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5f-electron states in uranium dioxide investigated using high-resolution neutron spectroscopy
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High-resolution, high-energy-transfer, inelastic neutron scattering has been used to explore the
crystal-field (CF) excitations in UO2. As all the dipole-allowed transitions within the free-ion ground
manifold have been identified, the observations provide a complete determination of the crystal-field
potential and 5f-electron eigenstates. The fourth- and sixth-degree CF parameters are V4= —123
meV and V6 =26.5 meV. In spite of the strength of the CF, the ground state is accurately given by
the intermediate-coupling approximation with little modification by J-mixing effects. In the antifer-
romagnetic phase below T& =30.8 K, a splitting of the cubic CF levels, due to the combined effects
of the molecular field and the distortion of the oxygen-ligand cage surrounding the U + ions, has
been observed. Detailed CF calculations are presented both for the case of a double-k magnetic
structure with a monoclinic distortion of the oxygen sublattice, and for a combined triple-k distor-
tion and magnetic order. The observed splittings are shown to be more consistent with the triple-k
model.

I. INTRODUCTION

Uranium dioxide is one of the most frequently studied
of all actinide compounds, attracting attention for both
scientific and technological reasons. Fundamental ques-
tions concerning the nature of the 5f electrons, their de-
gree of localization, the importance of covalency, and the
strength of other interaction mechanisms have been ex-
plored in numerous experimental investigations. ' In
addition, the importance of UO2 as a nuclear fuel has
made its high-temperature thermodynamic properties the
subject of detailed analysis. The crystal field (CF) is
an important component in all these studies. Because of
the greater radial extent of the 5f-electron wave func-
tions, the CF potential in actinide compounds is consid-
erably stronger than in their lanthanide counterparts. In
many instances, it may not be treated as a small perturba-
tion on the ground state of the 5f configuration, but must
be included on an equal footing with the intra-atomic in-
teractions. ' As a consequence, a knowledge of the CF
potential is required in understanding both bulk and

spectroscopic properties.
Neutron inelastic scattering provides a direct method

of measuring the CF transition energies, but the first ex-
periments on UQ2 have only recently been performed.
The reason is that the energies of the first excited CF lev-
els are above 100 meV, which is outside the range of most
neutron scattering spectrometers. However, these energy
transfers are readily accessible on the new generation of
pulsed spallation neutron sources which have an
enhanced epithermal component in their Aux. The first
direct measurements of the CF excitation energies using
neutron scattering were made by Kern, Loong, and
Lander" (KLL) at the Intense Pulsed Neutron Source
(IPNS), Argonne National Laboratory. They observed
two peaks, at 155 and 172 meV, with a resolution of 11
meV, both in the paramagnetic and antiferromagnetic
phases. This was in contrast to earlier predictions of
Rahman and Runciman' (RR) of one level at 169 meV,
with the next level at 624 meV. KLL did not consider
any of a number of possible explanations to be entirely sa-
tisfactory. The experiment has therefore been repeated at
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the spallation neutron source ISIS, at the Rutherford Ap-
pleton Laboratory, with improved energy resolution and
extending the energy range to cover the possible overall
splitting of the free-ion ground manifold.

UO2 is a semiconductor, crystallizing in the CaF2
0

structure with ao=5.470 A at room temperature. The
uranium ions are tetravalent with the 5f levels lying in a
6 eV gap between a valence band derived from oxygen 2p
electrons and a conduction band derived from uranium
6d electrons. ' As a consequence, the 5f electrons are
well localized, and this is indicated experimentally by op-
tical spectroscopy and photoemission results. The
effective Curie-Weiss paramagnetic moment is
p ff 3.2pz, the paramagnetic temperature is O~ = —220
K and the ordered magnetic moment, determined by neu-
tron diffraction, is go=1.74(2)ps. The ground-state
multiplet of the U + ion is H4 within the Russell-
Saunders (RS) coupling scheme. It is only slightly
modified by intermediate-coupling (IC) effects which mix
the J=4 manifolds belonging to different L-S terms. '

However, the CF interaction, if sufficiently large, can
give rise to a substantial mixing of states with different J.
This makes the energies of the CF transitions extremely
sensitive to the strength of the intra-Sf Coulomb and
spin-orbit interactions, and so to the composition of the
J-mixing wave functions. A determination of the CF-
level scheme gives information not only on the strength
of the CF potential, but also on the composition of the
ground-state wave functions.

UO2 exhibits a first-order phase transition at Tz =30.8
K to a type-I antiferromagnetic state associated with a
Jahn- Teller distortion of the oxygen sublattice. A
double-k magnetic structure, with moments along ( 110)
directions and a single-k monoclinic lattice distortion,
was initially proposed, but recent neutron-diffraction
measurements under high magnetic field strongly favor a
triple-k magnetic structure associated with a triple-k lat-
tice distortion, ' in which the uranium magnetic mo-
ments and oxygen displacements lie along the (111)
directions. In this paper these will be referred to as the
double- and triple-k models, respectively. The measured
neutron spectra below T& show considerably more struc-
ture than those above. By comparing the experimental
observations with detailed CF calculations, it is shown
that this is a consequence of the splitting of the I 5 I 3,
and I 4 CF levels by the combined effects of the molecular
field and the distortion of the oxygen-ligand cage. The
relative magnitudes of these splittings are quite different
in the two models, so our results throw light on the or-
dered structure in the antiferromagnetic phase.

