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Abstract. Previous experiments on cubic UO5 have suggested that the temperature
dependences of the nearest-neighbour U-O and U-U distances are different. We
have acquired total-scattering neutron diffraction patterns out to @ = 23.5 A~! for
50 < T < 1023K and produced via Fourier transform a pair-distribution function
PDF(r). The PDF(r) shows quite clearly that r(U-O), defined by the maximum
of the U-O peak in the PDF(r), does in fact decrease with increasing temperature,
whereas r(U-U) follows the lattice expansion as expected. We also observe that the
r(U-O) contraction accelerates continuously above T' & 400 K, consistent with earlier
experiments by others. Furthermore, by analysing the eigenvectors of the phonon
modes, we show that the A5(7T'O1) phonon tends to separate the eight equivalent U-O
distances into six shorter and two longer distances, where the longer pair contribute to a
high-r tail observed in the U-O distance distribution becoming increasingly anisotropic
at higher T'. These results have significance for a wide range of materials in which heavy
and light atoms are combined in a simple atomic structure.

1. Introduction

Thermal expansion is a phenomenon known to all. Although thermal expansion
cannot be treated formally within the well-known harmonic approximation, and requires
anharmonic potentials, the implicit assumption when a solid expands is that all
the interatomic bond lengths expand in concert, or more precisely, that all average
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interatomic distances track the overall lattice expansion monotonically. Dramatic
exceptions may occur for crystalline framework structures containing rigid structural
units that are flexibly bonded to each other [1, 2], or else close to the melting temperature
where diffusive motion and changes in coordination number may play a strong role.

Recent experiments by Skinner [3], using total-scattering x-ray diffraction, and
by Prieur et al. [4], using x-ray absorption spectroscopy, have suggested that above
room temperature the well-known compound UO, (fcc fluorite structure) exhibits an
unusual anisotropy in the distance distribution of O atoms around a given U atom,
such that the radius r(U-O) of the first coordination shell decreases with increasing T,
whereas the U-U distance distribution remains symmetric and tracks the lattice thermal
expansion. No fundamental explanation that can lead to such observations has been
advanced, although molecular dynamics (MD) simulations are consistent with a U-O
potential that is mostly ionic with some evidence of covalency [3, 5], a qualification that
is supported by Density Functional Theory studies by Wen et al. [6].

In the present paper we report results from total-scattering neutron diffraction
experiments [7, 8] using the D4 diffractometer [9] at the Institut Laue-Langevin (ILL),
Grenoble, France, on a polycrystalline sample of UO, over a range of temperature from
50 to 1023 K. Our results strongly support the earlier studies, and show additionally that
the anisotropy effect in U-O distances is present at all temperatures, albeit stronger at
higher T'. We then give a description of the possible phonon-induced atomic correlations
that could produce this effect. We suggest that such effects as reported here may exist
in a large range of compounds where light and heavy atoms are combined in a simple
atomic structure. The possible consequences to the materials properties, especially at
higher temperatures, may prove to be significant.

2. Experiments

The details of the sample and neutron diffraction techniques are given in the
Supplementary Information (SI). We have employed two types of diffraction data
analyses. The first, and the most well-known, is that of Rietveld refinement of the
diffraction patterns, i.e. considering only the integrated intensity of Bragg peaks, which
consist almost entirely of elastic neutron scattering. As such, the crystallographic
structure deduced from Rietveld refinement represents a time-averaged structure,
following the Van Hove correlation function formalism (see also section 3). In addition,
Rietveld refinement discards all diffuse scattering between Bragg peaks, such that local
deviations from the long-range average structure are ignored. All this results in an
atomic structure deduced from Rietveld refinement that has been averaged over time and
space, which is well adapted to crystallographic considerations. Our first Rietveld results
appeared to show that the oxygen atoms located at (%ﬁ) or equivalent positions are
displaced from these highly symmetric coordinates towards the octahedral voids of the
fluorite structure by a small distance 0 along equivalent (111) directions [10], and that

0 is temperature-dependent, reaching a value of § ~ 0.017 at 1200K. This corresponds
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to a shift of ~ 0.16 A from the symmetrical position (0 = 0,z = i) Crucially, a
displacement of this magnitude in the space-time averaged structure probed by Rietveld
amounts to a significant long-range static structural change that would certainly give
rise to a series of new reflections at positions forbidden by the high symmetry of the
fluorite lattice’s fee structure (space group F'm3m). Previous diffraction work on single
crystals of UOy [11, 12] have observed such “satellite” reflections below Ty (= 30 K),
but not above; so, this interpretation of the Rietveld results must be rejected.

