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Density-driven phase transformations are a known phenomenon in liquids. Pressure-driven transitions
from an open low-density to a higher-density close-packed structure were observed for a number of
systems. Here, we show a less intuitive, inverse behavior. We investigated the electronic, atomic, and
dynamic structures of liquid Rb along an isothermal line at 573 K, at 1.2-27.4 GPa, by means of ab initio
molecular dynamics simulations and inelastic x-ray scattering experiments. The excellent agreement of
the simulations with experimental data performed up to 6.6 GPa validates the overall approach. Above
12.5 GPa, the breakdown of the nearly-free-electron model drives a transition of the pure liquid metal
towards a less metallic, denser liquid, whose first coordination shell is less compact. Our study unveils the
interplay between electronic, structural, and dynamic degrees of freedom along this liquid-liquid phase
transition. In view of its electronic nature, we believe that this behavior is general for the first group

elements, thus shedding new light into the high-pressure properties of alkali metals.
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The high-pressure behavior of solids and liquids is one of
the most fascinating topics in modern condensed matter
physics. Especially in crystalline metals, the extreme
conditions can lead to several structural transformations,
appearance of exotic structures, and unusual pressure-
induced metal-nonmetal transitions [1-7]. The case of lig-
uid metals under high pressure is much less investigated:
only a few studies suggested structural transformations
affecting the short-range order, resembling those reported
in solids. Recently, a possible metal-nonmetal transition in
liquid Na [8] and a tetrahedral clustering of nearest neigh-
bors in liquid Li at pressure ~150 GPa [9] were reported
using ab initio molecular dynamics (AIMD) simulations.
Jointly with experimental observations in solid Li [10],
these discoveries set a stage of unusual properties and
new structural transformations in liquid metals at high
pressures and temperatures. AIMD simulations were also
successfully applied in high-pressure studies of structural
features of other liquid alkali metals, such as Cs [11,12] and
Rb [13], and in liquid Si [14].

The opinion that alkali metals are, due to their nearly-
free-electron character, prototypical simple liquids has
always been a well-buttressed one. Recent discoveries,
however, indicate that this paradigm no longer holds at
extreme conditions. Remarkably, high-pressure dynamical
properties—such as single-particle diffusion and sound
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propagation—are largely unexplored for liquid alkali met-
als [15]. Yet, the knowledge of the dynamics has strong
implications on the physical state of a system. We have
recently shown that the collective dynamics changes dra-
matically with pressure, allowing one to identify liquidlike
and gaslike behavior even beyond the critical point [16,17].

Among the alkali metals, Rb possesses the least known
phase diagram [18]. Solid Rb is experimentally known
to exist in six structural phases [2] up to ~30 GPa [19],
including the exotic Rb-III [20] and Rb-IV phases [21,22].
The latter has an incommensurate composite structure,
comprised of a tetragonal host framework and a simple
body-centered tetragonal guest [21,22]. The melting curve
is known only up to ~10 GPa, and the structure of liquid
RD at pressures higher than 6.1 GPa is completely unknown.
Here, we present a combined AIMD and experimental
study of liquid Rb above the melting line, shedding new
light onto the structural and dynamic features under high
pressure. The computational effort was initiated by inelastic
x-ray scattering (IXS) experiments on liquid Rb, performed
for pressures up to 6.6 GPa at 573 K, and were extended for
much higher pressures because of the observed increase of
the calculated ratio of specific heats y, while for ordinary
liquids vy is expected to decrease with pressure.

AIMD simulations were performed at eight different
densities and 7 = 573 K in liquid Rb using a system of
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300 particles in a cubic box. The initial configurations were
taken from classical molecular dynamics simulations with
subsequent equilibration over ~5 ps in the NVT ensemble.
Production runs took at least 38 ps at each pressure.
The electron-ion interactions for Rb were represented by
projector-augmented-wave potentials [23] with seven va-
lence electrons in order to take into account semicore
electrons. The electron subsystem was treated within the
density functional theory with the generalized gradient
approximation in the Perdew-Burke-Ernzerhof formulation
[24,25] applied for the exchange-correlation functional.
The cutoff energy in the expansion of electron wave func-
tions in a plane wave basis was 290 eV. For the construction
of the electron density, only the I' point of the Brillouin
zone was used; this was sufficient in our large simulated
system [26] and according to previous tests in other alkali
metals [8,9]. The smallest wave numbers k sampled in our
ab initio simulations ranged from 0.224 A~! at pressure
1.2 GPa to 0.322 A~ at P = 27.4 GPa.