In Sec. II we outline the experimental methods em-
ployed, while in Sec. III we describe the experimental re-
sults. In Sec. IV the analysis of the observed CF transi-
tion energies in the paramagnetic phase is presented. A
complete J-mixing diagonalization of Coulomb, spin-
orbit, and cubic CF Hamiltonians has been performed in
order to derive new cubic CF parameters. In Secs. VA
and V B the effect on the cubic CF levels of the molecular
field and lattice distortion of the double- and triple-k
models, respectively, is calculated in the point-charge
model (PCM) and intermediate-coupling approximation.

There is a discussion of the results in Sec. VI with a sum-
mary of the conclusions in Sec. VII. Two preliminary re-
ports of this work have already been published. ' '

II. EXPERIMENTAL DETAILS
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FIG. 1. Variation with the energy transfer %co of the square
of the magnetic forin factor for U + ions at a scattering angle of
/=5'.

The inelastic magnetic neutron scattering cross section
from a system of N noninteracting ions, in the dipole ap-
proximation and for unpolarized neutrons, is given' by
the polycrystalline average of

kf=&(rzv&o)'„e '
t:-,'gj«Q)l'

dQ dco l

X y p„}( n~ JJ ~
m ) } 5(E„E Piet—l ),—

n, m

where y& is the neutron dipole moment in nuclear Bohr
magnetons, ro is the classical electron radius, k; and kf
are the incident and scattered neutron wave vectors, gJ is
the Lande factor, e is the Debye-Wailer factor, and
f (Q) is the Sf-electron form factor [f (Q)
=exp( —0.07Q ) with Q in A ', for U"+ ions]. ~n ) and
~m ) are eigenfunctions of the CF Hamiltonian with ei-
genvalues E„andE, respectively; J~ is the component
of. the total-angular-momentum operator perpendicular
to the scattering vector Q, and p„is the occupation prob-
ability of ~n ). We use the conventional definition of
scattering vector Q =k, —kf and energy transfer
%co E Ef, where E; and Ef are the incident and scat-
tered neutron energies. The inelastic neutron energy gain
or loss spectrum is then composed of peaks correspond-
ing to transitions allowed by magnetic dipole selection
rules. The transition energies give the eigenvalues of the
CF Hamiltonian, while their intensities provide informa-
tion about the CF wave functions through the matrix ele-
ments of J~ between the different states.

The Q dependence of the cross section allows magnetic
and vibronic contributions to be distinguished since pho-
non scattering increases in intensity with Q, whereas
magnetic scattering falls in intensity as f (Q). This is an
important advantage of the use of neutrons over optical
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FIG. 2. Layout of the High Energy Transfer (HET) spectrometer at the ISIS spallation neutron source, showing the background-
reducing (1) and monochromating (2) choppers, sample position (3), and the various detector arrays (4—7) and monitors (8—10); from
Ref. 16.

spectroscopy, but it also means that CF transitions can
only be measured at small values of momentum transfer.
The kinematic constraints of a scattering process, ex-
pressed in the equation

0.04

0.03

O~

~3 0.02

0.2 040.6.
h~/E, .

0.8 1.0

FICx. 3. Fractional energy-transfer resolution Ahco/E; calcu-
lated for the 2- and 4-m detector banks of the HET spectrome-
ter as a function of %co/E;, E; being the incident energy. The
values of Ace/E; necessary to obtain various percentages of
Ace/co are given by the intersections between the resolution
curves and the straight lines.

ir2 2

=2E, —A'co —2 cosg[E;(E; fico)]'—
2m~

(2)

where mz is the neutron mass and P the scattering angle,
are particularly severe at high-energy transfers. In the
limit $~0 the incident energy must be increased approx-
imately as the square of the energy transfer to maintain a
fixed value of Q. Figure 1 illustrates the penalty imposed
by the form factor as the energy transfer increases for a
fixed P at two incident energies. Pulsed spallation neu-
tron sources have a large Aux of epithermal neutrons,
with incident energies extending to greater than 1 eV,
and are therefore particularly well suited to the study of
magnetic excitations at energy transfers in the range
100—1000 meV.

The experiment was performed on the High Energy
Transfer spectrometer (HET) at the U.K. spallation neu-
tron source ISIS of the Rutherford Appleton Laboratory
(RAL). HET is a direct-geometry chopper spectrome-
ter, ' shown as a schematic drawing in Fig. 2. A beam of
monochromatic neutrons is produced at the sample by
phasing a Fermi chopper, spinning at a frequency in the
range 400—600 Hz, to the pulse of protons on the spalla-
tion target. Incident energies from 30 to 2000 meV may
be selected by using different chopper slit packages,
which optimize the transmission and match the chopper
burst time to the intrinsic time resolution of the neutron
pulse. The scattered neutrons are detected by two arrays
of He detectors, one lying at 4 m from the sample and
covering a full scattering angle range /= 3' to 7, the oth-
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FIG. 4. Inelastic neutron scattering cross section measured
in the paramagnetic phase of UO2 at T =50 K, with an incident
neutron energy of 290 meV. The energy transfer resolution is
3.6 meV at Iso=160 meV. The smooth line is the fit to two
Gaussian line shapes and a sloping background. These three
components are shown by the dashed lines.

FIG. 5. Cross section of inelastic scattering of neutrons from
UO2 at 40 K with an incident energy of 1975 meV (EA'co=35
meV at 500 meV). The dashed-dotted line gives the estimated
height of the I 5~I 4 peak as a function of energy, assuming the
peak at 160 meV arises entirely from the I 5~I 3 transition.

er being at 2.5 m from the sample and spanning the angu-
lar range between 10 and 30. The former gives high-
energy resolution —l%%uo at low Q, while the latter extends
the measured Q range. A third detector array provides
data at a high angle, /=136'. The energy resolution is
shown in Fig. 3 as a function of the fractional energy
transfer Ace/E;. The signals from the detectors are sorted
according to time of flight and scattering angle, and are
normalized to a vanadium standard, so that the scatter-
ing cross section as a function of A'co and Q can be de-
rived.

