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1. Introduction.

Solid uranium dioxide is well known to be the most
used fuel in nuclear power plants throughout the world.
The knowledge of its properties is therefore of utmost
importance, and a vast literature has been dedicated
to their study (see for instance [1, 2, 3] and references
therein).

Issues of present day nuclear reactors such as the
generation of long-lived high activity radioactive waste
of difficult disposal, their possible use for production
of material for nuclear weapons, and the idea of
increasing the security upon possible accidents, led to
the creation of the generation-IV international forum
[4] in order to address the best routes for future
development of nuclear reactors. At present there
are several favoured designs for generation-IV reactors,
namely, sodium cooled fast reactors, lead (or lead-
bismuth) cooled fast reactors, gas cooled fast reactors,
molten salt reactors, very high temperature reactors
and supercritical water cooled reactors. Additionally
to designs that improve security and efficiency, a
most important aspect in generation-IV reactors is the
nuclear fuel, with special emphasis in those fuels that
enable efficient reprocessing or breeding of new fuel
during operation. So, in addition to uranium dioxide
and mixed uranium plutonium dioxide, other candidate
fuels are being considered such as uranium carbide,
uranium mononitride, metallic uranium alloyed with
zirconium or molybdenum, and thorium based fuels.
In the particular case of the nitride (UN) there are
some advantages as compared to uranium dioxide: it
has a higher thermal conductivity, so that fuel elements
would suffer lower temperature gradients, it has a
higher density of fissile material, it is easily adaptable
to current reprocessing technologies, and moreover it
has good compatibility with He, Na and Pb as coolants.
However it has an important drawback: if it is not in an
atmosphere with sufficient partial pressure of Ny, UN
is thermochemically unstable at high temperatures and
decomposes into gaseous No and liquid U [5]. In fact
at very high temperatures liquid U can also evaporate
due to the increased vapor pressure as the temperature
increases.

Consequently, liquid U (I-U) may appear, even if
unwanted, in any situation where UN fuel is subject
to high temperatures, be it during its production,
where high temperature sintering may be used to
manufacture the fuel pellets, or upon normal operation

2

in the reactor, or more importantly upon possible
accidents where the coolant would be lost or would
not circulate for whatever reason.  Consequently,
understanding the properties and behaviour of 1-U
is essential for assessing the risks and devising the
most adequate procedures to follow if such events ever
happen.

There is a plethora of information about the
properties of solid uranium, at ambient and also at
higher pressures, as obtained from experiments and
from theoretical calculations. However the properties
of the liquid have scarcely been experimentally or
theoretically addressed. Even though the melting
temperature is not extreme (1405 K) there have been,
to our knowledge, no diffraction measurements of its
structure, and we are aware of only very few (and most
of them, old) measurements of basic thermophysical
properties [3], like the density or the viscosity.

The properties of solid U are very peculiar among
single-component metals, showing several unique
characteristics [6]. The ultimate reason for these
peculiarities is the contribution of the 5f electrons
to the bonding properties of the system, a question
that adds scientific interest to the technological one.
Solid U shows a unique charge density wave as ground
state at ambient pressure, that is not associated to
a spin density wave. At temperatures above 41 K it
transforms into a unique orthorhombic structure, the
«a phase, with four atoms in the unit cell, which is
not shared by any other element of the periodic table.
It is highly anisotropic, and many studies have been
devoted to the investigation of its properties (lattice
constants, elastic constants, phonons, etc) as a function
of both temperature and pressure. Experimental
studies [7] have also been complemented by theoretical
ones. Many different interatomic potentials have been
constructed specifically to study the properties of the
« phase, including popular types as the embedded
atom method (EAM) [8] or modified embedded atom
method (MEAM) [9], and more specific forms such as
the charge optimized many body potential (COMB)
[10], the so called long range potential (LR) [11] and
also recently potentials constructed through machine
learning [12].

The parameters of the potentials are usually fitted
so as to reproduce experimental and/or more accurate
theoretical calculations, such as those obtained using
first principles techniques, which take into account
all the bonding characteristics in a self-consistently
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way by considering the electronic degrees of freedom
explicitly. Among these ab initio methods, density
functional theory (DFT) [13] has become a most
useful tool which is exploited in first principles
molecular dynamics (FPMD) calculations, in which
ionic motion is described by classical dynamics, by
using a (multibody) potential energy given by the
electronic ground state energy (obtained within DFT),
following the Born-Oppenheimer approximation. First
principles calculations for a-U have indeed been
performed using different forms of exchange and
correlation, number of electrons considered and
methods to describe their interaction with the
ions/nuclei [14, 15, 16]. At this point it is interesting
to mention the possible importance of spin-orbit (SO)
coupling in the calculation of the properties of the
system, given the heavy character of the U atom.
Soderlind and coworkers [14] performed all electron
first principles linear muffin tin calculations, including
SO interaction, while many of the other ab initio
studies did not include it [15, 16]. The comparison
between the two types of calculations showed a small
effect on the equilibrium lattice constants. Moreover,
calculations of the phonon spectra both including and
ignoring SO effects produced identical results [16].
This showed that for a given ionic configuration the
forces are not much influenced by SO effects.

