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Despite many years of research, the full complexity of the electron-lattice interactions in UO, is not fully
understood. We present x-ray inelastic scattering at low temperature showing that the interaction between
electronic degrees of freedom and transverse acoustic phonons is strong only along the reciprocal space direction
[100]. The anisotropy is reflected in the phonon-linewidth broadening, which persists also well above the Néel
temperature. This intrinsic effect infers an anisotropy in the thermal conductivity, which has been observed, but
which is formally forbidden in a cubic material. We have no model capable of connecting our experimental
observations with the low thermal conductivity of UO, below room temperature.

DOLI: 10.1103/PhysRevB.104.024305

I. INTRODUCTION

Since UO, is the world’s primary nuclear fuel, its high-
temperature (T > 1000 K) thermal conductivity has been
studied in considerable detail. The phonon dispersions and
densities of states, as well as the phonon lifetimes (which are
inversely proportional to the thermal conductivity), have been
measured by neutron scattering at several elevated tempera-
tures [1-4]. At the same time, UO, is also recognized as a
complicated small-gap semiconductor (or Mott insulator) with
strong interactions at low temperature between the electronic
and lattice degrees of freedom, which was first discovered
in the 1960s and is still not completely understood; again,
this has been extensively studied with scattering (and other)
techniques [5-12].

This paper attempts to build a bridge between these two
efforts, and it studies the phonon linewidths as a function of
temperature over the range 20-300 K. As shown by Pang and
co-workers [2,3], the thermal conductivity is directly related
to the phonon linewidths and the dispersion curve, so we
are with these measurements probing, albeit indirectly, the
thermal conductivity «.

Below room temperature the thermal conductivities of
ThO, and UOQO, are surprisingly different, a fact known for
many years [13] despite both materials having the same flu-
orite structure and almost identical lattice parameters and
phonon dispersion curves [14,15].

The fundamental difference is that there are no 5f electrons
in ThO,, but two associated with the uranium ion in UO,,
which orders antiferromagnetically at Ty = 31 K. The dif-
ferences in ¥ below 300 K between ThO, and UO, must be
driven by electron-lattice interactions in UO,, which do not
exist in ThO,. In addition, a recent work [16] has reported
that ¥ of UQO; is anisotropic over a similar temperature range
and that the value in the (100) directions is ~10% below that
in the two other principal directions.
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A number of earlier studies [8,13,17,18] have reported
measurements showing that electronic effects in UO, extend
considerably beyond Ty, suggesting that such interactions
could be responsible for the suppression of the thermal con-
ductivity in UO, at temperatures below room temperature.
To clarify this issue, we need measurements of the phonon
lifetimes and their dispersion, as a function of temperature
below 300 K. To obtain such information, we have used in-
elastic x-ray scattering (IXS), where a resolution of 1.4 meV
is available at high momentum transfer Q, since the resolution
is decoupled from Q [19]. Furthermore, IXS is insensitive to
the purely magnetic vibrations and direct quadrupolar inter-
actions [10,11,20] and measures only the indirect influence of
such effects on the lattice vibrations.

II. EXPERIMENTAL DETAILS

The experiments have been performed at the ID28
beamline of the European Synchrotron Radiation Facility
(ESRF) on two different quality samples (see Fig. 1), us-
ing two configurations (technical information can be found
in Ref. [19]). For sample 1 a Si(9 9 9) monochromator
configuration was chosen that selects an incoming energy
E =17.794 keV, with an instrumental resolution AE =
3.0 meV. For sample 2 a higher-resolution configuration with
Si(12 12 12) was set at E = 23.725 keV and a resolution of
AE = 1.39(2) meV. All phonons were measured in reflection
geometry.

A comparison of the different sample quality can be ob-
served in Fig. 2, which shows the room-temperature energy
scans at (6,0.4,0). The scans of sample 1 with a good mosaic
show a very small contribution of the elastic line, and the
phonon groups (Stokes and anti-Stokes) are well defined. The
phonon linewidths are resolution limited at room temperature.
Both samples gave transverse acoustic (TA) and longitudi-
nal acoustic (LA) phonon energies identical to those well
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FIG. 1. UO, single crystals used for experiments at low resolu-
tion AE = 3 meV (sample 1) and at high resolution AE = 1.4 meV
(sample 2). The latter sample is a large [001]-oriented crystal, with a
mosaic of 0.05°, used for earlier studies of the surface magnetism of
uo, [21].

recognized for UO, and showed magnetic ordering at Ty =
31 K. Finally, in the scans on sample 2 with high resolution
(AE = 1.4 meV) the elastic contribution is nearly absent. The
incident energy is 23.725 keV, which is above the uranium L,
edge at 20.948 keV. The 1/e attenuation length (for the beam
at 90° incidence) for UQO; at this energy is &13.5 um, so this
is not a surface-sensitive measurement.