The sample consisted of 80 g of sintered UO2, in the
form of six 7-mm-diam rods mounted in an aluminum
can with 1-mm ' B sheets placed between them in order
to reduce multiple scattering. It was mounted onto the
cold plate of a closed-cycle refrigerator giving tempera-
tures down to 12 K, or in a standard RAL "orange" cry-
ostat, giving a lower limit of 6.5 K. In order to reduce
multiphonon scattering, all spectra were collected at tem-
peratures lower than 50 K, with incident energies ranging
from 228 to 1975 meV. Only transitions in which the
neutrons lose energy can be observed at such a low tem-
perature in UO2 as the first-excited CF level is above 150
meV (1741 K).

III. EXPERIMENTAL RESULTS

The spectrum measured in the paramagnetic phase at
T=50 K with an incident energy E; =290 meV and a

resolution (full width at half maximum) of 3.6 meV at
Ace=160 meV is shown in Fig. 4. Two peaks are ob-
served at 150 and 166 meV (1210 and 1339 cm '), in
good agreement with the results of KLL. However, in
the present measurements, it was possible to explore a
much wider energy range, extending up to approximately
700 meV. A scan performed at T=40 K with an in-
cident energy E,. =1975 meV and an energy resolution of
35 meV at Boo =500 meV shows that no more transitions
of comparable intensity are visible above 200 meV (Fig.
5). Such a large incident energy was necessary to keep Q
less than 5 A ' for energy transfers of up to 600 meV.

The neutron spectra seen with an incident energy of
290 meV at four different temperatures between 6.5 and
35 K are shown in Fig. 6. Below the Neel temperature,
there is more structure than could be resolved in the pre-
vious neutron measurements. " The two peaks seen
above Tz are further split and the spectra may be fitted
to four Gaussian line shapes. At T=6.5 K they are cen-
tered at 152.4, 162.2, 173.7, and 183.0 meV, respectively.
The peak positions at different temperatures are summa-
rized in Table I. It should be noted that the splitting of
the upper peak is observed even above T&, at T=35 K
(Fig. 6). There is evidence, seen in Fig. 7, from scans
made with E; =228 meV and an energy resolution of 2.3
meV, that the lowest peak at 152.8 meV consists of two
transitions split by about 2 meV. In Fig. 8 the theoretical
form factor of U + ions is compared with the integrated

Temperature
{K)

TABLE I. Temperature dependence of observed peak positions in meV.

Peak index

6.5
12
20
27
35

152.4+0.2
152.8+0.4
152.4+0.2
152.0+0.2
148.8+0.4

162.2+0.6
162.0+0.8
161.1+0.5
160.7+0.5
156.5+0.6

173.7+0.7
171.7+2.1

172.4+0.6
171.1+0.5
169.0+0.7

183.0+ 1.2
179.4+2.5
179.7+0.9
180.4+0.6
178.7+0.5
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FIG. 6. Neutron spectra measured with E; =290 meV for different temperatures, between 6.5 and 35 K (T&=30.8 K). The
smooth line is the fit to four Gaussian line shapes and a sloping background. These five components are shown by the dashed lines.

peak intensities measured at various scattering angles.
The good agreement confirms the magnetic origin of the
scattering. Moreover, the fact that the relative intensities
of the different peaks does not change with Q tends to
rule out the presence of a strong magnetovibrational
component.

IV. ANALYSIS OF PARAMAGNETIC PHASE

The Sf configuration of the free U + ion consists of
13 multiplets, labeled +'Lz in the Russell-Saunders
coupling scheme. Hund's rules give the H4 multiplet as

ground state. In the cubic crystalline environment of the
paramagnetic phase of UO2 (Fig. 9), the ninefold degen-
eracy of this lowest manifold is lifted by the CF potential
into a I

&
singlet, a I 3 doublet, and two triplets, I 4 and

l 5 (Fig. 10), where I
„

labels the irreducible representa-
tion of the cubic point group. The molecular field and re-
duced crystalline symmetry of the antifer rom agnetic
phase lifts the residual degeneracy. The total Hamiltoni-
an of the 5f configuration may be written as the sum of
several terms in approximate order of strength

H =Hc+H, , +HcF+H&&+H

1.0

I $ I i 0 J
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FIG. 7. High-resolution scan (K%co=2.3 meV at 160 meV)
showing the lowest peak at 152.8 meV split by about 2 meV at
12 K.

FIG. 8. Q dependence of the ine1astic magnetic scattering in-
tensity at 6.5 K, integrated between 140 and 190 meV and nor-

0
malized to the value at 4 A '. The solid line represents the
square of the theoretical UO~ magnetic form factor.
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(b)

FIG. 9. Crystallographic environment of the U + ions (solid

circles) in the paramagnetic phase of UO2. The oxygen ions are
represented by open circles.

