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Universal acoustic dispersion in liquid alkali metals
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The high-frequency acoustic dynamics of liquid cesium has been investigated by inelastic x-ray scattering as
a function of pressure up to 5 GPa, corresponding to a volume compression of 50%. The obtained acoustic
dispersion curves are found to scale on a single master curve, which turns out to be followed also by all the
data available in the literature for liquid alkali metals, spanning a very large density range. This shows that the
high-frequency acoustic modes of these systems are largely unaffected by the details of the relaxation dynam-
ics characteristic of the macroscopic limit. Moreover, we find that a common model of interatomic potential
describes them with good approximation for very different packing fractions and electronic screening

contributions.
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The understanding of the microscopic dynamics in liquids
and especially of its relation to the interparticle potential is a
long-standing issue.! A great number of theoretical and ex-
perimental studies have been devoted to it over the years,
mostly focusing on simple liquids with isotropic pair inter-
action, such as rare gases and alkali metals. The latter ones in
particular have been constantly addressed as they also allow
for the study of the electron screening on the ion-ion inter-
action in nearly free-electron systems. For example, all alkali
metals have been investigated at their melting point either by
inelastic neutron (INS) (Refs. 2-4) or x-ray scattering
(IXS),>7 two techniques that probe density fluctuations.
These experiments have revealed (i) the existence of well-
defined long-living collective excitations propagating up to
wave vectors g well beyond the region of validity of simple
hydrodynamics and (ii) a marked enhancement of the sound
velocity over the hydrodynamic limit (positive dispersion).
These common features and the existence of scaling laws for
a number of physical properties® have stimulated a theoreti-
cal effort toward a unitary description of liquid alkali metals.
In particular, Balucani et al.>'° found that the model of po-
tential developed by Price et al.'' could reproduce the struc-
tural and dynamical properties observed in liquid Na, K, Rb,
and Cs at their melting point and could assume a universal
form in properly reduced units. Specifically, they found that
(i) the static structure factor scales in the reduced exchanged
momentum g=qo, o being the position of the first zero of
the potential, and that (ii) the same holds true for the acoustic

dispersion curves ()(g) in the normalized units g and Q
=0(q) 75, where T5=\Md”/€ sets the typical timescale in
Lennard-Jones liquids, € being the potential-well depth and
M the ionic mass.”!°

So far, the experimental investigation of the high-
frequency dynamics of liquid alkali metals has been mostly
limited to thermodynamic conditions very close to the melt-
ing point, where they are characterized by a very similar
packing fraction 7=mno>/6 (n being the number density),
and only few studies were performed at high
temperature.'>'* Among them, the study of liquid Rb by
Pilgrim and Morkel® reports that in a large temperature range
the acoustic dispersion curves are basically the same as those
at melting, indicating an unchanged interparticle interaction,
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while at low-enough density drastic changes in the dynamics
were ascribed to an occurring dimerization. No experimental
data are instead available on the opposite limit, i.e., at high
densities; this limit is, however, of utmost interest as it al-
lows for the tuning of the interplay between the electronic
screening and the bare ion-ion interaction. Indeed, at high
density on one hand the electronic screening increases and
on the other hand the effect of the ion core size becomes
more relevant as the interparticle distance is reduced.

Among the alkali metals, Cs is the most favorable system
for a high-pressure investigation due to its high compress-
ibility which allows for the observation already below 10
GPa of phase transitions and changes in the electronic band
structure, which in other alkali metals are only observed at
higher pressure. For example, a first-order structural transi-
tion was recently reported in liquid Cs at =3.8 GPa, driven
by a pressure-induced s-d hybridization similar to the one
reported in the solid phase at =4.3 GPa.!>!° For this reason,
we have performed an IXS investigation of the high-
frequency dynamics of liquid Cs at high pressure, up to a
volume contraction of 50%. We show in the following that
the measured acoustic excitations scale on a single universal
dispersion curve which is actually also followed by all the
other existing data for liquid alkali metals. This clearly sug-
gests that a single model of interatomic potential is able to
describe the dynamical properties of this class of systems
with good approximation.

The IXS experiment was carried out on the ID16 beam-
line at the ESRF,'7 using an incident energy of 17 793 eV
and an energy resolution of 3 meV [full width at half maxi-
mum (FWHM)]. The spectra were collected in the ex-
changed energy range of [-20-20] meV and in the ¢ range
of [1.5-28] nm™!, with a total integration time of 450
s/point. High-purity Cs powder was loaded in a membrane
diamond-anvil cell (DAC) in Ar atmosphere. A Re gasket
was used as it is known not to react with the high-
temperature liquid.'> An external resistive heater allowed us
to keep a constant temperature at 7=493 K, measured by a
thermocouple cemented to one of the diamonds. Five pres-
sure points were investigated between 0.3 and 5 GPa, just up
to the solidification point. The pressure was derived from the
position g, of the main peak of the structure factor, S(g),
which had been previously calibrated against the equation of
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state of molybdenum'® in a dedicated x-ray diffraction ex-

periment performed on the ID09 beamline at the ESRF
These S(g) data have been analyzed in order to extract the
pair-correlation function g(r) and will be presented else-
where.