At pressures below 3 GPa, and in a small pocket
of temperatures around 1000 K, a tetragonal S phase
is formed, with 30 atoms in the unit cell.

Finally, there is a high temperature v phase from
which U melts, whose structure has been described
as bcc. This phase has some characteristics similar
to those of other high-T bcc phases of transition
metals, for instance its dynamic instability at low
temperatures. However, it also has some peculiarities,
like an unusually high diffusion coefficient [17], which
has been explined as due to an unusually low formation
energy of self-interstitial atom defects [18]. This, and
other peculiarities related to some alloying properties,
led Starikov et al [19] to postulate that the v phase
of U is not really bce, but rather quasi-bce, meaning
that for relatively long times (in the scale of a few
ps) the average positions of the atoms do lie on the
sites of a bcc lattice, but instantaneously the atomic
positions resemble more those of a lattice where the
central atom of the cube is displaced from the cube
center towards one of the six faces, with the direction
of the displacement randomly oriented in different
cubes. This idea was in fact supported by ab-initio
molecular dynamics simulations of the = phase, as
well as by classical molecular dynamics simulations
performed with a force-matched angular dependent
potential (ADP) [18], specifically constructed to fit
the properties of all solid phases and also some of

Table 1. Input data for the three thermodynamic states studied
in this work. p is the total ionic number density and 7' is the
temperature. N, is the total number of configurations.

system p(A=3) T (K) N

I-U 0.043582 1455 18365
0.043582 1705 27087
0.043582 2050 13079

the properties of the liquid. Notably, other types of
effective potentials, in particular the EAM, lead to a
bee structure (not quasi-bee) at the high temperatures
corresponding to the v phase.

To our knowledge, there are only three theoretical
studies of the properties of liquid U (I-U). One of
them was very comprehensive, but based on the use
of an EAM effective potential specifically constructed
for the liquid [20]. Another one was rather limited,
since it provided just some information on the static
structure and the diffusion coefficient of the liquid
[21]. However, the interatomic forces were computed
using first principles methods. Finally, a third study
was the one by Starikov et al mentioned previously in
relation to the solid « phase [19], as several atomic
configurations corresponding to the liquid phase were
used in the process of matching the ab initio forces to
obtain the parameters of the ADP potential; however,
no information was reported about the properties of
the liquid.

We have performed a detailed analysis of the
properties of liquid U at three temperatures and
a constant density corresponding to the liquid’s
experimental one at the melting point. The forces
are computed from first principles and the properties
reported include several static structural functions,
dynamic properties, and several thermophysical and
transport properties. Similar to the case of the solid
phase we find unique characteristics of liquid U not
shared, up to our knowledge, by any other single
component liquid system.

2. Computational method.

We have performed FPMD simulations for liquid U at
three temperatures and a constant density as shown in
table 1. The FPMD simulations were performed with
the DFT-based VASP code [22]. We have used the
PBE generalized gradient (GGA) exchange-correlation
functional [23] and the projector augmented wave
(PAW) potentials for the electron-ion-core interaction
[24] provided within the VASP distribution. We have
taken 14 valence electrons (including 6s, 6p, 7s, 5f and
6d electrons), and the plane-wave cutoff was set to 400
eV, as recommended by the developers of the PAW
potentials. Following previous studies [15, 16], we have
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Figure 1. Structure factor, S(g), of 1-U at 1455 K. The right
inset shows the main peak region and the upper inset the second
peak region for the three temperatures studied. Continuous
black lines and circles correspond to 1455 K, long-dashed red
lines and squares to 1705 K and short-dashed green lines and
triangles to 2050 K. In the upper inset the results for the higher
temperatures are shifted upwards for clarity.

not considered explicitly the SO interaction, which
does not have a sizable influence on the interatomic
forces, and therefore on the time evolution of the
ionic configurations. The electronic iterations were
considered converged when energy differences between
iterations were within 107% eV.

We used cubic supercells with 120 U atoms and
periodic boundary conditions. For simulations of this
size the single I" point is adequate enough for perform-
ing Brillouin-zone integrations for the computation of
energies and forces. After initial equilibration, a num-
ber N, of equilibrium configurations (see table 1) in the
NVT ensemble were used to compute the properties of
the liquid. A time step of 3.5 fs was used, so the total
equilibrium simulation time spans from around 46 to
around 95 ps, depending on the temperature.

For the sake of comparison, the only previous
study of I-U using first principles methods by Hood
et al [21] considered 54 U atoms in the simulation cell,
the total simulation time was around 3 ps, and a norm-
conserving pseudopotential (that requires a much
higher cutoff of 1360 eV) was used. Clearly our study
will lead to a much smaller statistical uncertainties,
and will allow the calculation of dynamic properties
not available from these previous simulations. A final
difference to comment is the density used for the study.
Whereas we used the density of the liquid at the
melting point, Hood et al held the density fixed to
that of the a phase, so that their sample was liquid
only above 2150 K.