HCF = VIP[0 4(J)+50 f(J)]

+ V6y[0 6(J)—210 6(J)], (4)

where 0 „arethe Stevens operator equivalents, P and y
are reduced matrix elements for the J manifo1d, and the

parameters V„are the coefficients of the CF potential;
V„=A„(r"),where (r") are the moments of the radial
wave functions. HcF can also be written in terms of the
parameters x and 8'of Lea, Leask, and %'olf as

TABLE II. The cubic fourth- and sixth-degree crystal-field

parameters using (1) current experimental results, (2) analysis of
Rahman and Runciman (Ref. 10), {3)PCM calculations, and (4)

a scaling procedure (Ref. 23). In 1, a J-mixing calculation has

been used to fit the data taken at 50 K using the Slater integral

parameters F2 =23.73 meV, F4 =4.19 meV, and I'6 =0.49 meV,

and the spin-orbit parameter g, , =222. 7 meV.

V, (mev)
V6 {meV)
V6/Va

—123.0
26.5

—0.22

(2)

—409.0
24.8

—0.06

(3)

—80.9
8.7

—0.11

—50.0
6.6

—0.13

Here, Hc is the Coulomb interaction between the two 5f
electrons, parametrized by the three Slater integrals F,
F, and F, and H, o is the spin-orbit interaction, charac-
terized by the coupling constant g, , We have used the
values of these parameters adopted by RR (see Table II).
More recent estimates' require the inclusion of extra
terms in the Hamiltonian representing configuration-
interaction effects. However, as these only become im-
portant at energies higher than those under consideration
here, they have been neglected in the present analysis.
IIcF contains the cubic terms in the CF potential and

H&& the additional CF contributions due to the lattice
distortion, while H,

„

is the exchange Hamiltonian. %'ell
above Tz, the Hamiltonian consists of only the first three
terms in Eq. (3) and may be diagonalized using the matrix
elements calculated by Satten and Margohs' in the basis
of ll.SJI„)states

The cubic CF Hamiltonian, in the RS or IC schemes, is
given by'

FICi. 10. Crystal-field energy-level scheme in the UO2

paramagnetic phase as obtained (a) by Rahman and Runciman

(Ref. 10), and (b) in the current experiment.

H= W [0 4(J)+50 4(J)]F(4)

+
—

I I [0o(J) 210 (J)] (5)

V6

V4

I P I —lxl

21y x

RR used the RS values for P and y and fixed x to 0.9, the
estimated value for Pr + ions in CaFz. This is very close
to the value of 0.89 given by the nearest-neighbor PCM
using the radial integrals (r ) =5 a.u. and (r ) =24.4
a.u. calculated by Lenander. ' However, x may be re-
duced to 0.84 by using the more recent relativistic deter-
minations of (r ) and (r ), 7.632 and 47.774 a.u. , re-
spectively, in a lattice-sum PCM in RS coupling. This
gives V6/V4= —0. 11. Moreover, experience with rare-
earth ionic systems sho~s that the PCM tends to un-
derestimate the sixth-degree terms because of the neglect
of overlap and eovalency effects, so a still lower value of
x may be anticipated. This has been confirmed by two re-
cent estimations. Scaling the available optical spectros-
copy results for Np +:Th02 (Ref. 25) gives x =0.82,

The diagonalization of the complete Hamiltonian for the
paramagnetic phase of U02, taking into account Jmixing

by the CF, was first carried out by RR, who proposed the
I 5 triplet as a ground state, in agreement with a large
number of experimental results. ' The I 3 doublet is then
the first-excited state followed by the I 4 triplet and the
I i singlet (Fig. 10). In the absence of any direct experi-
mental observations of the CF levels, RR adopted two
constraints in determining V4 and V6. The first was that
the ratio of V6 to V4 should be set to —0.06 given by the
PCM. The second was that the reduction of the ordered
moment in the antiferromagnetic phase, from
p0=2. 06pz for the I 5 state in the IC approximation to
the measured value of po=1.74(2)pii, could be attribut-
ed to J-mixing effects alone. In retrospect, neither of
these assumptions is reliable, as will be discussed below.
The quoted value of V6/V4 was obtained from the ex-
pression'
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TABLE III. The lowest eigenvalues and the three largest
components of their eigenfunctions of the complete Hamiltoni-
an (Coulomb, spin-orbit, and cubic crystal field) of UO2 for two
different values of the crystal field potential: (1) V4= —123
meV and V6 =26.5 meV (present work), and (2) V4 = —409 meV
and V6 =24. 8 meV [Rahman and Runciman (Ref. 10)].

I5
I3
I4

J-mixing
eigenfunctions

(1) Present work
0.945 H4 —0.308 'G4+0. 091 F4
0.835 H4 —0.355 'G4 —0.353 F2
0.901 H4 —0.284'G4 —0.203 F3
0.965 H4 —0.204 'G4+0. 096 Po

Energy
(meV)

0.0
150.1
166.7
174.8

while recent ab initio calculations give x =0.74.
RR showed that a reduced CF ground-state magnetic

moment of 1.8p~ is obtained from J mixing if the follow-
ing expression is satisfied,

V4 = —2250 —5 V6, (7)

where V4 and V6 are in cm '. It can be seen from Eq. (6)
that the values of these parameters become unreasonably
large as x decreases from 0.9 to 0.8. It has subsequently
been shown by Allen that the moment reduction can
also arise through the strong magnetoelastic coupling evi-
dent in the spin-wave spectra of UO2, and represented by
the last two terms in the total Hamiltonian [Eq. (3)]. This
point will be discussed in more detail in Secs. V and VI.

