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We report direct experimental evidence for long-range antiferro ordering of the electric-quadrupole moments
on the U ions. Resonant x-ray scattering experiments at the uranium M4 absorption edge show a characteristic
dependence in the integrated intensity upon rotation of the crystal around the scattering vector. Although
quadrupolar order in uranium dioxide was advocated already in the 1960s, no experimental evidence for this
phenomenon was provided until now. We conclude with a possible model to explain the phase diagram of the
solid solutions of UO2 and NpO2. We suggest that in the region 0.30�x�0.75 of U�1−x�NpxO2 neither the
transverse nor the longitudinal quadrupole ordering can dominate, leading to frustration and only short-range
ordering.
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Uranium dioxide �fcc CaF2 crystal structure with space
group Fm3̄m� is the most studied of any actinide material
because of readily available single crystals and industrial ap-
plications. Since the 1950s, many important experiments
have been performed to elucidate the nature of the low-
temperature ground state of UO2. These include the determi-
nation of the magnetic structure below TN �=31 K� and value
of the magnetic moment,1,2 the strong softening of the c44
elastic constant starting at temperatures considerably above
TN,3 the evidence for strong magnon-phonon coupling,4 the
observation of an internal rearrangement of the oxygen at-
oms below TN,5 and evidence that the magnetic structure is
of the 3k variety.6 Further evidence supporting the noncol-
linear 3k� ordering was provided by neutron inelastic
scattering,7 and NMR studies.8

In addition to the wealth of experimental data, important
theories were developed, notably the work of Allen,9,10

Sasaki and Obata,11 Siemann and Cooper,12 and Solt and
Erdös.13 Even in the last three years a number of theoretical
papers have been published.14–17 To a lesser or greater ex-
tent, all these theories emphasize the importance of the inter-
play between the Jahn-Teller and quadrupolar interactions in
UO2.

Experimentally, however, no direct evidence for the order-
ing of electric quadrupole moments below TN has been pre-
sented. This paper provides that key evidence. Of course, the
observation of an internal distortion of the oxygen atoms at
TN �Ref. 5� gives indirect proof that quadrupolar effects are
important, and the presence of quadrupoles at the U site is
strongly inferred from the 235U NMR results.8 By using reso-
nant x-ray scattering at the U M4 resonance, where we probe
the 5f valence states of UO2, we show conclusively the long-
range nature of the 5f electric quadrupolar ordering. We fur-
ther show that temperature dependence of this quadrupolar
ordering is similar to that associated with the internal distor-
tion of the oxygen cage �as expected�, and demonstrate the
difference between the electric quadrupolar ordering found
in UO2 and that reported for NpO2.18 We conclude by recall-
ing studies of the mixed oxide systems �U1−xNpx�O2 and
speculate on the possible role of “quadrupolar frustration” in

explaining some of the unusual features of this phase dia-
gram.

Experiments were carried out on the magnetic scattering
beamline ID20 at the European Synchrotron Radiation Facil-
ity, Grenoble, France. The sample was mounted in a closed
cycle refrigerator capable of reaching a base temperature of
12 K. This in turn was mounted within a 5-circle vertical
diffractometer. Polarization analysis of the scattered beam
was performed using the �111� reflection from a Au analyzer
crystal for which the Bragg angle at the M4 edge of uranium
is close to Brewster’s angle.

The resonant x-ray scattering amplitude for an electric
dipole �E1� transition can be written in a general form as

fE1
xres = f0 + if1 + f2, �1�

where the terms fn are given by the following equations

f0 = � f · �i�F11 + F1−1� ,

f1 = �� f � �i� · ẑ�F11 − F1−1� ,

f2 = � f · T̃ · �i�2F10 − F11 − F1−1� , �2�

where F1q is the resonant energy factor,19 and ẑ is the direc-
tion of the magnetic moment. For � incident polarization the
terms in f1 perform a rotation of the polarization of the inci-
dent x rays. However, terms in f2 may or may not result in a
rotation of the polarization.