3. Static structure and thermodynamic
properties.

The static structure factor, S(q), of 1-U obtained from
our FPMD simulation at 1455 K is shown in figure
1. The main peak is located at ¢ = ¢, = 2.45
A~ and its height and shape are quite typical among
liquid systems. As the temperature increases (see right
inset of figure 1) the position of the main peak does
not change, while its height decreases as expected.
The second peak of S(g) shows a more peculiar
behaviour, as can be observed in the upper inset of
figure 1. It displays a clear double-peak shape for the
three temperatures considered. The second subpeak
is located at 5.20 A~!, and its height practically
does not change with temperature. The low-g side
subpeak, however, gets more emphasized by decreasing
temperature, while its position is basically the same,
at 4.35 A~1, for the three temperatures. This is the
first system so far where such a behaviour has been
observed. The double-peak (or peak and shoulder)
form of S(g) in the region of its second maximum has
been observed in quite a few recent measurements and
simulations for liquid transition metals [25, 26, 27, 28],
and also for liquid alkaline-earth metals [29, 30, 31].
However, in those systems it was the high-q feature the
one that got emphasized by decreasing temperatures,
and this seemed to be correlated with the increase
in the number of icosahedral local structures upon
cooling. Whether the local structures in 1-U are also
of the same type or a different kind will be discussed
below.

In the limit of long wavelengths the static struc-
ture factor is related to the isothermal compressibil-
ity of the liquid, S(0) = pkpTxr, or its inverse, the
isothermal bulk modulus, K = X;l. By extrapo-
lating the FPMD S(g) to long wavelengths we obtain
bulk moduli of 78, 84 and 92 GPa at 1455, 1705 and
2050 K respectively. We are not aware of any exper-
imental values to compare with. However there have
been several estimates for K at melting. One of them,
from Tekuchev [32], differs largely from our result, be-
ing 34.4 GPa. Unfortunately, we have not been able
to find out how this estimation was performed. This
estimation of K was one of the input data used by Be-
laschenko et al for the construction of the EAM poten-
tial that they used in their classical molecular dynamics
study of 1-U [20], and consequently it is not surprising
that their resulting structural data are very different
from ours, as we will comment below in relation to the
pair correlation function, g(r). A different estimation
for K7 of the liquid near melting was taken up by Fis-
cher [33] by extrapolating values corresponding to the
« phase at different temperatures. The final estima-
tion was 62.4 GPa, which is very different from that
of Tekuchev and in reasonable agreement with our re-
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Figure 2. Pair correlation function, g(r), of 1-U at the three
temperatures considered. 7-U data are taken from [19]. Other
lines and symbols have the same meaning as in figure 1.

sult. We finally mention that an evaluation of the bulk
modulus for the v phase from a fit of the experimental
equation of state to a temperature independent model
[34] yields a value of 113.3 GPa, so that our result at
melting seems more reasonable than that of Tekuchev.

The pair correlation function, g(r), is depicted in
figure 2 for the three temperatures considered. The
results of the FPMD calculations show very unusual
characteristics for a one-component liquid. The height
of the main peak of g(r) is rather low, and its shape
shows a very clear split structure. It is remarkable that
this shape is quite similar to that obtained by Starikov
et alin their FPMD study of the solid high temperature
~ phase, except for the smaller widths that correspond
to the solid [19] because of the lower temperature. The
positions of the maxima, however, are the same as the
ones we obtained for the liquid.

The first shell of neighbours in the liquid, which
spans up to 4.34 A, is therefore divided into two
subshells. The coordination number, as obtained
from integration of the radial distribution function,
G(r) = 4mwpr?g(r), within the first shell is 14.2 for the
three temperatures studied. It would be interesting
to characterize the splitting of the neighbours within
the first shell into the two subshells. That requires
a way of separating the two subshells explicitly in a
clearcut way. In order to perform this partition we have
calculated the partial radial distribution functions,
G;(r), that describe the distribution of distances from
a central particle to its i-th neighbour. These functions
verify that G(r) = >, G;(r). It has been proposed [35]
that the borderline between different shells in the liquid
can be assigned to the G;(r) that displays a relative
maximum in its width and a relative minimum in its
height (note that all the G;(r) integrate to one). The
G;(r) are easily calculated from the atomic positions
during the simulation, and the results for 1455 K are
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Figure 3. Upper panel: partial radial distribution functions,
Gi(r), of 1-U at 1455 K. The functions corresponding to the
third and fourteenth neighbours are highlighted. Lower panel:
partition of the first shell of g(r) into a first subshell of three
atoms and a second subshell of eleven atoms (from the fourth to
the fourteenth neighbour).
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Figure 4. Decomposition of the first peak of g(r) for the three
temperatures studied. Left panel: first subshell. Right panel:
second subshell. The meaning of the lines is the same as in
figure 1.

shown in figure 3. It shows that the conditions for
separation of shells are met by Gs(r) and Gi14(r), so
that we can therefore describe the structure as having
a subshell of 3 atoms within a first shell comprising 14
neighbours in total. The partition of the first peak of
g(r) into a first subshell of three closer neighbours and
a second subshell of eleven neighbours, as shown also
in figure 3, appears then quite natural. As a side note,
the interpretation of Starikov et al of the v phase would
lead to a first subshell with 4 atoms, rather than 3 as
we find in the liquid. Unfortunately, no such analysis
of the data was addressed in [19].