A further problem with the RR values of V4 and V6,—409 meV (
—3300 cm ') and 24.8 meV (200 cm '), re-

spectively (Table II), is that the CF transition energies
given by them are not consistent with the neutron spec-
troscopy results. The I 5~I 3 and I'5 —+I 4 transitions
are predicted to be at 169 and 624 meV, respectively.
These should have comparable cross sections, but, as can
be seen in Fig. 5, no peaks of the required size are visible
up to 700 meV. The smooth line in Fig. 5 gives the es-
timated height of the I 5

—+ I 4 peak, assuming the
resolution-limited peak at 160 meV arises entirely from
the I 5

—+I 3 transition, and corrected for the Q variation
with energy. This should, in fact, be a lower estimate of
the I

&
—+I 4 peak height since the instrumental resolution

improves with energy transfer.
A more satisfactory explanation of the current data is

that both the I ~
—+I 3 and I 5

—+I 4 transitions are in the
range 150—180 meV. (Note: the I 5~1, transition is not
a neutron dipole-allowed transition and so will be ex-
tremely weak. ) It was pointed out by RR that the CF
splittings were extremely sensitive to the ratio of V6 to
V4 [see, e.g., Fig. 5 of KLL (Ref. 11)]. If we attribute the
neutron groups observed at 150 and 166 meV to the
r,~I, and I ~~I 4 CF transitions, respectively, excel-
lent agreement can be obtained with V4 = —123 meV and
V6 =26.5 meV (Table III). The values of V~ and V6/V4

80-

Eo 75

70-

65-

400 600

T(K)

SOO 'LOOO

FIG. 11. Comparison between the specific heat of Th02
(dashed line) and UO2 (dots). The dashed-dotted line is obtained
by adding to the specific heat of Th02 the contributions arising
from the thermal population of the magnetic energy levels of
the U4+ ions, with the positions predicted by Rahman and Run-
ciman (Ref. 10). The solid line is obtained if the currently pro-
posed energy-level scheme is adopted.

are much closer to more recent estimates than the RR
values (see Table II). The energy-level scheme deduced
from the two sets of parameters are shown in Fig. 10.
The corresponding eigenstates are given in Table III. It
can be seen that J-mixing effects are far less important
than assumed by RR and cannot be responsible for the
observed moment reduction. In particular, the I 5
ground state is practically a pure intermediate-coupling
state.

Experimental support of the new CF level scheme is
provided by two sources. First, the measured specific
heat C of UO2 has a Schottky contribution below 1000
K. It may be assumed that the difference between the
specific heat of UOz and Th02 arises entirely from the CF
contribution, which is reasonable in the temperature
range 300—1000 K given the similarity in their respective
phonon dispersion relations. ' Figure 11 shows the re-
sult of adding the calculated CF contribution to the mea-
sured specific heat of Th02 (Ref. 7) using the RR parame-
ters (dashed-dotted line) and the present parameters
(solid line). It is clear that the RR calculation
significantly underestimates C, whereas the new parame-
ters model the experimental measurements reasonably
well. Agreement can be improved by adjusting the pho-
non contribution for the small difference in Einstein tem-
peratures of the two compounds. Second, infrared-
absorption measurements show a strong feature at 515
meV, which is close to the value of 520 meV predicted
by the new parameters for the next I 5 level, which is
predominantly of F2 character. There is reasonable
agreement with the positions of other peaks in the ab-
sorption spectrum, but since our calculations do not in-
clude configuration-interaction terms' they are of less
value at higher energies.

I5
I3
r,
r,

(2) Rahman and Runciman
0.874'H4 —0.331 'G4 —0.214 F2
0.684 H4 —0.530 F2+0.412 H~
0781 H4 0.545 H5b 0. 178 G4
0.749 H4+0. 353 Po +0.342 H6

0.0
169.8
624. 1

710.0

V. ANALYSIS OF THE ANTIFERROMAGNETIC PHASE

A. Double-k model

The complex spectra observed in the ordered phase
must be explained in terms of the combined effects of the
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distorted CF potential and the molecular field (MF). We
first consider the monoclinic internal distortion of the ox-
ygen sublattice represented in Fig. 12. This was proposed
by Faber and Lander, who determined the oxygen dis-
placement to be hd, „»,k=0.014 A. Calculations of the
splittings of the cubic CF levels have been performed in
the IC approximation with a molecular field parallel to
[110]. In the following, the z axis is taken along the [001]
direction and the x axis along the [110]direction, which
is a principal axis of the susceptibility tensor.

For C2& point symmetry, the CF Hamiltonian can be
written in the form

HCF Hcubic +Hdist

H,„q;,=84(0 4
—50 4)+B6(0 6+210 6),

with 8„=V4p and &6 = V6y,

ist B20 2+B40 4+B60 6+B60 6 .

(8)

(9)

(10)

FIG. 12. Monoclinic internal distortion of the oxygen sublat-
tice. The associated magnetic structure is double-k with the
uranium magnetic moments (large arrow) pointing along the
(110& directions. The oxygen displacement is b, =0.014 A.

lr;+'& =al+3 &
—pl+-1&,

Ir', & =~(14&+14&)—yl0&,

for the
I
I 3 & doublet,

lr', &= y (I4&+I4&)+&AGIO&,3

(11a)

(1 lb)

The omission of the other symmetry-allowed terms in Eq.
(8) causes an error in the energy levels' position of less
than 1%. Because of an axial rotation of the coordinate
axes, the off-diagonal components of H,„b;,have opposite
signs to those in Eq. (4). The eigenstates of H,„i,;, are, for
the II i& singlet,

—(I2&+ I2&), (1 lg)
2

where @=0.456, y=0. 764, a=0.935, and P= —0.354.
The corresponding eigenvalues E„'(n =1,3,4, 5) are given
as a function of the cubic CF parameters x and 8'by Lea,
Leask, and Wolf.

