
Vibrational dynamics of liquid gallium at 320 and 970 K

L. E. Bove,1 F. Formisano,1 F. Sacchetti,2 C. Petrillo,2 A. Ivanov,3 B. Dorner,3 and F. Barocchi4

1INFM, Operative Group Grenoble, F-38042 Grenoble Cedex 09, France
2INFM and Dipartimento di Fisica, Universitá di Perugia, I-06123 Perugia, Italy

3Institut Laue Langevin, BP 156, F-38042 Grenoble Cedex 9, France
4INFM and Dipartimento di Fisica, Universitá di Firenze, I-50019 Firenze, Italy

sReceived 13 August 2004; published 24 January 2005d

The microscopic ion dynamics of liquid gallium was investigated at 320 K—that is, just above the melting
point—and 970 K by inelastic neutron scattering experiments and molecular dynamics simulations. The high
quality of the experimental data allowed the observation of density fluctuation modes extending up to 1.0 Å−1

and existing at both temperatures. At melting, an acousticlike mode propagating with a velocity definitely
exceeding the sound velocity was observed, in agreement with the results of a recent inelastic x-ray scattering
experiment. The mode velocity and damping were found to be almost temperature independent. The experi-
mental response function was compared with the results of a molecular dynamics simulation, based on a simple
model for the effective ion-ion potential which, however, did not contain any temperature-dependent param-
eter. The result worth noting is that, despite the simple potential, the simulation was capable to reproduce all
the observed features of the measured dynamicstructure factorquantitativelyand at both the temperatures.
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I. INTRODUCTION

One of the most debated and still unsettled subjects of the
physics of fluids concerns the microscopic mechanisms re-
sponsible for the propagation and the attenuation of density
fluctuations in liquid metals. Understanding these mecha-
nisms would enable to distinguish the disorder-driven ef-
fects, common to a large class of systems from glasses to
undercooled liquids, from those more closely related to the
presence of the electron gas and the details of the screened
ion-ion potential. Despite several experimental1–6 and nu-
merical studies7 of the dynamics of liquid metals, a full un-
derstanding of the nature of the collective excitations in the
microscopic region, enabling for a unified and sample-
independent description, is still missing. The research in this
field has been stimulated by the advances in the experimental
techniques of inelastic neutron scatteringsINSd and inelastic
x-ray scatteringsIXSd, which, being optimally suited to
probe the dynamic response at THz frequencies and sub-nm
scale, have neatly shown the occurrence of well-defined and
long-living acousticlike excitations in the measured spectra
of liquid metals. It is now a well-established experimental
fact that ion collective modes in liquid metals exist over a
wave vector transfer region up toQ0/2, Q0 marking the po-
sition of the first peak of the static structure factor. Recent
experiments have also drawn attention to the possible occur-
rence of more complex time scales associated with the dy-
namics of liquid metals and driving the decay of the density
fluctuations4–6,8 in the high-frequency regime.

The behavior observed in liquid metals seems to be dif-
ferent from that exhibited by noble gases, where density
fluctuations apparently do not propagate for wave vectorsQ
larger than a small fraction ofQ0, although noble-gas liquids
sustain collective modes extending up toQ0/2 sRef. 9d. The
experimental evidence in noble gases might be interpreted as
an effect brought about by the electron gas which, surround-
ing the ions in the metal, causes a screening of the long-

range ion-ion interactions. The potential role of the electron
density and electron gas dynamics in the propagation and
damping of the ion density fluctuations in liquid simple met-
als can be examined by exploiting the simple Bohm-Staver
sBSd model for the coupled electron-ion plasma. A discus-
sion of the merits and limitations of this model to describe
the whole series of molten alkali metals has been recently
presented in Ref. 5. The comparative analysis of Ref. 5
showed the failure of the BS model, when coupled to the
long-wavelength random phase approximationsRPAd of the
electron dielectric function, in predicting theabsolutevalues
of the mode velocity for the series of molten alkali metals.
The main conclusion was that some beyond-RPA scheme for
the dielectric function has to be applied for a proper treat-
ment of the screening effects on the ion density fluctuations.
This result, which was stimulated by the search for a com-
mon interpretation scheme of the molten alkali-metal series,
with a proper account of the electron correlations, goes be-
yond the excellent quantitative agreement observed in single
casessNa, for exampled under the simplified BS approach.
On the other hand, the key role of the electron density
against ion-core-dependent interactions was emphasized by
the success of the scaling relation proposed for the dispersion
curves3 associated with the collective modes of the heavier
elements of the alkali-metal series: namely, molten Rb, Cs,
and KuCs alloys. In that case, just the simple BS model
was sufficient to provide a meaningful scaling law.