We recall that the intensities of the phonons are governed
by Bose-Einstein statistics, so that on cooling from room
temperature to 20 K the intensity of the energy-gain phonon
(Stokes, photon energy loss) at +7 meV in Fig. 2 will de-
crease by a factor of 4 and the intensity of the energy-loss
phonon (anti-Stokes, photon energy gain) at —7 meV will
decrease by a factor of 184. This substantially increases the
difficulty of determining the linewidths in the low-temperature
experiments.

III. LOW-RESOLUTION EXPERIMENTS

Low-resolution experiments were performed on sample 1,
and the analysis of the scans collected along the (6, k, 0)
Brillouin zone at different temperatures is represented in
Fig. 3.

The TA[100] dispersion curves above the Néel temperature
are in agreement with the dispersions previously determined
by neutron scattering, and the integrated intensities nor-
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FIG. 2. Comparison of the inelastic TA[100] scans taken at room
temperature at (6,0.4,0) for different samples. Sample 1 (left panel):
High-quality sample with a good mosaic. The elastic line is nearly
absent, and the phonon groups are well defined (AE = 3.0 meV).
Sample 2 (right panel): High-resolution scans (AE = 1.4 meV) on
the large-size and high-quality crystal.
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FIG. 3. Analysis of low-resolution IXS (AE = 3.0 meV) scans
taken across the Brillouin zone (6, k,0) at different tempera-
tures for sample 1 (black diamonds, 300 K; blue open squares,
40 K; red circles, 5 K). The phonon groups are fit with a
single-damped-harmonic-oscillator model deconvoluted with the ex-
perimental resolution (FIT28 program, Ref. [19]). Top: TA[100]
dispersion curve. Middle: Integrated phonon intensities normalized
with the Bose factor. The line represent the inelastic structure factor
(Str. Fac.) calculation. Bottom: TA(100) phonon linewidth deconvo-
luted with the experimental resolution.

malized by the Bose factor follow the predicted theoretical
calculation. The experimental resolution of AE = 3 meV lim-
its the deconvolution of multiple branches appearing below
Ty in the anticrossing regions; however, some information
exists in the fit results. Using a single damped harmonic os-
cillator deconvoluted with the experimental resolution, it is
possible to extract the phonon linewidth, the FWHM, which
is directly related to the inverse of the phonon lifetime. At
5 K a large broadening of the TA[100] branch is present in
the middle of the Brillouin zone, with the maximum close
to q = 0.6 reciprocal lattice units (rlu), where the TA[100]
phonon interacts with the magnetic excitations. The broaden-
ing is present well above Ty and extends over the entire [100]
Brillouin zone. As we will show below, the large broadening
of the [100] branch around q = 0.6 rlu is actually due to the
splitting of the phonon branches around an avoided crossing,
which is unresolved in the low-resolution scans.

024305-2



ANISOTROPY IN CUBIC UO, CAUSED BY ...

PHYSICAL REVIEW B 104, 024305 (2021)

uo,
T=20K

[ ]BranchA
[ IBranchB
[ IBranchC

Photons/monitor (arb. units)
(=]
[}

O.IF\

20

10 1
Energy (meV)

FIG. 4. Inelastic x-ray scattering scans taken at 20 K across the
(6, g, 0) Brillouin zone. The transverse acoustic phonon TA[100]
shows anticrossings that correspond to the two regions at q = 0.45
rlu with the acoustic magnon mode and at q = 0.65 rlu with the optic
magnon mode. The color coding identifies branches on the dispersion
curves of Fig. 5.