The eigenstates and eigenvalues in the presence of the
distortion can be obtained by diagonalization of Hc„[Eq.
(8)], using the cubic states as a basis. We define distortion
matrix elements A, C, D, and 6 as linear combinations of
the reduced CF parameters b2 =B2, b4 =60B4, and
b6 =1260B6,

2

for the II 4& triplet,

lr.*'& = —pl+3 &
— I+»,

(1 lc)

(11d)

(1 le)

A =—'(7b +26b +2b 5b )—

( &(b6+14b2 14b2+13b2)

D = —(2b6+22b2+2 ~ 5b4+2b6)
1

3

G = —( 4b6+14b—2+10.5b4+4b6),1

7

(12a)

(12b)

(12c)

(12d)

and for the II 5& triplet,
and neglect terms which perturb the energy levels by less
than l%%uo. The eigenstates and eigenvalues are given by

—(Ir,'&+Ir, '&),
2

E——E'+A ' (13a)

—gc+C4 4— (13b)

2 ' 2
(13c)

(13d)

lr4& E4 Ec (13e)

2 ' 2
(13fl

(13g)
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where

2Dtan20=

26tan2$=
E3 —E~

(14)

(15)

with

HMF= —p Hm = —hJ~

and

gJPaHm .

(17)

(18)

Values of the energy levels and eigenfunction coeScients
calculated for four models of this distortion, together
with the corresponding x, 8' and b„values, are given in
Table IV. These models are the nearest-neighbor (NN)
and lattice-sum (LS) point-charge models in both the RS
and IC schemes. The IC to RS ratios a =0.924,
@=0.993, and y=0. 889 have been used for the Stevens
factors. The relative position of the energy levels, with
respect to the corresponding cubic levels, is shown in Fig.
13 for the case of the IC-NN model.

The effects of the molecular field (MF) must now be
considered. We assume that the direction of the field is
[110], i.e., the x axis. This simplifies the calculation by
reducing the size of the matrices that need to be diagonal-
ized. First of all, we consider the effect of the MF within
the ground I 5 triplet. The aim is to find the self-
consistency condition which gives the value (or at least
the order of magnitude) of the MF which can account for
both the ordered moment at T=0 K (po= 1.74@~ ) and
the ordering temperature T& =30.8 K. The Hamiltonian
is now

The next-excited states are

(21)

and

II'"&= —si i)ll + &+cosrllI + &, (22)

with energies

E{a)
5

(q) + 1 —cos2il + + 1+cos2i) +~f(0) .

(23)

The diagonalization of the corresponding energy matrix
for the ground triplet leads to the ground state

lI' '& =cosqlI ~+ &+sinful I ~& &, (19)

with energy

E(0) E+ 1+cos2i) + 1 —cos2q

H —HCF+HMF, (16) (24)

Nearest neighbors
RS IC

Lattice sum
RS IC

TABLE IV. Eigenvalues and coeKcients of the eigenfunc-
tions for the crystal-field Hamiltonian calculated with difFerent
approximations assuming a monoclinic distortion of the oxygen
sublattice. RS, Russell-Saunders coupling; IC, intermediate-
coupling approximation. The energy unit is meV (1
meV=8. 06S cm '). The Lea, Leask, and Wolf parameters x
and 8 and the b„'sin the various cases are also given.

tan2i) = 2h (6))
E+ E+

f(0)=2.5 cos8+ &3 sin8 .

(25)

(26)

As the mixing between the I 5 and I 3 states is small (see
Table IV), f(9)=2.5. The effect of the MF on the excit-

respectively. Here, the parameters rl and f(8) are
defined by

E+
+

E5

E53
E+

E4

sinO
cosO
sing
cosP

8' (meV)
b2
b2
b2

b',

0.0
4.0
9.0

170.0
175.6
177.0
178.4
181.2
182.8

O.OS64
0.9984
0.6303
0.7763

0.86
4.6

—0.694
—0.566
—0.108

0.079

0.0
3.7
8.4

164.5
168.5
173.8
175.1
183.6
177.9

0.0564
0.9985
0.5094
0.8605

0.88
4.5

—0.641
—0.562
—0.096

0.070

0.0
4.6

10.9
159.3
169.7
163.2
165.6
158.1
177.9

0.0699
0.9976
0.8079
0.5894

0.84
4.2

—0.838
—0.565
—0.108

0.078

0.0
4.3

10.2
154.6
162.2
160.6
162.0
160.6
167.9

0.0678
0.9977
0.7170
0.6970

0.86
4.1

—0.775
—0.562
—0.096

0.069

E5i

7-
-8-

r
~Eq—Esi

FIG. 13. Splitting of the cubic crystal-field levels due to a
monoclinic distortion of the oxygen ligand cage.
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po &p &o gzsin(2g)f(8) . (28)

Although in the present CF model for UO2 the molecular
field approach cannot be consistent with the evidence of a
first-order transition at Tz, we can at least estimate the
value of H . By assuming H =A,M, where
M =X&pz (p„)o is the magnetization in molar units and

X~ is Avogadro's number, and comparing with Eq. (18),
one obtains

( )
3.836h

Px 0 (29)

with (p„)oin Bohr magnetons and the molecular field
constant A, in molar units. In the MF approximation, A, is
given by the reciprocal of the molar Van Vleck suscepti-
bility along the easy [110]axis, calculated at T& using the
CF alone, i.e., setting the molecular field to zero. It can
be shown that in a three-level model, which is appropri-
ate in the present case since only the ground triplet is in-
volved in the transition, one has

ed states as a function of the parameter h can be deter-
mined numerically, once the cubic and distortion parts of
H are fixed. The eigenstates have the form

lr' ') =, lr,+,)+, lr;, )+, lr;) (p=1,4, 5),
(27)

Ir'~'& =c~lr, ,&+c", lr', &+cylr.+ & (p=2, »6) .