The BS scheme was curiously found to correctly predict
the absolute values of the collective mode velocities in liquid
Pb sRef. 2d and Hg sRef. 4d—that is, in two systems with
characteristics profoundly different from the case of molten
alkali metals: namely, polyvalent metals with ansp-like con-
duction band, high atomic numbers, and high electron den-
sities. It was not expected that a model like the BS, which
reduces the role of the ions to that of pointlike charges, could
provide correct mode velocities in a situation of much
greater complexity of core repulsive contribution to the in-
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teraction potential. Even though a possible explanation of
this result could be given by invoking the higher reliability
of the RPA prescription, and hence of the BS scheme, in the
high-electron-density regime where the kinetic energy domi-
nates over the interaction term in a jellium model, the doubt
arises that the agreement observed in Hg and Pb was partly
accidental.

To discriminate against the fortuitous agreement arising
from balancing effects between the approximated RPA di-
electric function and an oversimplified ion-ion interaction
and to better define the role of the different contributions to
the density fluctuation propagation, a wider class ofsp-like
heavy metals should be investigated. In this paper, we con-
centrate on liquid gallium as a significant system to distin-
guish electron screeningversuscore repulsive potential ef-
fects in defining the low-momentum ion dynamics in high-
electron-density metals. Indeed, liquid Ga has one of the
highest ion number densities among the metals belonging to
the IIB, IIIA, and IVA groups: namely,ni =0.051 Å−3. This
would correspond to an increased sensitivity to the ion core
potential contributions, with respect to Hgsni =0.039 Å−3d
and Pbsni =0.033 Å−3d. In addition, the liquid phase of Ga is
characterized by an electron density of states approaching
that of a nearly-free-electron system,10 which makes it a
good candidate for exploiting the simple model of liquid
metal dynamics based on the electron-gas-screened ion-ion
interactions.

Over the last years, several experimental investigations
have been devoted to the study of structural, electronic, and
dynamic properties of liquid gallium.11–15While the structure
and electronic behavior of this system are consistently de-
fined by a large and substantially coherent body of experi-
mental data, the results about the ion dynamics seem to be
rather puzzling. The first INS measurements on liquid
gallium13 at the melting point reported about the nonoccur-
rence of propagating density fluctuations over the low-wave-
vector region, although when fitting the experimental spectra
with a damped harmonic oscillatorsDHOd, heavily damped
excitations with frequencies largely above the hydrodynamic
values16 were obtained by the authors. These overdamped
collective excitations were associated with high-frequency
optical modes that were supposed to contribute to the dy-
namic structure factor. The absence of acoustic excitations
was attributed to the high value of the longitudinal viscosity,
thus suggesting a possible anomalous behavior of Ga dynam-
ics in comparison with other liquid metals. Successive INS
measurements14 on liquid gallium at high temperature
s970 Kd showed the presence of collective excitations at low
Q, while two branches, associated by the authors with acous-
tic and optic modes, were observed at highQ. In disagree-
ment with the results of the INS measurements, a recent IXS
experiment15 carried out on liquid Ga just above the melting
point provided a rather neat indication of the presence of
acousticlike excitations in the spectra. No evidence for addi-
tional optic modes was found over the exchanged wave vec-
tor range explored in the IXS experiment, which suggested
for molten gallium a behavior similar to that of more com-
mon liquid metals.