Instead, we should move beyond the space-time averaged structure of Rietveld,
and that brings us to our second diffraction data analysis method, known as pair-
distribution function analysis (PDF-analysis), which considers all of the measured
diffraction intensity, whether diffuse or not, elastic or not, and thus is qualified as a
total-scattering method. Originally used for diffraction on liquids/glasses for which
no long-range periodic order exists [13], PDF-analysis is now regularly applied to
disordered crystalline or nano-crystalline materials [14, 15]. The diffuse scattering in
diffraction results from local atomic correlations, either from static disorder or from
dynamic disorder such as phonons or thermal-diffuse scattering (TDS). The PDF(r)
is then obtained via Fourier transform of the total-scattering diffraction pattern (x-
ray or neutron or electron) and thus retains all information about atomic positional
correlations, whether static or dynamic, principally for short interatomic distances r
as limited by the neutron coherence volume (about 60 A FWHM diameter for D4).
Since a diffraction technique integrates over all energy transfers between beam and
sample, its characteristic time scale of measurement is inversely proportional to the
incident beam energy, and for the D4 neutron diffractometer this “snapshot time” is
about 100 times smaller than the characteristic time of atomic motion. The PDF(r)
thus represents an ensemble-average of quasi-instantaneous local atomic correlations
that exist in the sample, and more precisely, the amplitude of PDF(r) is proportional to
the probability of finding an atom at a distance of r from an average atom at the origin.
The integrated area of a peak in PDF(r) is proportional to the coordination number at
that peak position. The r-space resolution of the PDF(r) is inversely proportional to
the maximum wave-vector transfer (),,., which for the D4 instrument is about 23.5 A‘l,
giving Ar = 0.16 A FWHM and reducing Fourier truncation effects to a minimum. Like
all diffraction techniques, PDF-analysis cannot distinguish between static and dynamic
correlations. At the high T for our experiments on UO, however, it is most likely
that observed changes in local atomic configurations (via PDF-analysis) are dynamic in
nature, perhaps resulting from identifiable optic phonons, since long range diffusion of
O should not occur in the 7T-range of our experiments.

We show in Fig. 1 our results for the pair-distribution function PDF(r) derived
from total-scattering neutron diffraction over a broad range of temperature for a UO,
polycrystalline sample.

Our neutron diffraction PDF(r) results are in good agreement with the x-ray
diffraction PDF(r) results of Skinner et al. [3] on UOy acquired over a temperature
range from ~ 1100 K to the melting temperature (7,,) of 3270 K, with Quax = 21 A1
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Figure 1: Neutron PDF(r) results from 50 to 1023 K. Note the increased broadening of
the U-O peak with increasing temperature as it becomes more asymmetric and acquires
a high-r tail, all which suggests that the potential well softens and that anharmonic

contributions are present. The r-space resolution is about 0.16 A (FWHM) for a
Qmax = 23.5 A1,

The higher incident energies of x-rays compared to neutrons allows for even shorter
snapshot times, but the low-Z oxygen atoms contribute much less than the U atoms to
the x-ray diffraction intensity, as compared to the case of neutron diffraction. Skinner et
al. [3] calculate running coordination numbers that show convincingly that the observed
contraction of the first coordination shell of O atoms around an average U atom, i.e. a
downward shift in the position of the r(U-O) peak in PDF(r), is accompanied by a loss
in members of that shell due to O atoms making excursions to higher r. Prieur et al. [4]
have performed extended x-ray absorption fine structure (EXAFS) measurements on
UO, at a number of temperatures, and this technique also gives a picture of the quasi-
instantaneous local structure. Their results for (U-O)(T") match those of Skinner et
al. [3]. An anisotropic peak broadening of the r(U-O) distribution, similar to the one
observed in our experiments, was reported in a neutron total scattering experiment on
UO, at 898 K and modelled using a continuous static distribution of distances in a
reverse Monte-Carlo large-box approach by Palomares et al. [16].

The different temperature dependence of the ensemble-averaged U-O and U-U
distances (defined as the peak positions 7(U-O) and 7(U-U) in the PDF) is immediately
evident from Figure 2. Further data analyses are described in the supplementary
information. Note that the determination of r(U-O) and r(U-U) becomes increasingly
difficult at higher T', as the peaks become very broad and overlapping — a reason we
have truncated the analysis at 1023 K.
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Figure 2: Experimental results for U-O and U-U distances in UO, as determined from
various techniques, as a function of temperature. Red symbols refer to U-U distance,
left-hand scale. Filled diamonds: data from neutron PDF analysis. Empty diamonds;
values from lattice parameters derived by Rietveld analysis of neutron data. Dashed
line: values derived from x-ray lattice parameters recommended by Martin [17]. Black
symbols refer to U-O distances, right-hand scale. Filled squares; values derived from
neutron PDF analysis (this work). Open circles; values derived by x-ray PDF analysis
and given by Skinner et al. [3]. Open squares: values derived from EXAFS experiments
by Prieur et al. [4].