The results of performing such partition for the
three temperatures considered are shown in figure
4. We see that indeed the first subshell is virtually
independent of the temperature, having its maximum
at 2.67 A. A very slight displacement to smaller r
is however observed, which is compatible with the
higher kinetic energy available to the particles at higher
temperatures. The second subshell of the first peak
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Figure 5. Distribution of angles (upper panel) and distances
(lower panel) in the local pyramidal structure.

of g(r) behaves however as expected for a system
when the temperature rises, increasing the width and
lowering the height of the maximum, whose location
decreases from 3.24 A at 1455 K to 3.21 A at 2050 K.

The lack of sensitivity of the first subshell of
close neighbours to the temperature variations may
suggest the possible existence of especially stable local
structures, formed by the atom being considered and
its first three neighbours. The four atoms obviously
form a triangular pyramid, whose characteristics we
describe below. We should mention that the quite
standard procedure of using the common neighbour
analysis to derive the type of local structure in the
liquid is however not practical if we consider triangular
pyramids. If we call the atom being considered as the
vertex (atom number 0), and the three close neighbours
the base of the pyramid (atoms 1, 2 and 3), we
characterize the local structure by the angles 612, 8103
and fy3, and by the distances among atoms of the
base, r12, 713 and r93. The distribution of angles
and distances is shown in figure 5. Both are rather
bimodal, with maxima for angles of 77 and 120 degrees,
and for distances of 3.45 and 4.83 A, with a very
small shoulder near 2.67 A, that corresponds to close
neighbours. This shows that the atoms of the base
are not in general close neighbours of each other, and
therefore the pyramid is not especially compact, and
is definitely not tetrahedron-like. On the contrary, the
atoms of the base are either within the second subshell
of the first coordination shell, or second neighbours,
and the pyramids are distinctly flatter than tetrahedra.

It is worth noting that the previous studies of 1-U
[20, 21] did not show this type of structure, displaying
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g(r) typical of simple liquids. In the case of the
classical MD study by Belaschenko et al [20] we recall
that they used EAM effective potentials, which are
less accurate than DFT, but moreover they used the
estimate of Tekuchev [32] for the liquid bulk modulus,
which from our point of view is far too low, in order
to construct their potential. Consequently, it is not
surprising that the structural properties they obtained
are substantially different from ours. The FPMD
results of Hood et al [21] also showed a simple liquid like
picture of the structure of I-U. The reasons underlying
the differences with our data can be related to three
aspects. First, the interaction between ions and valence
electrons, which was taken into account with a norm-
conserving pseudopotential vs PAW potentials in our
study. The second one, possibly the most important,
is the higher density considered in their study, which
corresponded to the density of the solid o phase, vs the
density of the liquid at melting that we have used. And
third, related to this, the higher temperature required
in their study so that the system was indeed liquid. In
fact, we have performed a short simulation run (around
3 ps long) at the density and temperature of Hood’s
study but keeping the rest of parameters of our study,
and the resulting g(r), although still different from
Hood’s, shows a first coordintation shell which displays
some asymmetry but does not indicate a clear splitting
into two subshells.

4. Collective dynamics and transport
properties.

We have investigated several collective dynamic prop-
erties including the intermediate scattering functions,
dynamic structure factors, and longitudinal and trans-
verse currents. These correlation functions have a de-
pendence on the wavevector ¢ which, for an isotropic
system, reduces to a dependence on ¢ =| ¢'| only.

4.1. Definitions

The microscopic number density and particle current
in reciprocal space are defined as [36]

N

p(d,t) = exp[—iq- R;(t)], (1)
j=1

and

- N —

i(q,t) = Z ;(t) exp[—iq - R;(t)], (2)

where éj and ¥; denote the position and velocity of
particle j.

The microscopic current can be decomposed into
its longitudinal and transverse components, parallel
and perpendicular to the wavevector ¢ respectively.
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The longitudinal term is completely determined by
its module and can therefore be considered a scalar
quantity, whereas the transverse current is a genuinely
vectorial quantity.

J(@t) == j(q,t) (3)

QR

—

ir(@.t) = j(@1) - gmqt t) (4)

From these collective microscopic functions, the
autocorrelation functions are defined as [36]

1

1
1

Fla0) = 57 (@ )" (@,0)) o)
Cula1) = 5 Gu(@ 0T 0) ()
and

Cr(a,1) = 55 (Frl@t) - Gi@0)) 7

which are the intermediate scattering function, and
the longitudinal and transverse current correlation
functions. In the previous equations, the averages
are taken over time origins and over wavevectors
with the same module. Their Fourier Transforms
into the frequency domain are the dynamic structure
factor, S(q,w), which describes the spectrum of
collective density fluctuations, and the longitudinal
and transverse current spectra, Cr(q,w) and Cr(q,w)
respectively.  Due to its definition, it is verified
that Cr(q,w) = w?S(q,w)/q?, and consequently they
contain the same information. However, the w? factor
will tend to weaken the features for small frequencies
and enhance those of higher frequencies.