The term in f0 does not depend on multipole moments and
can be neglected in this work. The term f1 probes a tensor of
rank 1, with odd time-reversal symmetry arising from a net
spin polarization, a difference between overlap integrals,
resonant energy, or lifetime for the two channels.19 The term
f2 probes a tensor of rank 2, even in time-reversal symmetry.
This can arise from a asymmetry intrinsic to the crystal lat-
tice �Templeton or anisotropic tensor susceptibility scatter-
ing20� or it can be due to antiferro order of electric-
quadrupole moments.
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For the case of electric-quadrupole moments, we first
evaluate the quadrupolar operator for the 3k structure of UO2
given by

Tij = �i� j −
1

3
�ij�

k

��k�k� , �3�

where � is the principal axis of the electric quadrupole mo-
ment. From this we can obtain a “tensorial structure factor”

T̃Q, summing over all atoms within the unit cell. The scat-
tered intensity is then deduced using Eq. �2� and given by

I�Q� � �� f · T̃Q · �i�2, �4�

where �i and � f are unit vectors along the incident and scat-
tered x-ray electric field vectors, respectively. For the 3k
transverse structure of UO2 there are two S domains which
for scattering vectors of Q= �003� and Q= �112� yield tensors
of the form

T̃A = �0 0 0

0 0 1

0 1 0
� , �5�

T̃B = �0 0 1

0 0 0

1 0 0
� . �6�

The reflections arising from these quadrupoles coincide
with those due to magnetic dipole ordering. The experimen-
tal challenge is therefore to separate the two. This can be
achieved by polarization analysis as for � polarized incident
x rays all scattering from the magnetic dipoles is �→	 with
the signal from the electric-quadrupoles being scattered
�→� and �→	. However, previous attempts to observe
electric-quadrupolar scattering in UO2 have failed for the
following reason: It is usual in such systems to work in

specular geometry, which for a �001� face crystal allows one
to observe scattering at �001� and �003� at the U M4 edge. In
this configuration quadrupolar scattering from such reflec-
tions occurs only in the �→	 channel, and given the strong
magnetic dipole scattering at the same wave vector it is
therefore impossible to observe. On the other hand, by using
an off-specular reflection, such as the �112� used in these
measurements, the signal from the electric-quadrupolar scat-
tering is partially �→� and therefore observable.

Figure 1 shows the integrated intensity as a function of
temperature for the �014� and �112� reflections. Scattering
from the �014� was collected at an incident photon energy of
10 keV, far away from the resonance condition and corre-
sponds to the internal distortion of the oxygen sublattice.5

For the �112� an incident energy of 3.728 keV was used,
corresponding to the U M4 absorption edge. A strong reso-

FIG. 1. �Color online� Temperature dependence of the integrated
intensity of the �112� reflection in both �→	 �circles� and �→�
�squares� polarization channels and the �014� Bragg reflection �dia-
monds, measured at 10 keV�. These represent the magnetic dipole,
electric-quadrupole order and Jahn-Teller distortion, respectively.
Error bars are smaller than the data points.

FIG. 2. �Color online� �a� The integrated intensity as a function
of azimuthal angle 
 for the �112� reflection measured in the �
→� polarization channel �circles�. The solid �dashed� line shows
the expected azimuthal dependence for the transverse �longitudinal�
model as described in the text. �b� Schematic representation of the
scattering geometry used to measure the integrated intensity as a
function of azimuthal angle. The arrows �i,� and �i,	 correspond to
the electric field direction for the � and 	 incident light, respec-
tively. � f ,� and � f ,	 correspond to the electric field direction for the
� and 	 scattered light, respectively. The axes u1, u2, and u3 are
consistent with those used by Hill and McMorrow19 where u3 is
antiparallel to Q. 
 denotes the azimuthal rotation.
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nant enhancement was observed upon changing the incident
energy resulting in a line shape similar to that previously
reported by Bernhoeft et al.21 for bulk scattering. Whereas
the �→	 channel is dominated by the dipole order param-
eter, the intensity in the �→� channel arises solely from the
electric quadrupole ordering. From Fig. 1 this order param-
eter �squares� follows the temperature dependence of the in-
ternal distortion of the oxygen atoms �diamonds�. A close
examination of the energy dependence of this quadrupole
signal shows that it is centered about 2 eV below the posi-
tion of the dipole resonance, and it has an approximate
Lorentzian squared shape with a narrow full width at half
maximum of 	3 eV. This is similar to that found in NpO2
�Ref. 22� and also in the mixed compound U0.75Np0.25O2 for
the quadrupole signals.23 From these data it is apparent that
the electric quadrupolar order parameter follows the tem-