A selection of spectra collected at different pressures is
reported in Fig. 1. These spectra are directly proportional to
the dynamic structure factor S(g,w) after convolution to the
instrumental function. It is known that for liquid alkali met-
als the S(g,w) can be well described in the framework of
generalized hydrodynamics, taking into account the presence
of one or two relaxation processes.! In the present case, how-
ever, a good description of the spectra could be given (see
Fig. 1) by the simpler model based on a delta function for the
elastic line and a damped harmonic-oscillator function for
the inelastic features.!” Our results for the position of the
inelastic excitations, corresponding to the parameter () of
this model, are reported in Fig. 2 together with those for the
apparent phase velocity v={}/q. The data corresponding to
the three selected pressure points are qualitatively similar.
The application of pressure results, on one hand, in an in-
crease in the acoustic frequencies and in the sound velocity,
and—on the other hand—in a widening of the ¢ scale due to
the expansion of the pseudo-Brillouin zone. The dispersion
curve and the velocity measured by INS at the room pressure
melting point (308 K) (Ref. 3) are also shown for compari-
son (dashed lines in Fig. 2). A positive dispersion as large as
10% was in that case observed. The evaluation of the posi-
tive dispersion effect at high pressure is more difficult since,

to the best of our knowledge, ultrasound measurements are
limited to only two data sets: one extending to 0.06 GPa and
1500 K (Ref. 20) and the other to 0.7 GPa and 423 K.2! We
can use the value at 0.3 GPa and 423 K (Ref. 21) to compare
with our data set at the same pressure and 493 K [see Fig.
2(b)] as the temperature dependence of the ultrasound veloc-
ity at that pressure is found to be negligible.?! This compari-
son suggests the existence at 0.3 GPa of a positive dispersion
up to about 8%, in qualitative agreement with the room pres-
sure result.

In Fig. 2(b) we report as well, for the 3.2 GPa pressure
value, the sound velocity as derived, in the infinite-frequency
elastic limit, from the following expression:'

3kpT >V 4
vL(q>=\/ V) SR endn )

where we have used the pair-correlation function g(r) ob-
tained by us in the previously referred to diffraction experi-
ment. In this calculation, we refer to the Price potential V,
which is an empty core pseudopotential with the Coulomb
ion-ion repulsion screened by the valence electrons.!! As for
the dielectric screening function we use the one proposed by
Singwi et al.,”? successfully used also in the simulation of
liquid alkali metals at the melting point.!® This model of
potential relies on three parameters: the ion core radius
which marks the extension of the empty core region, the
effective mass, and the density of the valence electrons,
which affect the electronic screening. Following Price et
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FIG. 2. (Color online) (a) Dispersion curve and (b) phase veloc-
ity of the acoustic excitations at 0.3 ((J), 3.2 (@), and 5 GPa (A).
Dashed lines: neutron-scattering results at the room pressure melt-
ing point (Ref. 3). Full line in panel (b): infinite-frequency elastic
sound velocity at 3.2 GPa calculated using Eq. (1). Horizontal ar-
rows in panel (b): ultrasound velocities at the room pressure melting
point (lower arrow) and at 0.3 GPa and 423 K (upper arrow) (Refs.
20 and 21). The same dispersion curves are reported in reduced
units in panel (c) following Ref. 10.

al.,"! Balucani et al.,>'% and Mountain? we consider the first
two parameters as constant so that pressure affects the poten-
tial only via its explicit density dependence. From Fig. 2(b) it
is clear that the apparent sound velocity and that in the elas-
tic limit do not match, though they are close in a g range
around the maximum of the dispersion curve: the high-
frequency regime for the acoustic excitations probed by in-
elastic x-ray or neutron scattering does not correpond to the
infinite-frequency elastic limit. This observation confirms
previous results, e.g., those of a numerical simulation study
of liquid Cs at room pressure and temperature! and has been
usually discussed invoking the presence of additional relax-
ation channels.'