Considering the relevance of the collective dynamics of
liquid Ga in the framework of the RPA treatment of the di-

electric function, we believe that the discrepancies between
the different experiments deserve clarification. Therefore, we
carried out a new INS experiment aiming at obtaining a defi-
nite answer about the presence and the nature of collective
modes in liquid Ga and their evolution with the temperature.
We investigated the low-Q dynamics of liquid gallium at
320 K to make a comparison with the previous INSsRef. 13d
and IXSsRef. 15d data and at 970 K to study the temperature
dependence without changing the instrument configuration
and to compare with the data of Ref. 14. We exploited the
combination of small angle and high incoming neutron en-
ergy, offered by the present top-performance three-axis neu-
tron spectrometers, to extend the accessible dynamic range
while pushing the energy resolution of the instrument to its
maximum. These favorable conditions enabled us to make a
quantitative and accurate comparison between neutron and
x-ray results. The description of the low-momentum, high-
energy liquid gallium dynamics was complemented by an
extended large-scale molecular dynamicssMDd simulation
applied to the calculation of both the coherent and incoherent
contributions to the dynamic structure factor. The simulation
was based on a simple phenomenological model for the ion-
ion potential, which we developed in the framework of the
two-component model to describe liquid polyvalent metals.8

II. EXPERIMENT

The neutron measurements were carried out at the three-
axis spectrometer IN1 installed at the High Flux Reactor of
the Institut Laue LangevinsILL, Grenoble, Franced. The ex-
perimental setup was carefully chosen to optimize the reso-
lution versus the dynamic range. The optimal experimental
conditions were identified according to the experience gained
in similar experimental investigations.17 In order to obtain
high-energy resolution and to access to as low as possible
scattering angles, Soller collimators providing 258, 208, 208,
and 308 collimations were mounted on the neutron path from
the reactor to the detector. A vertically focusing Cus331d
monochromator was employed, coupled to a vertically focus-
ing Cus400d analyzer set at a fixed final wave vector equal to
7.0 Å−1. A vacuum box, 1 m in diameter, was also installed
at the sample position to reduce the air scattering and thus
the background. By this spectrometer configuration, high-
quality data were collected down to 1° scattering angle. De-
spite the tight collimations, the high flux of the neutron
source, fully exploited thanks to the large-area monochro-
mator and analyzer crystals, ensured enough intensity avail-
able at the sample position.

The sample was 99.999%-pure gallium with natural iso-
topic composition, 80 g mass, contained inside a flat
70 mm335 mm310 mm molybdenum cell with 0.5 mm
wall thickness. The measurements were carried out at two
temperatures: namely, 320 K and 970 K. A standard ILL fur-
nace was used for the high-temperature measurements, while
a system of four resistive elements, mounted at the top and
bottom edges of the cell, was operated in conjunction with a
standard ILL temperature controller for the low-temperature
experiment. The intensity scattered from the sample was
measured at five wave vector transfer valuesQ: namely,Q
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=0.25, 0.3, 0.4, 0.7, and 1.0 Å−1. The background from the
empty molybdenum cell was measured in the same condi-
tions as the sample, while the background produced outside
the sample region was measured atQ=0.25, 0.3, and 0.7 Å−1

by shielding the cell with a 1-mm-thick highly absorbing Cd
plate at 320 K and a B4C plate at 970 K. Additional back-
ground measurements were carried out removing the cell,
with the furnace in place and without the furnace, and col-
lecting data along inelastic scans at the sameQ values as the
sample. As an example, the intensities measured from the
sample, the empty cell, and the cadmium absorber atQ
=0.25 Å−1 andT=320 K are shown in Fig. 1. The contribu-
tion of the molybdenum cell was dominated by the central
peak, originating from elastic processes, with tails of low
intensity. The instrument background contribution was very
low as shown by the data of the absorbing plate. A quite
similar, very low, background was found to affect the high-
temperature measurements. To check for the resulting energy
resolution of the instrument, a scan atQ=0.3 Å−1 was car-
ried out by inserting a 1.5-mm-thick vanadium plate inside
the sample cell. The experimental elastic resolution function
was found to be well modeled by a Gaussian function with
2.4 meV full width at half maximumsFWHMd, in very good
agreement with the resolution function calculated according
to Ref. 18 for the known spectrometer configuration and pa-
rameters. The sample transmission was obtained by a direct
measurement of the intensity transmitted throughout the mo-
lybdenum cell, either empty or filled with the sample. For
these measurements the incoming beam intensity was re-
duced by inserting an attenuator along the primary neutron
path. The measured values of the transmission—namely,T
=0.665 at 320 K andT=0.643 at 970 K—were found to be
in good agreement with the estimates based on the tabulated
values of the coherent and incoherent scattering cross sec-
tions and spin-dependent neutron scattering lengths.19