These functions provide much information, since
they not only describe the overall motion of the liquid’s
atoms, but also indicate the different mechanisms by
which the system responds to perturbations of specific
character, either relaxing them or propagating and
attenuating them. FEach of the relaxation modes
contributes to the spectra with a function peaked
at w = 0, and each propagation mode contributes
with a term peaked at the corresponding propagating
frequency. The final form of the spectra is the sum of
all contributions and therefore the spectra may or may
not show peaks at non-zero frequencies, depending on
the relative frequencies, widths and intensities of each
mode, but the presence of such peaks give in general
indication of existence of a propagating mode. When a
peak appears in S(gq,w) we will denote the frequency of
the peak as ws(q). Similarly we define wy,(¢q) and wr(q)
as the frequencies of the peaks in C,(q,w) and Cr(q,w)
when they exist. We additionally define several other
characteristic frequencies, obtained from the second
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moments of the normalized spectra. This way we have
[36]

wi(a) = / do S () /Flgt = 0) = F2L0

mS(q)’

WB(g) = / dw W*C1(g,w) [Cr(q,t = 0). (9)

(8)

w, (q) = /dw Ww?Cr(q,w)/Crg,t =0). (10)
These three characteristic frequencies are linear in ¢ in
the hydrodynamic regime, i.e., for long wavelengths,
q—0,

wolq) = erq,

elast

wae(q) = cg g,
(

(11)
war(q) = g,
elast

where cr is the isothermal sound velocity, and cj
and 1%t are respectively the elastic (also called
high-frequency or infinite-frequency) longitudinal and
transverse velocities [36].

In this same regime, the frequencies of the maxima
of S(¢q,w) and C(¢,w) also vary linearly with ¢, with
a common slope given by the adiabatic speed of sound,
¢s, 80 that ws(q) — ¢5 ¢q, and wr(q) — ¢ ¢g. Since
a liquid cannot sustain shear waves on a macroscopic
scale, Cr(q,w) does not show side peaks for ¢ — 0,
but after a propagation gap, 0 < g < gg4, viscoelasticity
sets in and transverse waves start to propagate. In the
vicinity of g4, the maxima of the transverse current
correlation function behave as [36]

wr(q) — ay/q* —q2.

All the velocities considered above can be related
to the corresponding moduli, through the relations
Kr = pmck, Ky = pmc?, Ko = pm(cflast)?
and Goo = pm(cf!®Y)2, where Kp is the isothermal
bulk modulus, already introduced before, K, is the
adiabatic bulk modulus, K, is the elastic or infinite-
frequency bulk modulus and G is the infinite-
frequency shear or rigidity modulus. Note that G
should not be confused with the liquid’s shear modulus,
G, which is strictly zero since the liquid flows. Only if
the liquid would be deeply undercooled near the glass
transition temperature G, would be comparable to
the corresponding G of the (solid) glass [37], but this
is not the case in the present study (and no glassy U
has ever been synthesized).

Finally, we introduce two adimensional ratios.
The first is the specific heats ratio, v = Cp/C,, which
is also given by v = K/Kr. The other one is the
Poisson ratio, 0 = (3K — 2Gx)/(6Ko + 2G).
Although for solids the Poisson ratio can be obtained
from wave velocities, the absence of transverse waves
for small ¢ in a liquid makes the previous definition
more adequate.

(12)
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Figure 6. spectra,

4.2. Transverse currents and viscosity

We plot in figure 6 the FPMD normalized transverse
current spectra obtained for 1455 K. We observe
that the smallest wavenumber compatible with our
simulation setup, ¢min = 0.448 A=, is already beyond
the propagation gap for transverse waves, since the
spectrum shows a well defined maximum. The analysis
of the dispersion relation will be performed below.
Here we just further mention the shape of Cr(q,w)
for ¢ approaching 2 A~! and above. Even if only
one maximum can be observed, the shape suggests
the presence of two modes, with the high frequency
one producing a shoulder rather than a peak. This
type of behaviour has also been observed recently in
a variety of liquid metals, and seen to become more
pronounced at increased pressure, where the second
mode does lead to a maximum in Cp(g,w) [27, 38, 39].
An explanation for the appearance of the second mode
was put forward in the cases of 1-Zn and 1-Sn [39]
by using mode coupling ideas, where longitudinal and
transverse modes couple indirectly within the whole
wavevector range and not only at the same value
of q. We also indicate that the higher temperature
transverse currents behave in a qualitatively identical
way.

A Dbenefit of knowing the transverse current
correlation functions is that it enables the calculation
of the shear viscosity of the melt, which is a most
important transport property that influences the way
the liquid flows. The details of the procedure can
be found in [36], but the basic idea is that the time
integral of C'r(g,t) can be used to define a wavevector
dependent shear viscosity, 1(q), whose long wavelength
limit is the macroscopic shear viscosity, . To our
knowledge there is only one reported measurement of
the viscosities of 1-U by Ofte [40], using an oscillating
cup viscosimeter, in a temperature range from 1414 K
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Figure 7. Kinematic viscosity of 1-U. Experimental data for the
dynamic viscosities have been converted to kinematic viscosities.
Triangle: experimental measurement [40]. Squares: Ofte’s
correlations [40]. Crosses: IAEA correlation [3, 41]. Circles:
present FPMD results. The inset shows the extrapolation
procedure and a visual estimate of the uncertainty in the value
of v.
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Figure 8. longitudinal spectra,

(near the melting point) to 1521 K. These data were
then fitted with two different temperature dependent
formulas. At the time of those measurements (1967) 1-
U was found to be the most viscous pure liquid metal,
with 7 = 6.5 cP at the melting point. One reason
for this high value is the large atomic mass. If we
consider the kinematic viscosity, v = 1/(pm), then the
values are similar to other liquid metals. There is an
additional temperature dependent expression for the
viscosity of I-U, which is the one recommended by the
TAEA [3] up to 2973 K, that surprisingly is not based
on any actual measurements, but on a hard-sphere
formula with parameters obtained from an estimation
of the viscosity at melting through Andrade’s formula
[41].