IV. HIGH-RESOLUTION EXPERIMENTS

High-quality data have been taken using sample 2 with
E = 23.725 keV and the complete set of scans (6, k, 0) taken
at T = 20 K across the [100] Brillouin zone. The TA phonons
show a resolution-limited linewidth from the I' point to
q=0.3 rlu, and at q = 0.4 rlu a shoulder appears on the
high-energy side, as shown in Fig. 4. The interacting region
between q = 0.5 rlu and q = 0.7 rlu shows three well-defined
peaks, and above q = 0.8 rlu, up to the zone boundary, the
TA phonon becomes again resolution dependent. The fits are
done taking into account the instrumental resolution and using
a damped harmonic oscillator corrected by the Bose-Einstein
thermal population factor. The fit results are presented in
Table I for T = 20 K and in Table II for T larger than Ty.

Figure 4 shows the data obtained below Ty, and the quality
can be compared directly with the best neutron data reported
in Ref. [12].

TABLE II. Transverse acoustic phonon energies E(T) and
linewidths I'(T) in meV along the symmetry direction [100] at tem-
perature above Ty. The numbers in parentheses refer to standard
deviations on the last significant digit.

TA[100]

q EM@0K) I'40K) E(100K) I'(100K) E(295K) I'(295K)
0.1 1.58(1)  0.26(2)
0.2 3.293) 0.62(8) 3.602)  0.15(3)
03 5.11(6) 1.50(15) 5.132)  0.30(5)
04 6.82(8) 2.11(16) 6.92(5) 1.13(11) 6.80(8) 0.42(6)
0.5 8.52(7) 2.32(19) 8.70(7) 1.24(18) 8.43(5) 0.43(9)
0.6 10.35(7) 2.04(22) 10.25(7) 0.68(15) 9.64(18) 0.31(10)
0.7 11.72(6) 1.21(16) 11.75(6) 0.45(16) 10.74(15) 0.32(10)
0.8 11.74(2)  0.02(1)
0.9 13.52(2)  0.04(3)

All scans in Fig. 4 show finite intensity at the E = 0 posi-
tion. This quasielastic scattering (which is resolution limited
in energy) is not present at T = 300 K, as shown by the clean
scans in the right-hand panel of Fig. 2. A further discussion of
this scattering will be given later.

The dispersion curves in the [100] and [011] directions are
shown in Fig. 5 and are color coded to enable the different
branches to be identified. In the [100] direction there are
two main regions of interaction between the vibrational and
electronic degrees of freedom. The first is around q = 0.45
rlu and has long been known to be important [5,6], as it occurs
between the TA[100] phonon and the acoustic magnon branch
that has its minimum at the X point (q = 1.0 rlu) with a gap
of ~2 meV (branches A and B).

The second is around q = 0.65 rlu (branches B and C),
and has not been previously observed, although anticrossings
are predicted in this region of the Brillouin zone [11]. The
reason why this phonon interaction between energies of ap-
proximately 9 and 12 meV was not previously observed in
neutron scattering is that at these energies there is a strong
signal from the mixed optic magnon-quadrupolar mode [12],
making it difficult (even with polarized neutrons) to separate
the complex signals. With x rays this is much simpler as
purely magnetic or quadrupolar modes cannot be observed,

TABLE I. Transverse acoustic phonon energies E(T) and linewidths I'(T) in meV along the symmetry direction [100] at T = 20 K for the
different vibrational branches (A-B-C). The numbers in parentheses refer to standard deviations on the last significant digit.

TA[100]
q E(20 K)-A (20 K)-A E(20 K)-B I'(20 K)-B E(20 K)-C I'(20 K)-C
0.1 1.78(2) 0.18(7)
0.2 3.32(4) 0.18(6)
0.3 4.98(2) 0.035(6)
0.4 6.192(2) 0.011(6) 7.49(22) 1.00(20)
0.5 6.67(59) 1.2(6) 8.12(1) 0.61(32) 11.38(27) 1.42(57)
0.6 5.54(23) 1.22(72) 9.26(6) 0.47(18) 12.08(14) 1.96(26)
0.7 10.38(54) 2.62(80) 12.49(19) 1.08(48)
0.8 10.59(42) 1.24(53) 13.34(6) 0.27(14)
0.9 10.51(47) 1.51(49) 13.81(7) 0.15(12)

024305-3



LUIGI PAOLASINI et al.