The data reduction was performed following the well-
assessed procedure,20 successfully applied in similar
investigations.3–5,17 The single-scattering intensity from the
sample was obtained by subtracting the multiple-scattering
sMSd contribution from the background- and monitor-
corrected data. The correction for the MS contribution is a

critical step of the data reduction. Indeed, even though the
present sample is a fairly weak scatterer, the MS contribution
is comparable with that of single-scattering events at low
wave vectors. This is a consequence of the small values at-
tained by the static structure factorSsQd over the low-Q
rangefSs0d=0.006 at 320 Kg, against MS, which gets in con-
tributions from processes at everyQ value. To the purpose of
calculating the MS contribution with the high accuracy
needed in the present experimental conditions, a detailed
knowledge of the sample scattering function over a wide
energy and momentum range is requireda priori. With the
lack of experimental data, we used the dynamic structure
factor of liquid Ga obtained from the molecular dynamics
simulations, described in the next section, as the input model
for the MS correction. Indeed, the MD simulation provided a
calculated dynamic structure factor over a wide wave vector
and energy transfer range: namely, 0.05øQø15 Å−1 and
−30ø"vø30 meV.

From the MS-, background-, and attenuation-corrected
sample intensities, the experimental dynamic structure factor
SexptsQ,"vd, which contains both the coherent and incoher-
ent contributions, was obtained. The data at the two tempera-
tures are shown in Fig. 2 at theQ values of the experiment
and as a function of the energy transfer. As apparent from
Fig. 2, side peaks originating from inelasticsBrillouind scat-
tering can be observed up to the maximum investigatedQ
values at both temperatures, which indicates the presence of
collective modes in the spectra. It is worth noting that, al-
though the incoherent term dominates the scattering cross
section at low-wave-vector transfersQ, its contribution
s,80%d to the experimentalSexptsQ,"vd concentrates be-
low the quasielastic peak, which enables the side structures

FIG. 1. Raw intensity versus energy transfer as measured atT
=320 K and wave vector transferQ=0.25 Å−1 on molten gallium
sdotsd, empty molybdenum cellscirclesd, and full absorbing cad-
mium strianglesd.

FIG. 2. Experimental dynamic structure factorSexptsQ,"vd of
molten gallium at 320 K and 970 K versus energy transfer and at
the wave vector transfer values of the measurements.
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of the collective modes to be unambiguously detected. In-
creasingQ the inelastic peak position shifts towards higher
energies with a propagation velocity of the order of
20 meV Å sabout 3100 ms−1d at 320 K. This rough estimate
provides a value in qualitative agreement with that reported
in the recent IXS experiment15 and in excess of the sound
velocity as measured at the same temperature by ultrasound
spectroscopy16—that is, 2780 ms−1. It is also interesting to
observe that the Brillouin light scattering experiment of Ref.
21 provided quite a large value for the mode velocity, al-
though, because of the severe limitations of this technique in
the case of metals, the results could be affected by surface
effects. At high temperature, the inelastic structures of the
neutron spectra appear at slightly lower energy and seem to
be better defined. At both temperatures and for all the wave
vector transfer values, a broad quasielastic signal, superim-
posed onto the sharp diffusion-related central peak, is appar-
ent in the data. The width associated with this quasielastic
contribution clearly exceeds the instrument resolution func-
tion, with effects on the visibility of the collective modes
which cannot be ruled out.

III. MD SIMULATION

MD simulations of liquid gallium, based on a numerical
potential extracted from the measured diffraction data11 by
using the predictor-corrector procedure, were carried out by
Bermejoet al.,13 in order to get additional data on the appar-
ently unusual gallium dynamics. However, while the agree-
ment between simulated and experimental static structure
factors was excellent, as expected for a potential derived by
an inversion method, the collective dynamic behavior was
poorly described. More recently, first-principles simulations
have been applied to the description of the electronic con-
figuration and the static structure of liquid gallium.10 In that
work the ion-ion interaction was evaluated self-consistently
from the electron states by means of a finite-temperature lo-
cal density functional approach. Unfortunately, severe com-
puting time limitations prevent the application of this method
to probing the dynamic correlation functions over both long
times, up to several ns, and lowQ, over the nm−1 region, as
required by the present case.