We have calculated the kinematic viscosities
using the procedure outlined above for the three
temperatures studied, and the results are compared
in figure 7 with the experimental meausurement at
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Figure 9. Dynamic structure factor, S(q,w), of I-U at several
q values and different temperatures. The lines have the same
meaning as in figure 1, and the results for higher temperatures
have been shifted upwards for clarity.

melting, the two formulas provided by Ofte [40] (even
if outside the proposed range of validity) and the one
recommended by TAEA [3]. The overall comparison is
satisfactory, but in any case it would be useful to have
further measurements of 7, even if only to update the
TAEA recommendations. In fact, some containerless
techniques have been developed for the measurements
of the viscosity [42], which alleviate problems related
to the reactivity of the sample at high temperatures,
that may be suited for this type of system.

4.3. Longitudinal currents

The normalized longitudinal current spectra corre-
sponding to 1455 K are shown in figure 8, where we
can clearly appreciate the dispersion of the longitudi-
nal mode as a function of wavevector. The results for
the higher temperatures are qualitatively very similar.
Below, we consider in more detail the dispersion re-
lation wr,(q) together with that corresponding to the
dynamic structure factor, ws(q), and their second mo-
ments.

4.4. Dynamic structure factor

In figure 9 we plot the dynamic structure factors ob-
tained from our simulations at the three temperatures
considered, for several g values below g, where clear
side peaks, indicative of propagating collective density
fluctuations, are observed. The corresponding frequen-
cies are basically independent of the temperature.

As mentioned above, the presence of peaks
(or shoulders) in S(g,w) can be related to the
existence of propagating modes. There have been
recent discussions about the existence and nature of

0.04

0.03

0.02

0.01

S(q,0), C; 1(q.®)

® (ps’)

Figure 10. Dynamic structure factor and scaled (so as to fit
in the graph) longitudinal and transverse current correlation
spectra of 1-U at 2050 K for ¢ = 0.52¢p = 1.627 A=1. Full green
line is S(g,w), long-dashed red line is Cr (g, w) and short-dashed
blue line is CL, (g, w).

additional propagating modes in S(g,w) in the region
of wavevectors near ¢,/2, so called the first pseudo-
Brillouin zone. The first experimental observation
of such feature was made by Hosokawa et al in
an IXS measurement of the S(q,w) in 1-Ga [43].
Thereafter, similar excitation modes were detected
in the S(q,w) of 1-Na, 1-Sn, l-Fe, 1-Cu and 1-Zn
[44, 45, 46, 47, 48]. Moreover, computer simulations
have confirmed this type of feature for several liquids,
adding 1-Ni to the list above [43, 49, 50]. The
frequency of these excitations is numerically close
to that of transverse waves at the same wavevector,
and consequently these peaks were considered to be
signatures of transverse acoustic modes visible in
the S(q,w) and incidentally also in Cp(q,w). Their
existence is quite clear, but this interpretation in
terms of transverse excitations is not universally
accepted because symmetry considerations inhibit
a direct transverse-longitudinal coupling. Indirect
coupling (mode coupling) may be the answer, but other
possibilities about the nature of the excitations can also
be put forward, and to date no clearcut explanation
about their nature has been given. We see in figure
9 that 1-U also displays such an intermediate peak for
g = 0.52 gp, but this only happens as the temperature
is increased. In any case, the range of ¢ values where
these modes are observed is very limited, since they are
not visible in the neighbouring ¢-values allowed by the
simulation setup. We also note again the coincidence
in the frequencies of the additional feature in S(g,w),
that also appears in the longitudinal current spectrum,
and the maximum in Cr(g,w) as detailed in figure 10.

4.5. Dispersion relations and long wavelength limits

Figures 11 and 12 show the dispersion relations
associated to longitudinal and transverse excitations
respectively. In the left panel of figure 11 we plot
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Figure 11. Left panel: longitudinal dispersion relations of 1-U
at 1450 K. Right panel: corresponding phase velocities. Filled
squares: ws(q), filled circles: wp(q), open squares: wr,(g), open
circles: way(q).

the peaks and the second frequency moments of
S(q,w) and Cr(q,w) at 1455 K. As mentioned above
ws(g) only exists in a limited ¢ range, but all the
other characteristic longitudinal frequencies are visible
at any ¢. In order to obtain estimates for the
macroscopic velocities we have plotted in the right
panel the phase velocities, w(q)/q, in a limited ¢
range, and extrapolated the data to ¢ — 0. Note
that the data are compatible with the absence of any
positive dispersion effect, and therefore we used a
quadratic decreasing function of ¢ for performing the
extrapolations. Additionally we have forced the same
limit for the phase velocities associated to ws(q) and
wr, (q)