The dynamic properties were calculated from the time
evolution of the particles’ positions, velocities, and forces.
The diffusion constant was obtained from the Kubo inte-
grals of the velocity autocorrelation functions and was in
excellent agreement with the values of the diffusivity D
calculated from the linear long-time asymptotes of the
mean square displacements. The collective dynamics was
studied by means of the density-density and longitudinal
current-current time correlation functions. The length of
the time correlation functions was taken to be 12 ps in
order to calculate the fine resolution of the current spectral
functions CL(k, w), where w is the frequency. The peak
positions of C*(k, w) resulted in the dispersion of collec-
tive excitations, and the corresponding values of the ap-
parent speed of sound (c,p,) were estimated at the smallest
wave numbers. For analysis of the time correlation func-
tions and estimation of the adiabatic speed of sound ¢, and
the ratio of specific heats y, we used the approach of
generalized collective modes (GCMs) [27] based on gen-
eralized hydrodynamics and the well-elaborated thermo-
viscoelastic dynamic model [28,29].

For the purpose of our work, the electron localization
function (ELF), which measures the probability of finding
an electron in a specific portion of space relative to a
reference electron, was directly derived by the electron
density calculated by the AIMD simulations through the
density functional theory formalism [30].

The IXS experiment was performed at the ID28 beam
line of the European Synchrotron Radiation Facility. High-
purity Rb (99.6% purity from Sigma Aldrich) was loaded
in a membrane-driven diamond anvil cell equipped with
600 wm culet size diamond anvils. The sample was placed
in a 150 um diameter and an 80 pwm thick hole in a
preindented Re gasket. The diamond anvil cell was placed
inside a vacuum chamber especially designed for IXS
experiments on fluids [31]. The dynamic structure factor

was simultaneously measured at nine different momentum
transfer values in the range 2—15 nm™!. The overall instru-
ment resolution was set at 1.4 meV using the (12 12 12) Si
reflection of the analyzers (E = 23.725 keV). Three
experimental points were measured along an isotherm at
573 K up to 6.6 GPa. The pressure was estimated by means
of the Re gasket diffraction lines with an uncertainty of
about 0.5 GPa. The sample quality was checked several
times by measuring the static structure factor S(Q) and
comparing it to literature data [32].

The electronic density of states measured by the AIMD
computational experiments displays remarkable changes
as a function of pressure [see Fig. 1(a)]. The location of
the Fermi level in the conduction band provides evidence
of metallic behavior throughout the explored thermody-
namic region. In stark contrast to liquid Li at very high
pressures [9], we do not observe the appearance of any
pseudogap in the electronic density of states at the Fermi
level. In simple metals, the nearly-free-electron model
predicts an increase of the Fermi energy with pressure,
due to the broadening of the conduction band. Accordingly,
Er monotonically shifts towards higher energies with resp-
ect to the bottom of the conduction band. This is not what
we observe in liquid Rb at high pressures. The distance
from the Fermi energy to the bottom of the conduction
band Er — E; increases up to ~12—-13 GPa as in simple
metals, but it decreases afterwards [Fig. 1(b)]. Figure 1
suggests that the nonsimple metallic behavior of Ep — E
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FIG. 1 (color online). Pressure dependence of the electronic
density of states. Pressure dependence of (a) the I/-projected
electronic states and of (b) the width of the conduction band.
E, and Ep are the bottom of the conduction band and the
Fermi energy, respectively. (c) The isosurface (blue shaded
areas) of the ELF at the value 0.60 in snapshots of simulations
at pressures 27.4 and 1.2 GPa.
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versus pressure is due to the increased filling of the
4d-electron band: the conduction electrons that are mainly
of s type at pressure ~1.2 GPa acquire a predominantly
d-type character at high pressures.