The ordered magnetic moment at T=O K lies along the x
axis and is given by

with E=E53 —E5+, and Z(T) the partition function in
the adopted three-level scheme. By substituting into Eq.
(29) and comparing the result with Eq. (28), the following
expressions are obtained:

h= Z
2f(8) (1

'( T)v )
—5/k~ T z

1/2

(31)

—5/kBT 2
1/2

(1 —e(p„)o=gJf(8)
Z (T~)

(32)

(33)

It should be noted that in the absence of distortion,
(p„)o=2.Sgj, which is the correct value for a degenerate
I 5 triplet (2.06pz in the IC approximation). Using the
quoted formulas we obtain, in the NN-IC case, h =8
cm ' and (p )o

= 1.73p~, in excellent agreement with
the experimental value.

In order to discuss the neutron scattering results, the
transition probabilities from the ground to the excited
states must be calculated. Because the system is aniso-
tropic, and the chosen axes are the principal ones for the
magnetic moment and the susceptibility tensors, the mag-
netic dipole matrix elements occurring in the cross sec-
tion for inelastic neutron scattering are given by

' =0.52 lg~f ( 8)( 1 —e ) /b Z( T)v ), (30)
Considering only transitions from the ground state
I
I ' '), the following expressions are obtained:

I(r"'IJ Ir(~)&l'=0

I(r"'IJ, lr' ') I'= V'7
sing —cosp q))'+ sing+ cos(() q~& + v'7/3 sin8— 7

COSH P3P
2

(34a)

(34b)

I(I' 'IJ, II '"')
I

= 2 c os8c sop +v7 3/sin 8si pnp~)+2 V7/3sin8cosp —cos8sinp p~z+v'7/4q~3 (34c)

for p = 1,4, 5, and

I & r"'IJ, lr'"' & I'=
I &

r"'IJ.Ir"' & I'=0
2 (35)

I(r(0)IJ lr(p))I2 v 3cos8 —2. 5sin8 q", — 7
2

cos8+i/7/3 sin8 p3

for p=2, 3, 6 (p/'=c/'sing, q/'=c/'cosg)
The position of the energy levels, relative to the ground

energy, and the corresponding transition probability, are
shown in Fig. 14 as a function of x, for h =0, 8, and 13
cm '. h =13 cm ' has been chosen because it is the
value which self-consistently gives the measured values of
T& =30.8 K and po=2. 1pz, in the absence of lattice dis-
tortion. It is also very close to the value used by Allen
to fit the spin-wave spectra (h =8J/5=14 cm '). The
scaling parameter 8' is set to 35 cm ', the value giving
the best fit to the CF levels in the paramagnetic phase. In
all cases, the distortion parameters are those correspond-

ing to the NN-IC model.
It is evident that the modification of the CF by the lat-

tice distortion is the dominant factor in splitting the cu-
bic CF levels. The molecular field mixes the CF states,
and thus has a strong effect on the transition probabilities
but little effect on their energies. Figure 14 shows that
the observed level positions for T) T& can be accounted
for, in this approximation, with x in the range of values
reported in Table IV. However, the splitting of the I 3
doublet is too large, and that of the I 4 triplet too small,
to account for the experimental spectra below T&. It is
not possible to improve the agreement either by varying h
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FIG. 18. Crystal-field-level spacing and transition probabili-
ties calculated by the point-charge model (intermediate-
coupling approximation) assuming either a double-k or a triple-
k magnetic structure. The dashed lines represent the experi-
mental observations taken at 12 K normalized as discussed in
the text. The parameters used are 8'=33 cm ', x =0.90, and
h =13 cm '. The arrows indicate the positions calculated for
the transition to the highest singlet.

H= —J(S )S+3X(Q )Q, (39)

where (Q) and (S) are the expectation values of the
quadrupole moment and effective spin operators, respec-
tively, E is a negative constant proportional to the square
of the oxygen ions' effective charge, and J is the positive

(hE =34 and 32 meV in the double-k and triple-k model,
respectively). However, in the absence of J mixing, this
transition has nearly zero cross section.

Whereas the neutron spectroscopy results are not con-
sistent with the double-k model, the triple-k model ac-
counts well for the main features of the experimental
spectrum, as is seen clearly from Fig. 18. The splitting of
the I 5~I 3 transition remains very small under a triple-k
distortion, in contrast to the double-k case, and is in
agreement with the experimental observations (Fig. 7).
Moreover, the triple-k model gives rise to a larger split-
ting of the I ~~I 4 transitions, which accounts for the
position of the next two peaks more satisfactorily. The
agreement cannot be improved by varying h or B2.

The value of B2 used in Fig. 18 is the PCM estimation
of about —3 cm ', obtained with an effective charge
Z =2 on the oxygen ions and a distortion amplitude fixed
at the experimental value. We can compare our parame-
ters with those used in the mean-field treatment of the
magnetoelastic and exchange interaction by Giannozzi
and Erdos. ' In their work, the ground state was treat-
ed as an isolated effective spin S= 1 (corresponding to the
I 5 state) with the Hamiltonian

exchange integral determining the transition temperature
in the type I antiferromagnetic structure with anisotropic
exchange.