3. Model for anisotropic bond lengths

Within the Van Hove formalism, the neutron scattering amplitude of a crystal whose
atoms have positional fluctuations ugr(t) (phonon amplitudes) around time-averaged
positions R is described by the space-time correlation function G(r,t) that can be space-
Fourier transformed to the correlation function S(g,t), which in turn can be expressed
in terms of the eigenvectors of the dynamical matrix of a crystalline sample. The time-
Fourier transform of S(q,t) yields S(g,w), which can be measured directly by neutron
or x-ray scattering. When the analysis is performed in the experimental space (g,w),
as for a single-crystal experiment, large spatial separations dominate the contributions
to S(q,w), whose oscillations therefore average out to an asymptotic value, the Debye-
Waller factor. On the other hand, analysis of G(r,t) in real-space is dominated by
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short-range spatial correlations of atomic positions within the coherence volume of the
scattered quanta (as determined by beam optics), and the Debye-Waller factor then
does not provide a good description of the positional fluctuations ug(t).

When phonon amplitudes are small, as in a renormalization process, the phonon
self-energy modifications can, in principle, be described by perturbation theory of the
anharmonic Hamiltonian expressed by a set of phonons with amplitudes u and with
frequencies w of the unperturbed harmonic problem. The important feature of the
dynamics, when we are not in a soft mode picture, is that the relevant phonon frequency
is sufficiently high and it can be described by a truncated MacLaurin’s series (Taylor’s
at go = 0) as w? = W + a?¢*+ ... . In the classic high-temperature regime (kgT > hw)
the phonon amplitude u can be derived from the fluctuation-dissipation theorem:

(w?) ox 2L 0

Wi + a2q?
The correlation function of the amplitudes of the phonon u at two atom sites ¢ and j is
then given by the Ornstein-Zernike function:

1 —wp|| Ry — R;
(uiuj) o R exp [ ol J”] (2)
i j

and here the correlation length £ = w% decreases with increasing phonon frequency. For

(07

this reason, even if all phonons become active at high temperature and contribute to the
total phonon density of states, the weakly dispersing low-energy phonons contribute the
most to correlated displacements, whereas the atomic correlations from higher-energy
phonons can be safely described as uncorrelated. An estimate of the correlation length
¢ can be obtained for the zone-boundary: for an optic band having a dispersion v and
lattice parameter a, we have £ — %\/% , which amounts to a few A. This means that in
a total-scattering experiment (as we have performed) the atomic correlations resulting
from these dynamic positional fluctuations contribute to the pair-distribution function
PDF(r) at distances rarely exceeding the third neighbours.

The phonon dispersion curves for UO,; were first measured in pioneering
experiments in 1965 by Dolling et al. [18] More recently, the phonons (and their
linewidths) have been measured as a function of temperature up to 1200 K. We reproduce
in Figure 3a the phonon modes along the [001] direction as measured by Pang et al. [19].

The only vibrational modes in the figure with energy < 40 meV are the acoustic
bands (A; and Aj), a fraction of the highly dispersive Az branch, and the weakly
dispersing A5 branch related to the IR-active transverse mode. The phonon density
of states (PDOS) measured at 295 K and 1200 K (Figures 1 and 2 in Pang et
al. [20]) actually show a series of peaks in the vibrational PDOS, one of which is
close to 35 meV. The highly dispersive components with a longitudinal character do
not contribute effectively to the correlated-amplitude features (branches A; and Aj),
whereas the two doubly degenerate transverse branches (Aj) (TO1l and TO2) can
provide some correlated-amplitude contributions. In particular, this is the case of the
weakly dispersing Az branch going from I'y to X5~ (TO1) at about 30 meV that provides
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Figure 3: a) Schematic of phonon dispersion curves, as measured by Pang et al. [19] in
the [001] direction. b) Schematic representation of the correlated displacements of the
oxygen atoms generated by the X phonon at the X-point. In this figure, the octahedral
coordination around each uranium atom (larger gray spheres) is emphasized. c)
Schematic representation of the correlated displacements of the oxygen atoms generated
by the X7 phonon at the X-point. In this figure, the tetrahedral coordination around
each oxygen atom (smaller red spheres) is emphasized.
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the strongest contribution to the correlated-amplitude effects in the total scattering pair-
distribution function. Most of this contribution seems to originate from phonons close
to the X3 point.

The atomic displacements corresponding to the phonon branches X5 at the X-
point see the uranium atoms at rest, whereas the O atoms vibrate along (111) directions.
The displacements are schematically displayed in Figs. 3b and 3c, where we see that
the octahedral voids of the fluorite structure permit such vibrational excursions along
(111).