PHYSICAL REVIEW B 104, 024305 (2021)

r
20 - ; 120
/
/
/
/
LA,/ TAA
15 1[’ 4y 15
; Branch C
S / H s
[0 []
£ ! 7 £
810 ! / 10 3
g &

00 02 04 06 08 10 08 06 04 02 00
[4,0,0] (rlu) [0.a.q] (rlu)

FIG. 5. Dispersion curves measured at T = 20 K with inelas-
tic x-ray scattering of transverse (solid colored symbols, TA) and
longitudinal (open squares, LA) acoustic phonons in the [100] and
[011] reciprocal lattice directions. The solid (dashed) lines represent
the transverse (longitudinal) acoustic phonon branches calculated
at room temperature. The dispersion of the magnetic excitations,
determined by inelastic neutron scattering, is also indicated (gray
circles) [12]. The TA(As) phonon branch splits into three branches,
A, B, and C, as a result of the interactions with the acoustic magnon
branch (branch A) and with the optic magnon branches (branches B
and C). No interactions involving TA(X,) or TA'(X,) are observed
in the [011] direction. The color-coded rectangles refer to the energy
linewidth broadening of the TA[100] branches in correspondence
with the anticrossing regions.

the technique being sensitive only to the vibrational compo-
nent of the mixed modes.

The dispersion of branch C is in good agreement with
the theoretical calculations [11] and is associated with the
interaction of the TA[100] phonon with the optic magnon
and quadrupolar modes (both acoustic and optic). The branch
(branch B) associated with this anticrossing is shifted to
higher energy (~1 meV) with respect to the neutron results.
However, as discussed below, these TA branches show strong
line broadening over this range of g, so that the exact fre-
quency is hard to establish.

The strong interaction at these energies has also been
observed in recent density-of-states measurements using neu-
trons and polycrystalline samples [4]. Figure 2 of Ref. [4]
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FIG. 6. Comparison of temperature dependence of TA phonons
in the [100] and [011] directions. A finite phonon lifetime is clearly
observed in TA[100] at 40 K (bottom panel), well above Ty =
30.8 K. Below Ty the TA[100] phonon splits in correspondence
with the anticrossing region, as described in the text. The TA'[011]
and TA[011] phonons have a linewidth close to the experimental
resolution, as shown in the fit results presented in Tables III and IV,
respectively.

shows strong scattering in this energy range out to Q values
much higher than expected for purely magnetic scattering,
where the magnetic form factor of U** would not anticipate
intensity for Q values above ~6 A1 (see Ref. [7]). However,
these measurements cannot determine where in the Brillouin
zone these interactions occur, as polycrystalline samples were
used.

A comparison of the temperature dependence of the
phonon groups between the [100] and the [011] directions is
shown in Fig. 6. The scans are taken close to the middle of the
Brillouin zones where the interaction with the magnetic ex-
citations is expected. The nondegenerate transverse branches

TABLE III. Transverse acoustic phonon TA'[011] energies E(T) and linewidths I'(T) in meV along the symmetry direction [011] (analyzer

2, resolution AE = 1.5 meV). The numbers in parentheses refer to standard deviations on the last significant digit.
TA'[011]

(h, k1) E(20K) '20 K) E(40 K) I'(40 K) E(300 K) I'(300 K)
(6,0.2,0.2) 5.47(14) 0.31(12) 5.56(7) 0.66(13) 5.384) 0.30(7)
(6,0.3,0.3) 8.00(9) 0.32(19) 8.21(20) 0.29(11)
(6, 0.35,0.35) 9.84(8) 0.60(24) 9.42(12) 0.86(20) 9.98(2) 0.48(4)
(6,0.4,04) 12.11(2) 1.03(4) 12.17(7) 0.42(17) 12.53(8) 0.44(20)
(6,0.45, 0.45) 13.31(12) 0.88(23) 13.75(6) 0.13(8)

024305-4



ANISOTROPY IN CUBIC UO, CAUSED BY ...

PHYSICAL REVIEW B 104, 024305 (2021)

TABLEIV. Transverse acoustic phonon TA[011] energies E(T) and linewidths I'(T) in meV along the symmetry direction [011] (resolution
AE = 1.5 meV). The analyzer number (Anal.) is also indicated. The numbers in parentheses refer to standard deviations on the last significant

digit.