It can be shown that the following correspondences
hold:

6.5B2 ~K ( Q ), 2. 5h+-+J (S ) . (40)

In Refs. 31 and 32, Z was determined by the self-
consistency condition on the distortion parameter 6„;„&,&

to be Z=0.95, leading to the value K=31 cm ' when
the value of ( r ) given in Ref. 22 is used. Since ( Q ) =

—,
'

when the lowest state is the t+1) component of the
ground triplet, we obtain B2 = —1.6 cm ' from Eq. (40).
Therefore, the quoted value of Z is too small to account
for the high-energy neutron spectra, which need twice
this value, i.e., Z=2 in the present approach. Further-
more, a lower Z could not account for the size of the cu-
bic CF parameters V4 and V6 measured in the paramag-
netic phase (Table II). The parameter Z used by Gian-
nozzi and Erdos ' is, in fact, a "dynamically effective"
anionic charge. While this PCM parameter may ex-
plain the magnetoelastic origin of the distortion, it can-
not be used to determine the overall CF-level scheme.

Another important experimental observation is the
first order of the phase transition at T&. It can be
shown, following the approach of Chen and Levy, that
the effective Hamiltonian [Eq. (39)] leads to a first-order
transition to a spin-ordered structure at Tz ) 5h /3k' if
1 & 5h /(39tB z t ) & 2 (kii =0.695 cm '/K is Boltzmann's
constant). With T&=31 K, h =13 cm ' is an upper lim-
it for the molecular field parameter, so that tB2 ~

needs to
be smaller than 1.67 cm ' in order to have a first-order
magnetic transition at T& 31 K. In our opinion, this
discrepancy in the value of tBz t is not a serious problem,
given the simplifications in the effective Hamiltonian [Eq.
(39)] and in the approximation we have used. On the
contrary, the constraint on the value of h provided by Tz
ensures that the observed splitting of the cubic CF levels
arises mainly from the lattice distortion, as indicated in
Fig. 17.

Similar conclusions can be drawn concerning the order
of magnitude of the B2 parameter if the double-k model
is used. A first-order magnetic transition at T& would re-
quire a value of tB2 t

lower than the calculated one ( -6
cm ') by nearly a factor 2, with the molecular field pa-
rameter h =10 cm ' and @0=1.9pz. This can be seen
from comparisons of the work of Chen and Levy, with
Eq. (16) when only the leading BzO z distortion term is
taken into account. Thus, both the double-k and triple-k
models have difficulties in explaining the first-order char-
acter of the phase transition.

The neutron spectra taken at T=35 K just above Tz
show that the splitting of the cubic CF levels is still
present in the paramagnetic phase. This is probably a re-
sult of the dynamic Jahn-Teller effect, discussed by Sasaki
and Obata, evidence of which persists to at least 200
K. The observation that the magnitude of the splittings
hardly changes through T&, even though the molecular
field falls to zero, is consistent with our conclusion that
the CF energies are hardly affected by the value of h.
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However, we would expect the transition probabilities to
be quite different above and below T&, and, indeed, Fig. 6
shows that there is a considerable change in the intensity
distribution for T) Tz.

Returning to the cubic CF, the value of V4 can be in-

terpreted in terms of the Newman superposition model
to give an intrinsic two-ion CF parameter A4 =39.S
meV. This brings UO2 in line with the other tetravalent
uranium compounds discussed by Newman, Cs2 UC16,

Cs2UBr3, and zircon, whereas the RR value is anoma-
lously large (2&=131 meV). The PCM with an efFective

charge Z =2 on the oxygen ions gives a reasonable esti-
mate of the CF parameters and therefore of the whole CF
splitting. This result is also consistent with recent neu-
tron inelastic scattering experiments on UOS. In this
isoelectronic compound, the overall splitting and struc-
ture of the CF levels are also in agreement with the pre-
diction of PCM calculations, originally used to account
for the Schottky contributions to the specific heat and the
ordered moments in the uranium oxychalcogenides.

Finally, the paramagnetic susceptibility, which is re-
ported to follow a Curie-Weiss law in the range 77—1100
K, with JM,&=3.2p~ and Oz = —220 K, cannot be inter-

preted in terms of the CF splitting of the ground multi-

plet alone. The calculated p,z approaches the asymptotic
IC value of 2.68p~ too rapidly, while the paramagnetic
temperature is about twice that inferred from estimates of
the exchange integrals and critical scattering. This
discrepancy, which is not unusual in uranium corn-
pounds, should be the object of further analysis.

observed energy levels are consistent with the high-
temperature specific-heat data and infrared absorption.
In the antiferromagnetic phase below T&=30.8 K, the
observed splittings of the CF levels have been interpreted
in terms of the combined e8ects of the molecular field
and the distortion of the oxygen ligand cage surrounding
the U + ions. Both the double-k and triple-k models
have been considered. The calculated energy spacings in-
dicate a triple-k distortion and demonstrate that inelastic
neutron scattering may be used to provide structural in-
formation when neutron di6'raction cannot give an unam-
biguous answer.

In spite of the advance in our understanding of UOz
provided by these measurements, there are many un-
solved problems. First of all, the reduced value of the or-
dered moment cannot be explained in the triple-k struc-
ture without invoking a new mechanism. The double-k
model would produce a moment reduction in a simple
molecular field approach, but cannot account for the or-
der of the transition. Allen's theory, which does ac-
count for both the reduced moment and the first-order
character of the transition, does not employ the experi-
mentally observed distortion. The theoretical stability of
the various proposed structure is also problematic; al-
though the triple-k structure is calculated to be more
stable than the double-k structure, it is less stable than
Allen's single-k structure.
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