In Fig. 1(c), we show the ELF isosurfaces calculated for
the lowest and highest pressures investigated in our simu-
lations. They give an insight into the spatial distribution
of the electron wave functions at the two pressures. As
expected, only a few regions reach an ELF reference value
of 0.60 at P = 1.2 GPa, while at 27.4 GPa the electrons are
strongly localized in the interstitial regions, reaching ELF
values as high as 0.91. Yet, in contrast to solid systems [33]
where the voids in interstitial regions can be well separated
and a gap appears at the Fermi level, in the case of liquid
Rb, the interstitial regions are interconnected. This pro-
vides the rationale for our explanation of the metallic
nature of liquid Rb at high pressure.

The observed electronic behavior is mirrored in its
structural and dynamical counterparts. The pair correlation
function g(R) calculated for different pressures is shown in
Fig. 2(a). The main peak of g(R) increases in height, gets
narrower, and shifts towards smaller R upon compression.
The shift of its position R, as a function of the atomic
volume V is shown in Fig. 2(c) and shows a reduction oof
the mean distance between nearest neighbors from 4.42 A
at 1.2 GPa to 3.04 A at 27.4 GPa. In agreement with
simulations of liquid Cs at high pressures [12], this depen-
dence is a monotonic function of pressure, although for
P higher than 12.4 GPa, a substantial deviation from the
linear behavior predicted by the uniform compression
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FIG. 2. Pressure dependence of atomistic  structure.

(a) Evolution of the pair distribution functions g(R) in liquid
Rb at 573 K in the pressure range 1.2-27.4 GPa (curves are
vertically shifted by 2 for clarity). (b) Number of nearest neigh-
bors as a function of pressure. (c) Position of the main peak of the
g(R) (symbols) versus V!/3 and the prediction of the uniform
compression model (dashed line). The arrow indicates the pres-
sure at which R,,, deviates by the uniform compression behav-
ior. It is consistent with the pressure at which the number of
nearest neighbors starts to deviate from an average value of 13.5.

model [32] is observed. The evolution of the number of
next-nearest neighbors (NNN), i.e., the mean number of
particles in the first coordination shell, shows a remarkable
behavior versus pressure [see Fig. 2(b)]. Below 10 GPa, the
NNN stays constant at ~13.5 particles. Above 12.4 GPa,
we observe a gradual reduction of the number of particles
in the first coordination shell, with NNN reaching ~10.4
at 27.4 GPa. This is consistent with the appearance of a
secondary maximum around 4-5 A developing between
12.4 and 27.4 GPa, strongly suggestive of a second coor-
dination shell. Remarkably, the bcc-fee-liquid Rb triple
point is roughly located in the P-T region 0.93-10.2 GPa
and 490-520 K [18], and above 12 GPa, solid Rb under-
goes a further phase transition to Rb III associated with a
large volume change [19]. The structural transformation
that we observe occurs in the proximity of this portion of
the solid phase diagram, at striking similarity with liquid
Cs under pressure [12], where an analogous reduction of
the NNN from 13 to 7-8 was observed at 493 K, in the
pressure region of the bce-to-fcc transition. We remark that
the observed structural deviation from a simple liquid
behavior in Rb at high pressure coincides with the non-
monotonic trend of its electronic counterpart; i.e., the
structural changes are supported by the transformations
occurring in the electronic states.

The analysis of thermodynamic properties provides
further support to the existence of a liquid-liquid phase
transition. While we could estimate the specific heat at
constant volume cy, the one at constant pressure cp cannot
be directly obtained from AIMD simulations. On the con-
trary, the ratio y = cp/cy can be determined within the
GCM scheme by the generalized hydrodynamic analysis of
the density-density time correlation functions. The pres-
sure dependence of +y is shown in Fig. 3(a). It shows a steep
increase in the low-pressure region up to about 13 GPa,
followed by reduced 7y values above 15 GPa. This testifies
the existence of a Widom line between a low-density and
high-density phase, as suggested for the case of super-
cooled water [34]. A direct inspection of the P-V equation
of state (Fig. 3) corroborates our conclusions. Specifically,
a finer inspection of the region 9-17 GPa, using a reduced
system containing 64 Rb atoms, shows a slope disconti-
nuity for V =~ 35.0-35.5 A3. This implies a rapid increase
in the isothermal compressibility k; = =V~ 1(aV/dP); at
the pressures ~13 GPa, again a clear signature of a liquid-
liquid transition occurring in compressed liquid Rb.