TA[011]
(h, k, 1) Anal. E(20 K) I'(20 K) E(40 K) I'(40 K) E(300 K) I'(300 K)
(6.13, 0.14, 0) 7 4.79(7) 0.65(2) 4.59(9) 0.47(15)
(6.39, 0.4, 0) 8 11.04(1) 0.02(3) 11.03(1) 0.07(2) 11.00(6) 0.10(15)
(6.64, 0.66, 0) 9 12.89(8) 0.48(19) 13.08(9) 0.81(27) 12.80(7) 0.46(20)
(6.64,0.77, 0) 9 13.10(1) 0.21(12) 13.14(2) 0.06(1) 12.98(1) 0.08(11)

TA(Z;) and TA'(Z4) in the [011] direction can be fit with
resolution-dependent linewidths at all temperatures and over
the entire Brillouin zone [011], whereas TA(As) in the [100]
direction shows specific broadening due to the anticrossing
with the acoustic and optic magnetic excitations.

These scans also show the signal at E = 0, which has a
strong T dependence and is not present at 295 K. Other scans
(not shown) just over the phonon modes were used to extract
the linewidths.

Tables III and IV show the results of the fit for the acoustic
phonon branches TA'[011] and TA[011], respectively, taken
at different temperatures around the energy regions of the
interaction with the magnetic excitations (see Fig. 5).

Figure 7 shows the evolution of the FWHM of the TA[100]
phonons across the Brillouin zone as a function of temper-
ature. The arrows indicate the anticrossing positions where
the vibrational modes below Ty exchange their characters
(magnonlike or phononlike).

In the [011] direction, in strong contrast to the above
complex situation in the [100] direction, we have detected no
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FIG. 7. Temperature dependence of TA[100] phonon linewidth
(deconvoluted with the instrumental resolution). (a) shows the
phonon broadening above Ty, whereas (b) shows the evolution of
linewidths of the different phonon branches across the two anticross-
ing regions (indicated by arrows), as described in the text.

interactions between the vibrational and electronic systems.
The theory published in Refs. [11,12] does not address di-
rectly the phonon lifetimes, but focuses on the presence or
absence of anticrossings. In the [100] direction, our experi-
ments show that the anticrossings are associated with phonon
splitting and broadening. However, this does not appear to be
the case in the [011] direction, where the theory, calculated in
the framework of the random phase approximation, predicts
several anticrossings around the position (0, 0.5, 0.5).

The q dependence of the linewidth broadening in the [100]
direction, shown as rectangles in Fig. 5, is fairly small for q <
0.4 rlu, but it is especially important for branches B and C and
has an overall broad maximum (~ 2, 5 meV) at q ~ 0.6 rlu.

The modes of TA(As) are clearly affected, especially in the
energy region of 5-15 meV. The linewidth is the largest in the
ordered state below Ty, but the broadening extends to much
higher temperatures, as discussed further below.

At the same time, we have observed a signal that appears
quasielastic (i.e., at E = 0) at the energy resolution of the
experiment, and that is especially strong just above Ty. The
momentum dependence of this signal is different from that
of the phonon linewidth broadening; it occurs at all wave
vectors examined and, unlike the linewidth broadening, is not
confined to the [100] direction. This quasielastic scattering
is first shown in Fig. 4, where the positive signal at E =0
with the sample at T = 20 K should be compared with that in
Fig. 2 (right-hand panel) using the same crystal and resolution
at T = 300 K.

We show in Fig. 8 the quasielastic signal at the position of
TA(X4) with @ = 0.2 rlu in the [0 q q] direction, as a function
of temperature. Experiments with neutrons have observed this
signal but without polarization analysis cannot separate the
lattice from the magnetic contributions [8].

V. DISCUSSION AND CONCLUSIONS

In comparing the phonon linewidths with the thermal con-
ductivity, we need to recall that the thermal conductivity «g ;
due to phonons with quasimomentum q and belonging to the
branch j is given by

1 2
Kq,j = 3Cq,jvg,;/Ta.j> )]

where Cg ; is the phonon heat capacity and vq ; = §Eq ;/8q
is the group velocity determined by the local dispersion gra-
dient. The phonon mean free path A4 ; = vq,;7q,; depends on
the measured phonon linewidth through the relaxation time
7q,j = 1/I'q, . Since there are no conduction electrons in UO,,
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FIG. 8. Comparison of temperature dependence between the
thermal conductivity difference Ak = k(ThO,) — k(UO;,) (solid
blue diamonds) [13,22], the FWHM of TA[100] averaged over values
at the center of the zone (solid black squares), and the normalized
quasielastic integrated intensities (open circles, shaded area). Lines
are a guide for the eyes.

there is a direct link between the lifetime of the phonons and
the thermal conductivity, as discussed in Refs. [2,3].