The crucial importance of the X~ phonon is that its action results in a separation
of the U-O bonds into two different lengths. Assuming a lattice parameter of 5.47 A,
the eight U-O distances in the radial distribution function are initially at 2.3685 A
(a\/%) and the O-O distances at 2.735 A (a/2). Assuming an amplitude of 0.0053 - [111]
(equivalent to a displacement of 0.05 A) for the correlated displacements of the O atoms,
there are six U-O distances at 2.35 A and two at 2.415 A, thus shortening and skewing
the distance distribution, whereas the peak of the O—O distances is only slightly changed.
Furthermore, as the U atoms are at rest, the U-U distances are unaffected by this phonon
correlation.

4. Discussion and Conclusion

Our neutron PDF(r) results for UOs strongly support the earlier x-ray PDF(7) results by
Skinner et al. [3] as well as the EXAFS results by Prieur et al. [4]. All three techniques
measure an ensemble-average of quasi-instantaneous local atomic structures, and all
three show that 7(U-0O), corresponding to the peak in the nearest-neighbor U-O distance
distribution, decreases with increasing T as the distribution becomes asymmetric (see
Figures 1 and 2). In contrast, the U-U distance distribution remains symmetric, and
r(U-U) increases as expected with 7. We have presented a plausible model for these
observations, based on the eigenvectors of the phonon modes, showing that the Aj
transverse optic phonon is capable of splitting the eight nominally equivalent U-O
distances (see Fig. 3) into a bimodal distribution that has six O atoms at a slightly
shorter-than-nominal distance, and two O atoms at a slightly longer-than-nominal
distance, as they make vibrational excursions along (111) towards the octahedral voids
of the fluorite structure. Although a dynamic process, this distance splitting is clearly
visible in the x-ray and neutron PDF(r) as an increasingly asymmetric U-O distance
distribution acquiring a high-r tail as 7" increases. We find that the contraction of the
first U-O coordination shell represented by r(U-O) accelerates above ~ 400 K, which
corresponds well to an increase in the population of the Aj transverse optic phonon
having energy =~ 35 meV (= 400 K).

Asymmetric/anisotropic nearest-neighbour distance distributions due to atomic
vibrations are indicative of anharmonic potentials, and it is well known that anions in
the fluorite structure are subject to such potentials. These effects manifest themselves as
modifications of the Debye-Waller factors observed in Bragg peak refinement methods,
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as was first detected in CaFy itself by Strock & Batterman [21]. Willis and collaborators
found similar effects in UOq [22]. Interestingly, Willis initially interpreted the single-
crystal neutron data with a model having a displacement of the O atoms along (111) in
the space-time average structure, i.e. measurable in Bragg peak intensities [23]. However,
as we have discussed in Section 2, this interpretation predicts new Bragg reflections,
which have never been observed. Anharmonicity also has other consequences that have
been observed, noticeably a strong broadening of the phonon linewidths as a function of
temperature [19, 20|, as well as effects on the vibrational entropy and specific heat [24].

Anion amplitudes of low frequency optical phonons were singled out as an important
ingredient to assist superionic conduction in binary and ternary compounds [25].
Whereas Wakamura’s model addresses specifically diffusion and the behaviour of zone-
centre phonons, it can be straightforwardly extended to phonons at the zone boundary
that are relevant to the present study. The parameter with specific importance is the
damping constant of the vibrational modes involving only displacements of the anions.
This is indeed the specific configuration of X5~ phonon, and of part of the related As
branch. Following Wakamura’s arguments, in systems with large anions (as O ions)
the damping constant for cations is significantly smaller than the one for anions. The
direct consequence of the model is a specific and significant broadening of the phonons
involving anion displacements compared to modes involving the heavier cations. In
real space, this translates into an increased capacity of O ions to ramble around their
equilibrium positions. The predicted behaviour of zone-centre modes correlates with
this model in many superionic conductors, and, not surprisingly, the extension to zone-
boundary correlates impressively with the present case of UO, as well. Indeed, Pang et
al. [20] provide irrefutable experimental evidence that the As branch and in particular
X is overdamped, whereas the other phonon branches behave normally. These zone
boundary effects agree with the extension of Wakamura’s model.

We do not imply that the current effect is related to a superionic transition, because
the model is applied to phonons at different points of the Brillouin zone, but the two
effects share some common ingredients. Therefore, we can reasonably assume that the
correlation effects discussed in this paper are not specific to UOy, but rather relevant
to a broader class of systems that can have an intersection with ionic conductors, in
particular with those that involve large anions and cations.
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