perature dependence of the internal distortion.
As the sample is rotated around the scattering vector �azi-

muthal rotation� �cf. Fig. 2�b�� the intensity of the superlat-
tice peak exhibits a characteristic oscillation due to the rela-
tive rotation of the electric field vector with respect to the
crystal lattice. It is this oscillation which enables us to deter-
mine the origin of the observed signal. Figure 2 shows the
integrated intensity for the �112� reflection as a function of
the azimuthal angle �
� in the �→� polarization channel.
The data were collected at a temperature of 12 K. The origin

of 
 corresponds to the condition when the �1̄10� direction
lies within the scattering plane. For this reflection, the azi-
muthal dependence of the intensity is given by a incoherent
addition of the two transverse S domains �see Fig. 3�,

I�112� = A��� f · T̃A · �i�2 + �� f · T̃B · �i�2� , �7�

where T̃A and T̃B are the scattering tensors given in Eqs. �5�
and �6�, respectively. This can be evaluated to give

I�112� =
4

3
A cos2 

1 −

1

3
cos2 
� . �8�

A comparison between Eq. �8� and the experimental data is
shown in Fig. 2. The dashed line in Fig. 2 corresponds to the
case of a longitudinal structure. This shows unambiguously
that, with respect to the propagation vector, the orientation of
the electric quadrupoles in UO2 is transverse contrary to the
case of NpO2 in which a longitudinal orientation is
found.22,24 Interestingly, because of the crystal-field ground
state25 there is no magnetic-dipole order in NpO2. However,
both UO2 and NpO2 are now established to have electric-
quadrupole ordering at low temperature, and in both materi-
als the ordering is 3k in nature �Refs. 6–8, 22, 24, and 26�.

Finally, we turn to the intriguing question of the magnetic
behavior of the solid solutions �U1−xNpx�O2 that was re-

FIG. 3. �Color online� Schematic representation of the projec-
tion onto the a-b plane of the 3k magnetic and electric-quadrupole
ordering for the longitudinal �a� configuration and the two
S-domains of the transverse configuration �b�, �c�. The magnetic
�dipole� moments are represented by blue arrows whereas the
electric-quadrupole moments are shown as the green ellipsoids. The
red spheres represent oxygen atoms.

FIG. 4. �Color online� Suggested phase diagram for the
U�1−x�NpxO2 system as derived from various measurements. The
known regions of antiferroquadrupolar order are marked by AFQ-T
�AFQ-L� for the transverse �longitudinal� case. The shaded region
in the center denotes the fustrated region of the phase diagram. �See
text for details.�
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ported some years ago, as well as some recent measurements
on single crystals at ITU, Karlsruhe. We show in Fig. 4 the
experimental points determining the “ordering” temperatures
as a function of the Np concentration, x. Since the ordering
interactions in both UO2 �x=0� and NpO2 �x=1� lead to T0

�25 K the sudden drop in T0 on dilution at either end is
surprising, as we would naively expect a Vegard-type law for
T0. Moreover, for the region �0.3�x� �0.8, neutron and
Mössbauer experiments show a surprising short-range order-
ing27 with propagation wave vector close to  1

2
1
2

1
2
� that is not

yet well characterized or understood.
The experiments reported in this paper, as well as in ear-

lier works,22–24 show that the important parameter across this
phase diagram for all x is antiferroquadrupolar �AFQ� order-
ing of the electric quadrupoles. For small x, as shown in Fig.
3, the AFQ ordering is transverse, whereas for large x near
NpO2 �Refs. 22 and 24� the ordering is longitudinal. In both
cases the same wave vector qAFQ= 001� is observed. Our

suggestion, therefore, is that over the large intermediate
range of x �shown by the shaded region in Fig. 4� a state of
frustrated quadrupolar ordering exists, where neither the
AFQ-transverse �AFQ-T� nor AFQ-longitudinal �AFQ-L� or-
der can dominate, leading to short-range ordering of the qua-
drupoles and associated dipole moments. As electric quadru-
poles are a secondary order parameter in these compounds,
the frustration could reflect a competition between Np-Np
octupolar interactions favoring longitudinal AFQ and U-Np
and U-U dipole interactions favoring transverse AFQ. Fur-
ther experiments in this interesting region are planned with
RXS and other techniques such as NMR.
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