We carried out standard constant density classical MD
simulations of liquid gallium using a system of 87 808 par-
ticles for a total simulation time of 2 ns in steps of 0.2 fs. A
cubic box with periodic boundary conditions and a leapfrog
algorithm to integrate the equation of motion were em-
ployed. The force cutoff distance was 10.5 Å. The box edge
was fixed according to the density and it was equal to
118.8 Å atT=320 K and 121.46 Å atT=970 K. The mini-
mum value of the useful wave vector in the simulation was
,0.05 Å−1, which was small enough for a safe comparison
with the experimental data. The simulation was based on a
simple analytic potential to model the ion-ion interactions in
liquid gallium. The proposed model potential had been pre-
viously tested in the case of liquid mercury and found to
reproduce the static properties with very high accuracy.8 The
pair potential was given by

Vsrd =
VR

r12 + VF
coss2kFr + fd

r3 exps− kTFrd, s1d

where r is the ion-ion distance, 2kF is the diameter of the
Fermi sphere, andkTF is the Thomas-Fermi wave vector.VR,
VF, and f are parameters to be determined. The basic as-
sumption beneath this representation of the potential is that
the interaction insp-like polyvalent metals can be adequately
described by taking the sum of a long- and a short-range
part. The short-range part, which represents the repulsive in-
teraction due to the overlap of the electron cores, was simply
modeled by an inverse power law, with the same exponent as
the Lennard-Jones potential. The long-range part was taken
as the asymptotic form of the effective ion-ion interaction,
screened by the conduction electrons22 as modeled by an
almost uniform electron gas. A number of electrons per atom
equal to Z=2.7, the effective ionic charge from which to
evaluate the electron number density, and hencekF andkTF,
was assumed according to the scheme proposed in Ref. 10 to
obtain the number ofsp-like electrons. The parametersVR,
VF, and f were optimized by fitting the simulated static
structure factorSsQd, which was directly calculated as the
Fourier transform of the pair correlation functiongsrd, to the
experimental data11 measured at 320 K, and corresponding
to a mass densityr=5.904 g cm−3. The same set of param-
eters for the potential was used for the simulation at 970 K,
while the mass density was lowered tor=5.674 g cm−3 and
kF andkTF were scaled according to the density change.

The energy conservation, at both temperatures, was as
good as a few parts in 10−4. By slowly cooling the system,
we found a crystallization temperature equal to 307 K, which
compares rather well with the experimental melting
temperature—i.e., 303 K. The simulated system crystallizes
in a structure compatible with the stable phasea-Ga—i.e., a
base-centered orthorhombic lattice with eight atoms per unit
cell. When rapidly decreasing the temperature of the simu-
lated liquid below the melting point, we obtained a super-
cooled liquid down to 190 K. We did not check the melting
of the crystal because of the very long simulation runs nec-
essary to do it.

Figure 3 shows the simulated static structure factorsSsQd
at the two temperatures of this experiment, in comparison
with the neutron diffraction data of Ref. 11. The agreement
between the two sets of data is impressively good, as appar-

FIG. 3. Static structure factorSsQd of liquid Ga at 320 K and
970 K, as obtained from present MD simulationsssolid lined in
comparison with the experimental data from Ref. 11sopen
trianglesd.
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ent from Fig. 3. In particular, we remark that the shape of the
first peak, the period, and the amplitude of the oscillation are
well reproduced, as well as the asymmetry of the first dif-
fraction peak of the liquid. This specific feature is related to
the interplay between the two different length scales associ-
ated with the diameter of the repulsive core and with the
wavelengthlF=p /kF of the Friedel oscillation, respectively.
The good agreement at high temperature is a remarkable fact
since, as already observed, the fitting parametersVR, VF, and
f were fixed by adjusting them at 320 K only, and the den-
sity dependence of the potential was entirely described by
the change of the electron density. This result points out that
the electron density correctly accounts for the presence of
many-atom contributions to the effective pair potential in
liquid gallium.

The MD simulation was applied to inspect a selection of
the dynamic properties of the system. In particular, we cal-
culated the time-dependent mean-square displacement
kfDrstdg2l by averaging over all the atoms in the system. In
such a way, we obtained the long-time limit ofkfDrstdg2l:
namely, 6Dutu, whereD is the diffusion coefficient. Diffusion
coefficient values equal to 1.5310−5 cm2 s−1 at 320 K and to
1.3310−4 cm2 s−1 at 970 K were obtained, again in excellent
agreement with the corresponding experimental data23—that
is, 1.57310−5 cm2 s−1 at 320 K and 1.31310−4 cm2 s−1 at
970 K.