The liquid-liquid transition is revealed also by looking at
the dynamic properties of liquid Rb at high pressure. It is
well documented that the adiabatic sound velocity reflects
the combined critical behavior of structure and thermody-
namics, namely, y/S(k — 0), S(k) being the static struc-
ture factor [35]. Furthermore, according to the theory of
dynamic critical phenomena [36,37], it is possible to
observe a reduction in the adiabatic speed of sound by
approaching the liquid-gas transition or the demixing limit
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FIG. 3 (color online). Thermodynamic properties of liquid Rb
at 573 K, as a function of pressure. (a) The ratio of the specific
heats y versus pressure. Lines are guides for the eye. (b) P-V
equation of state of liquid Rb at 573 K. The reduction of the P-V
slope in the region about 12.9 GPa (arrow) corresponds to an
increasing isothermal compressibility. In the inset, the full P-V
curve is shown: results obtained from AIMD simulations with
300 (cross symbols) and 64 (plus symbols) particles.

in binary liquids. Remarkably, we show in Fig. 4 a slope
discontinuity in the pressure behavior of the instantaneous,
hypersonic sound velocity as determined by GCM applied
to the AIMD data, which cannot be simply traced back to the
above mentioned structural and thermodynamical critical-
ities. Such anomalous behavior of a collective, nonadiabatic
dynamical property pairs with the single-particle dynamics
counterpart, as emphasized by the pressure dependence of
Rb atom diffusivity D, shown in Fig. 4. At ~10-13 GPa,
D(P) flattens, providing evidence of an essential reduction
in the core radius of Rb atoms as it follows from a relation
between the particle size and diffusivity [38].

To validate the goodness of the computational approach,
we benchmarked the dynamic structure properties obtained
by the AIMD simulations against IXS experimental data
(red points in Fig. 4) up to 6.6 GPa. The agreement on the
sound velocity is excellent but not exclusive, as the overall
similarity extends over the entire S(k, w) functions.

Liquid polyamorphism [39] in alkali metals and other
systems showing melting curve maxima was predicted
within the Rapoport two-state model [40]. It was noted,
there, that the regular solution model used to fit the data
implied the possible existence of a first-order liquid-liquid
phase transition at some low 7', below the stable liquidus,
terminating in a critical point hidden in the undercooled
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FIG. 4 (color online). Pressure dependence of dynamic prop-
erties. The diffusion coefficient D (filled symbols) and the
apparent speed of sound c,,, (open symbols) in liquid Rb at
573 K as a function of pressure. Red dots with error bars are
experimental findings after IXS measurements. The ambient
pressure point (blue symbol at 0 GPa) measured at 600 K by
inelastic neutron scattering is from Ref. [41].

liquid, and inferring a Widom line crossing in the equilib-
rium liquid. The results of our study are very much in
agreement with the suggestions of the two-state model,
and we believe this further confirms our conclusions of a
liquid-liquid transformation in liquid Rb at high pressure.

In summary, exploring the pressure range 1.2-27.4 GPa
along an isotherm by a combination of AIMD and IXS
experiments, we witness the breakdown of the nearly-free-
electron model in liquid Rubidium, providing convincing
evidence of a liquid-liquid phase transition. This phenome-
non can be traced back to an enhancement of the electronic
localization, from a simple low-density metallic liquid to an
essentially 4d-electron high-density liquid. The 4d band
becomes occupied at high pressures, and the valence elec-
trons have predominantly d character, thus favoring cova-
lent bonding. Accordingly, structural and thermodynamic
properties show the typical features associated with a phase
transition. Most interesting, we unraveled the critical behav-
ior of collective and single-particle dynamics, i.e., a sharp
change of slope occurring upon compression at the transi-
tion, suggestive of Widom line crossing, recently proposed
for the cases of water [34] and supercritical fluids [16,17].
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