The dispersion curves that we measured allow us to test
over a large density range the scaling scheme originally pro-
posed by Balucani et al.'® for liquid metals at their melting
point. For this purpose, we derive from the calculated poten-
tial the parameters o and € corresponding to the investigated
densities and use them to scale our experimental data, as
reported in Fig. 2(c) for the dispersion curves of Fig. 2(a): it
is clear that they do not collapse on a single curve. Since o is
nearly density independent (the modifications induced by
pressure concern mainly the attractive part of the potential),
this implies that the density dependence of € is not able to
account for that of the acoustic frequencies. Nevertheless, the
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FIG. 3. (Color online) (a) Scaled dispersion curves and (b)
sound velocity data from the present work together with literature
results [see legend in panel (b)]. The ¢g=0 values are the corre-
sponding adiabatic sound velocities (Refs. 19 and 21). The solid
line corresponds to a simple sinusoidal dispersion curve.

similarity of the dispersion curves reported here encourages
us to further investigate the possible existence of a scaling
law. In fact, we find a universal behavior of the acoustic
dispersion for 0.15gy=¢=0.7¢q, if we use the reduced units
q"=q/qo and Q*=Q/Q, O being the maximum of the dis-
persion curve (see Fig. 3). Furthermore, this same scaling
procedure nicely works also for all the data available for
liquid alkali metals, both at melting>’ and at high
temperature.'>~'* We can then conclude that all the measured
acoustic dispersion curves of liquid alkali metals share the
same shape: it is enough to provide g, and (), to fix them
completely. In other words, temperature- and density-
dependent relaxation processes are only relevant at low g
where the positive dispersion of the sound velocity becomes
visible. In this macroscopic range, in fact, the scaling law is
lost as the ¢g=0 limit of the acoustic velocity, i.e., the adia-
batic velocity, does not simply scale with the high-frequency
one, as shown in Fig. 3(b). The scaling fails as well at high g,
with ¢ >0.7¢,, where the free particle limit is approached. In
this regime, indeed, the dispersion curves are mainly affected
by the atomic mass and by the thermodynamic conditions. It
is interesting to note as well that the universal curve found
here closely resembles at high ¢* the sinusoidal dispersion
expected in the case of a harmonic crystal with nearest-
neighbor interactions (solid line in Fig. 3). The deviations
from it are mostly localized in the low ¢ range (¢*=0.3), as
highlighted in Fig. 3(b), where the scaled sound velocity is
reported.

The results reported in Fig. 3 suggest that a unique effec-
tive pair potential can be used for liquid alkali metals also at
very different thermodynamic conditions. To test this point,
we have calculated qu;(g) from Eq. (1) using the Price po-
tential as discussed above together with literature data for the
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FIG. 4. (Color online) Theoretical (y-axis) vs experimental
(x-axis) values of the acoustic frequency at the maximum of the
dispersion curve (g=¢q/2). Squares: data at the melting point; bul-
lets: high-pressure Cs.

g(r) of all the alkali metals at the melting point>* and the g(r)
obtained by us for high-pressure Cs. As previously said, the
experimental frequencies do not correspond to the infinite
frequency elastic limit; still the dispersion curves are very
close to the prediction of Eq. (1) at the position of their
maximum, g=q,/2. In Fig. 4 we thus compare the results of
this calculation at g=¢,/2 with the measured (). A convinc-
ing correspondence is found between theoretical estimations
and experimental data; this shows the ability of the potential
we have used to successfully describe the high-frequency
dynamics of liquid alkali metals over a large density range. A
closer inspection of Fig. 4 shows deviations for Cs up to
15% over a density range that, however, changes by a factor
of 2. This might be due to a difference increasing with den-
sity between the measured dispersion curve and the corre-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 020201(R) (2009)

sponding elastic prediction or, more likely, to the inaccuracy
at very high density of our simplified treatment of the density
dependence of the potential. It is worth noticing that
Mountain?® reported that this same potential was not able to
reproduce the intensity of the first peak of the static structure
factor of liquid Rb at high temperature. However, in the g
region concerned here, i.e., 0.15=¢"=0.7, the theoretical
and experimental structure factors were found to agree
within a few percent; in this ¢ range, then, the Price potential
is able to well reproduce both the structural and the dynami-
cal properties of liquid alkali metals. Finally, we want to
remark that no special changes take place at the liquid-liquid
transition in Cs which is mainly of electronic character and
where the electronic screening might be expected to change
significantly.

Summing up, the study of the high-frequency dynamics of
liquid Cs at high density has allowed us to investigate the
relation between dynamical properties of liquid alkali metals
and the details of the pair potential. We have identified a
universal scaling of the acoustic dispersion curve which
holds for very different packing fractions and electronic
screening contributions. This has two main consequences: (i)
the high-frequency acoustic dynamics of liquid alkali metals
is basically unaffected by temperature- and density-
dependent relaxation processes at least for ¢=0.15¢,, and
(ii) a unique model of interatomic potential is able to de-
scribe these systems for densities changing by as much as a
factor of 2. The pseudopotential formulated by Price ef al.!!
is shown here to be a good approximation for it, even if only
its explicit density dependence is taken into account. Further
improvement could be achieved by considering the pressure-
induced changes in the bare ion-ion interaction and in the
valence electron contribution.
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ment and to C. Henriquet for technical assistance.
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