To investigate the propagation of the ion density fluctua-
tions in liquid gallium, we calculated the intermediate scat-
tering functionFsQ,td defined as

FsQ,td = krsQ,t − t8drsQ,t8dl,

where rsQd=N−1/2o j expf−iQ·r jstdg is the Fourier compo-
nent of the atomic density at the wave vectorQ and r jstd is

the trajectory of thej th particle.FsQ,td was computed di-
rectly from its defining equation by averaging over the time
t8 and the orientation ofQ. As known, the Fourier transform
of FsQ,td is the dynamic structure factorSMDsQ,vd of the
system, which can be easily compared with what is measured
in inelastic neutron or x-ray scattering experiments.
SMDsQ,vd was obtained from the power spectrum of the
density fluctuations by applying the Welch method,24 and it
was calculated forQ ranging from 0.1 to 1.5 Å−1 by taking
the average over all possibleQ orientations. EachSMDsQ,vd
at fixed constantQ was obtained as an average over different
statistically independent runs.

The dynamic structure factorSMDsQ,vd is shown in Fig.
4 at theQ values and the two temperatures of the experi-
ment, after convolution of the data with the four-dimensional
sQ,vd-dependent resolution function of the spectrometer.
Collective excitations, characterized by a damping-to-
frequency ratio smaller than unity, are visible at both tem-
peratures, and they are superimposed to a broad quasielastic
contribution. We remark that, for an effective and quantita-
tive use ofSMDsQ,vd for MS subtraction from the measured
neutron data, both the calculated dynamic structure factor
SMDsQ,vd and its self-part are necessary. Indeed, as dis-
cussed at the end of Sec. II, the dynamic structure factor
which is probed in the neutron experiment consists of a co-
herent and an incoherent contribution and it has to be com-
pared with the scoherent and incoherentd cross-section-
weighted sum ofSMDsQ,vd and its self-term. This is not the
case forSexptsQ,"vd measured in the inelastic x-ray scatter-
ing experiment, which is intrinsically coherent and can be
compared directly with thescoherentd cross-section-weighted
SMDsQ,vd.

FIG. 4. Simulated dynamic structure factor
SMDsQ,vd of molten gallium at 320 K and 970 K
versus energy transfer and at the wave vector
transfer values of the measurements. The curves
here shown are after convolution of the MD re-
sults with the INS experimental resolution.
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IV. DATA ANALYSIS AND DISCUSSION

To disclose the essential features of the system dynamics
contained in the experimentalSexptsQ,"vd data, we preferred
to carry out an MD-independent analysis based on a simple
empirical fit of the data, instead of using the simulated
SMDsQ,vd as a model fitting function. This procedure
amounts to treating the experimental and simulated data as
two independent sets of data.

The first choice for the model fitting function was given
by the superposition of a DHO, modeling the purely inelastic
componentSinelsQ,vd, and a single Lorentzian function, de-
scribing the quasielastic contributionSqesQ,vd. As already
observed in other liquid metals,4,5 this very basic model did
not provide high-quality fits to the data in the quasielastic
region. However, differently from the other liquid metals
where the inadequacy of modeling the quasielastic contribu-
tion by a single Lorentzian seemed just a fitting problem, in
the case of liquid gallium this finding is convincingly sup-
ported by the results of the MD simulation. Indeed, a thor-
ough analysis of the self-intermediate scattering function as
obtained from the simulation showed that at least two main
contributions, associated with two different time scales, char-
acterize the self-dynamics of liquid gallium.25 The slower
process was seemingly associated with the usual diffusion
while the faster one was related to the residence time of the
particle within the cage of its first neighbors. According to
the MD simulations,25 the time scale associated with the fast
andQ-independent process was characterized by the values
t 0