We have followed the same procedure for the
second moments of the transverse current spectra,
wat(q). In the case of the maxima we have fitted the
wr(q) to (12). Tt turned out that the results for all
temperatures could be well described by a single set
of parameters (i.e. the propagation gap, ¢, and «
could be considered temperature independent). Even
though wr(g) behaves non-analytically, the variation
not too close to g4 is quasilinear and a transverse group
velocity can be defined from the slope. Note that this
is clearly smaller than the elastic transverse velocity, a
behaviour similar to that of longitudinal waves, where
the adiabatic sound velocity is smaller than the elastic
longitudinal one.

From the obtained velocities we have computed
the correspondig moduli, the specific heats ratio -~
and Poisson ratio o. All the data for the three
temperatures are compiled in table 2. We observe
that the adiabatic and elastic magnitudes are basically
temperature independent. The isothermal magnitudes
do change with temperature and also the value of ~
which depends on them. The value obtained for the
Poisson ratio can be compared to those measured for
policrystalline solids [51] at the « and [ phases, the
first in the range 0.21 to 0.32, the second around 0.5,
while no data was reported for the v phase.
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Figure 12. Dispersion relation of transverse waves for the
three temperatures considered. Circles: wr(q), triangles: wat(q).
Dashed line: linear dispersion with slope given by c?laSt.
Continuous line: common fit of the data corresponding to the
three temperatures to (12). Color codes are the same as in figure
1.
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Figure 13. Mean square displacement of 1-U for the three
temperatures considered. Lines have the same meaning as in
figure 1. The main figure is displayed with logarithmic axes,
while the inset is shown with linear axes.

5. Single particle dynamics and transport
properties.

The mean square displacement of an atom in the liquid,
SR2(t) = (|[R(t) — R(0)[?), and the normalized velocity
autocorrelation function, Z(t) = (¥(t) - ¥(0))/{v?),
are two of the most important single-particle dynamic
properties. For short times 6R?(t) has a ballistic
(quadratic in time) behaviour, since the atom does not
feel the presence of others and the motion is dictated by
the thermal velocity, v/ kgT/m, whereas for long times
it shows a diffusive (linear in time) behaviour, after
undergoing many collisions. The diffusion coefficient,
D, is in fact one sixth of its slope for long times. Z(t)
on the other hand, measures the way that the particle
loses memory of its original velocity; it decays to zero
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Table 2. Isothermal sound velocity, adiabatic sound velocity, elastic longitudinal and transverse velocities, isothermal bulk modulus,
adiabatic bulk modulus, infinite frequency bulk modulus and shear modulus, specific heats ratio and Poisson ratio for 1-U at the

three temperatures considered.

T (K) cr (m/s) cs(m/s) g™ (m/s) ¢ (m/s)

Kr (GPa)

K (GPa) Ko (GPa) Goo (GPa) « o

1455
1705
2050

2190
2150
2120

2508
2570
2515

3101
3098
3199

1685 78
1690 84
1702 92

1.31
1.43
1.41

0.366
0.364
0.370

108
114
109

166
165
176

48.9
49.2
50.0

for large times, since after many collisions the velocity
becomes completely uncorrelated with the original one.
At intermediate times it often takes negative values,
related to the backscattering after a collision with
particles in the near neighbours shell, and at short
times its curvature is related to the Einstein frequency,
wp, which gives an idea about the frequency of the
atomic vibrations inside the near neighbours cage [36].
Note that D can also be obtained from the time integral
of Z(t).

The Fourier Transform of the velocity autocorre-
lation function, named the power spectrum, Z(w), pro-
vides a more accurate description of the vibrating fre-
quencies of the atoms, usually displaying a main max-
imum and either another maximum or a shoulder at
a higher frequency, with wg lying somewhere between
the two [36].

Figures 13 and 14 show respectively the mean
square displacement and Z(t) and its power spectrum.
We observe the increase of the thermal velocity and
also the diffusivity as the temperature is raised. The
transition from the ballistic to the diffusive regime
occurs basically in the same timescale for the three
temperatures considered. The general shapes of Z(t)
and Z(w) are rather usual, with the frequencies of the
maximum and the shoulder insensitive to temperature
but widened as the temperatue increases.

The observed emergence of the second trasverse
mode for several liquid metals discussed previously
has also been linked to the observation of a clear
double peak structure in Z(w). In particular, it has
been proposed that the low/high frequency peak in
Z(w) is related to the low/high frequency peaks of
Cr(q,w) in the region where they hardly disperse,
i.e. for g somewhat above ¢,/2. There have been
however several investigations about the origin of the
two characteristic frequencies in the power spectrum,
by resorting to the mode-coupling approximation of
Gaskell and Miller [52], where the Z(t) is evaluated in
terms of two contributions representing the coupling of
the single particle motion to the collective longitudinal
and transverse currents respectively. The method
has been used for several metallic systems such as 1-
Si, 1-Na, 1-Zn and 1-Sn [27, 39, 49, 53] and it has
been shown that the low frequency peak and the
high frequency shoulder/peak in the Z(w) arise from

0.8
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Figure 14. Normalized velocity autocorrelation function of 1-
U at the three temperatures considered. The inset represents
its corresponding power spectrum Z(w). Lines have the same
meaning as in figure 1.