We are not able to calculate the total thermal conductivity
as a function of temperature, as we do not have any measure
of the optic modes. Such measurements are almost impossible
with IXS, as the optic modes predominantly reflect the motion
of oxygen atoms [2—4,23] and for these modes the x-ray cross
section is very small.

However, below 150 K the primary contributors to the ther-
mal conductivity are the acoustic modes. This is because of
the low thermal population of the optic modes (whose energy
has a minimum of 20 meV for the LO; branch at the X point of
the Brillouin zone). Our results show that at low temperatures
(up to at least 200 K) the phonon linewidths in UO, are broad-
ened a significant amount and that the values steadily decrease
as the temperature is raised from the base value. This is shown
schematically in Fig. 8 by the solid squares and the short-
dashed line joining them. At the same time, these values of the
linewidths are anisotropic and they clearly exist in the [100]
direction, but we have failed to detect any significant effect in
the [011] direction. The linewidth broadening has essentially
disappeared at higher temperatures, and our (small) phonon
linewidths at 300 K are therefore in good agreement with the
measurements and calculations of Pang and co-workers [2,3].

In practical terms the linewidth broadening then increases
again above room temperature and has been carefully char-
acterized experimentally (and theoretically) by Pang and
co-workers [2,3]. This results in a degradation of the thermal
conductivity at higher temperature, which together with the
effect of radiation damage, has important consequences for
reactor operations. We might therefore ask the question as
to whether the linewidth broadening at lower temperatures in
UO; also reduces the thermal conductivity. Presently, we have
no model to understand the electron-lattice interactions in
UO, at low temperature or the anisotropy we have observed,
so caution is necessary in making a connection between the
bulk measurements of Ref. [16] and our microscopic mea-

surements. There is clearly a difference in the temperature
dependence, but we note that the primary effect in the mea-
surements of Ref. [16] is along the [100] direction, which is
consistent with our observations.

Since the thermal conductivity should be isotropic in a
cubic material, we emphasize that this condition requires
that the perturbation of the phonon spectra does not break
the cubic symmetry. Neither ordered dipole magnetism nor
pure phonon-phonon interactions can change this symmetry
requirement. However, electron-lattice interactions, such as
we observe in UQO,, together with the associated correlation
effects, may lead to anisotropic effects in the thermal conduc-
tivity. They do not, however, necessarily require a distortion
of the overall unit cell, and indeed none has been observed
in UO,. The quadrupoles induce an internal distortion of the
oxygen atoms, which leads to a reduction in the symmetry
from Fm3m to Pa3, but it remains cubic, at least at the global
symmetry level [7,10].

Finally, our measurements have observed a quasielastic
contribution (Fig. 8) to the scattering that appears to have a
peak intensity just above Ty and be present at all momentum
transfers examined, i.e., it is not seen only along the [100]
direction, as is the linewidth broadening. The temperature
dependence is also different from the linewidth broadening
(Fig. 8), with a peak just above Ty. Unlike the signal from
the disordered magnetic moments, this incoherent signal is
clearly present also below Ty and so may be related to
the local breaking of the apparent cubic global symmetry.
Although further experiments are necessary, this signal re-
sembles the polaronlike behavior found in the manganites
exhibiting colossal magnetoresistance [24—27]. Such polarons
could arise from coupling of the quadrupoles and their local
oxygen distortions to the lattice, causing dynamical strain
effects that would be observed at all wave vectors indicating
uncorrelated lattice deformations. Further experiments (and
theory) will clearly have to be performed on this aspect.

Unlike in the case of the manganites, there is no structural
transition in UO, reducing the symmetry from cubic below
Ty [9,10], so a more subtle origin of any possible polarons is
required. In this case, they could arise from strain induced by
the disordered quadrupoles and the consequent local shifts of
the oxygen atoms [7,9], as the effect is maximum just above
Ty (see Fig. 8). Such interactions in UO, could play a key role
in the line broadening of the phonons.

Recent theoretical advances in modeling the thermal con-
ductivity [28,29] and understanding [30-35] the complex
electronic state of actinide dioxides at low temperatures give
hope that the measurements reported in this paper will spur
additional theoretical efforts.
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