considering the difficulties of ca
bration. Krupa and Gajek22 calculated values that are les
than this, giving aG1 to G4 splitting of 86 meV, but our
results show that a consistent set of CF parameters are a
able for the light actinide dioxides—a situation we alrea
discussed in our earlier paper. The calculated values of R
man and Runciman3 are too large for UO2 because they at
tempted to make their ground-state moment agree with
experimental value of;1.8mB rather than the 2mB inherent
in the G5 ground state. We now know that the moment
UO2 is reduced by the Jahn-Teller effects10 rather than by
mixing with higher CF states.

It is important to stress, however, that this value of t
G1→G4 transition is in complete disagreement with that d
rived from the susceptibility measurements,17 in which the
transition energy is derived as;284 meV. An alternative
way to represent this is to take the experimental results
Raphael and Lallement~corrected by them for the diamag
netism of the core electrons! and plot the calculated suscep
tibility as a function of temperature for the CF parameters
deduced in our PuO2 experiment. This is shown in Fig. 2
Indeed good agreement between experiment and the cal
tions can be obtained by using an orbital reduction factor
k50.905. This is a large deviation from unity and wou
imply a reduced orbital moment, as might perhaps be p
duced by a dynamic Jahn-Teller effect. Such a Jahn-Te
effect can be simulated in a CF-type analysis by introduc
a V2 term in the Hamiltonian. In UO2 the excitedG4 state is

FIG. 1. Neutron inelastic spectra from PHAROS of242PuO2 at
T530 K after subtraction of a time-independent background a
placed on an absolute scale by calibration with a vanadium s
dard. The incident energy was 184 meV. The dashed line repres
a fit with a Gaussian of FWHM511 meV. The resolution is 3.6
meV under these experimental conditions. There is no signific
signal from the sample between;10 and 100 meV. The momentum
transfer atE5124 meV is;4 Å21.
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split by about 20 meV, and if we use the same parame
then theG4 in PuO2 splits by;6 meV. PHAROS has suf
ficient resolution to allow such a splitting to be observed,
rather a general line broadening is found. This may,
course, be caused by a more complex process involving
pling between the lattice and electronic levels. It is import
to remember also that the 123 meV line is now sharper~11
meV! than it was in the Argonne experiment~;20 meV! and
that the resolutions were 3.6 and;6 meV, respectively. The
narrowing of the line in the recent experiment is proba
associated with the removal of hydrogen rather than the
proved resolution.

FIG. 2. Susceptibility as determined by Raphael and Lallem
~Ref. 17! indicated by filled circles. The open squares represen
susceptibility deduced using theG1→G4 transition observed in Fig
1. The higher lyingJ multiplets are automatically included by th
CF program. The first three multiplets contribute;87, 2, and 11 %
respectively, towards the full susceptibility. The open triangles
with the same calculation but with an orbital reduction factor
0.905~rather thank51) introduced.
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One possible other cause of line broadening should
mentioned. The sample consists of particles of;12 nm in
diameter. For particles of this size approximately 25% of
Pu ions would actually be within one lattice spacing of t
particle surface. We cannot exclude therefore that a sm
change in the effective crystal-field occurs at the parti
surface and this might well translate into a line broadening
the inelastic spectrum.

In conclusion, our experiments have fully confirmed t
earlier interpretation of the discrepancy between the ene
levels of the ground-state multiplet as deduced on the
hand from susceptibility measurements, and, on the ot
directly from neutron inelastic scattering. The previous e
periments were performed on a sample which containe
sizeable quantity of hydrogen, making the results not a
gether clear. In view of the consistent CF parameters n
deduced for all the three light actinide dioxides, UO2, NpO2,
and PuO2, a reliable basis has been established from wh
to depart theoretically. In spite of this it appears that t
oxides are far from understood. It is not easy to accept
idea of so large an orbital reduction (k;0.9), although we
need more experiments on ionic actinide systems before
jecting such a hypothesis completely. Recently, Santini23 has
considered the anomalies presented by the PuO2 measure-
ments and suggested that Jahn-Teller couplings might
count for the broadening of the transition and antiferrom
netic exchangemightbe sufficient to explain the discrepanc
between the neutron and susceptibility results. We hope
work motivates this and other theoretical efforts.
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