Table 3. Calculated values of the self-diffusion coefficient (D),
Einstein frequency (wg), and kinematic shear viscosity (v) for
the different states. The uncertainties in D reflect the differences
between its calculation from the mean squared displacement and
from the velocity autocorrelation funcion. Also shown are the
ratios related to the fulfilment of the Stokes-Einstein relation.

2 2 4
TK) DA wss) v(h) e (An)
1455 0.21£0.01 14.00 20.34 + 1.34  4.15x 103
1705 0.2940.01 14.25 24.69 + 1.13  4.16 x 103
2050 0.4240.01 15.04 18.71 + 0.85 3.83x 1073

the transverse and longitudinal components of Z(t)
respectively. Figure 15 suggests that this is also the
case for 1-U. The low frequency maximum of Z(w)
basically coincides with the frequencies of the main
peaks of the transverse modes in the region above the
first pseudo-Brillouin zone. On the other hand, the
high frequency shoulder in Z(w) basically coincides
with the maximum in the longitudinal dispersion
relation.

In the systems where the second transverse
modes show up clearly it wusually happens that
its frequency above the first pseudo-Brillouin zone
basically coincides with that of the maximum of the
longitudinal dispersion relation. This was explained
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Figure 15. Relation between the power spectrum Z(w) and the
longitudinal and transverse dispersion relations for 1-U at 2050
K.

in [39] because in this ¢ region the weight of the
coupling between transverse and longitudinal currents
is maximum when the wavevector of C'r(¢q,w) is around
dp/2. As a consequence, the contribution of these high
frequency transverse modes to Z(w) adds up to the
contribution of the longitudinal modes, which is always
present.

The values of the diffusion coefficients and Ein-
stein frequencies obtained from the FPDM simulations
are given in table 3. There is no experimental value of
D to compare with, but there is some estimation based
on the measurement of the viscosity [40] and its rela-
tion with diffusivity through the Stokes-Einstein rela-
tion. Such procedure leads to a value of D« = 0.192
A?/ps at the melting point.

The Stokes-Einstein relation connects the diffu-
sion coefficient of a sphere of radius r in a fluid with
the fluid’s shear viscosity. This relation can be written
as Dnr/T = a, where a is a constant that only depends
on the type of boundary conditions (slip or stick). It
has however been applied in many cases to the motion
of an atom (instead of a sphere) in a liquid, where r
is then taken as an effective atomic radius. In practi-
cal applications r is often taken as the position of the
maximum of g(r). In the particular case of I-U this is
a troublesome criterion due to the shape of g(r), but
nevertheless, since the positions of the two subpeaks
hardly change with temperature we can safely asume a
temperature independent value for r. Also, taking into
account that we have considered states with the same
density, we can also substitute the dynamic viscosity
by the kinematic one, which would lead to a simple
change in the constant a. There is no clearcut reason
for the applicability of the Stokes-Einstein relation for
an atom in a liquid, and therefore having both values
of D and v at several temperatures it is of interest to
check if such relation holds. The values of Dv/T are

12

shown in table 3, where we observe that at the two
lower temperatures the Stokes-Einstein relation holds
accurately, but it does not at 2050 K.

6. Conclusions.

We have found the structure of liquid U as very peculiar
among single component liquid metals. The static
structure factor shows a shoulder on the low ¢ side
of the second peak that gets enhanced upon cooling,
in contrast with other liquid metals where it is the
shoulder at the high ¢ side of the second peak that
shows such behaviour. The real space structure is
even more unusual, showing a split first peak of g(r),
with a temperature independent subshell of 3 close
neighbours within a 14-atom first coordination shell.
The arrangement of the atoms in the fisrt subshell is
that of flattened triangular pyramids. The structure
shows some resemblance of a recently proposed quasi-
bee structure for solid « uranium.

In the dynamic properties we find the appearance
of additional propagating modes in S(g,w) near the
border of the first pseudo-Brillouin zone, but only at
the highest temperature studied, that is, the state
further apart from the solid. Except for this peculiarity
the dynamic properties of liquid U are not particularly
different from those of simple liquid metals.

The evaluated elastic and adiabatic wave velocities
and moduli change little with temperature, but one
should keep in mind that these results have been
obtained at constant density. Consequently we can
infer that the values of these properties are mainly
density driven.

Finally, we mention that there is in general a
scarcity of experimental data for the liquid to compare
with our results. This could possibly be caused by
the challenging experimental conditions. However,
some other related systems, as uranium dioxide,
whose melting temperature is much higher and whose
whose chemical reactivity at such high temperatures
may also be problematic, has indeed been recently
studied experimentally. Therefore, we expect that this
study may spur some new measurements that could
assess the predictions obtained in our simulations, and
would be useful to reassess some recommendations
for magnitudes such as the temperature dependent
viscosity.
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