MD=0.22 ps at 320 K andt 0
MD=0.13 ps at 970 K. In the

energy domain, the fast process gives rise to an additional
Lorentzian function, besides the diffusive one, with associ-
ated FWHM values25 equal to 6.9 meV at 320 K and
11.7 meV at 970 K. These values are consistent with the size
of the width of the broad quasielastic structure, visible in the
experimental data beneath the narrow diffusive contribution.
For these reasons, we believe that a two-Lorentzian function
model would give a more appropriate description of the ex-
perimental quasielastic structure, which appears as a super-
position of a narrow and a broad component. Therefore, the
dynamic structure factor was modeled by the sum of
SqesQ,vd andSinelsQ,vd where

SqesQ,vd =
"v/kBT

1 − exps− "v/kBTdFa0sQd
p

G0sQd
v2 + G0

2sQd

+
a1sQd

p

G1sQd
v2 + G1

2sQdG , s2ad

SinelsQ,vd = fnsvd + 1gacsQd
GcsQ,vd

fv2 − vc
2sQdg2 + Gc

2sQ,vd
,

s2bd

nsvd being the Bose factor. The convolution of this model
dynamic structure factor with the four-dimensional
sQ,vd-dependent resolution function was fitted to the experi-
mentalSexptsQ,"vd. In principle, the free parameters of the
fit were the three amplitudesa0sQd, a1sQd, and acsQd, the
three widthsG0sQd, G1sQd, andGcsQ,vd, and the frequency

vcsQd. However, the number of parameters was effectively
reduced by assuming, for the width of the narrow quasielas-
tic Lorentzian, the expression

G0sQd =
DQ2

1 + t0DQ2 ,

with the diffusion coefficientD equal to the experimental
data23 and t0—i.e., the residence time for a random-jump
diffusion model, given by the MD values calculated at the
two temperatures. Moreover, thev dependence of the damp-
ing factor GcsQ,vd was approximated26 by the linear func-
tion GcsQ,vd=vGcsQd, with GcsQd the effective parameter.
The width G1sQd associated with the broad Lorentzian was
found to be almostQ independent, and hence it was held
constant during the fitting procedure. An example of the re-
sults obtained from the fitting procedure is presented in Fig.
5, where best-fitting curves and experimental data atQ
=0.3 Å−1 are compared. The broad quasielastic component
and the inelastic contribution are also shown. The good qual-
ity of the fit indicates that the model function correctly re-
produces the important features of the experimental data. We
observe that the best-fit values ofG1 turned out to be"G1
=6.7±0.4 meV at 320 K and"G1=11.2±0.4 meV at 970 K,
with 1/G1 in strikingly good agreement with the fast relax-
ation time valuest 0

MD provided by the MD simulations.
For a meaningful comparison of the purely inelastic fea-

tures contained inSexptsQ,"vd and SMDsQ,vd, the two sets
of data had to be treated using the same empirical model;
that is, the dynamic structure factorSMDsQ,vd, after convo-
lution with the resolution function and the trivial normaliza-
tion to the integrated intensity, was fitted using the model
functions given in Eqs.s2d. The dispersion curve associated
with the collective modes and defined by the fitting param-
etervcsQd for both the experiment and the MD simulation is
shown in Fig. 6. The same empirical approach was applied to
analyze the recent IXS data15 at 315 K and the dispersion
curve resulting from the fitting procedure is also shown in
Fig. 6. This figure emphasizes the agreement, within the ex-
perimental errors, of the three dispersion curves obtained
with the three different techniques.

FIG. 5. SexptsQ,"vd of molten gallium at 320 K and 970 K
versus energy transfer and at the wave vector transferQ=0.3 Å−1

scirclesd. The solid lines are the curves calculated according to the
fitting model described in the text. The dashed line is the inelastic
contributionsDHOd and the dotted line the fast quasielastic process.
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In Fig. 7 the damping factorGcsQd /Q is compared with
the companion data obtained by fitting the MD simulation
datafEq. s2dg. The two sets of data are, once again, in good
agreement among each other and both are consistent with the
approximationGcsQd,gdQ, where gd is a Q-independent
constant. This expression forGcsQd is consistent with the
RPA treatment of the dynamic structure factor of a liquid
metal when described as the two-component plasma of inter-
acting electrons and ions.26 We remark that the mode damp-
ing appears to be of comparable size at the two temperatures.
Hence, the better visibility of the modes at high temperature
is more likely due to the broadening of the quasielastic con-
tribution, which becomes an almost flat background at 970 K
over the present energy range. Our results at 320 K suggest
that the failure in observing the collective modes, as reported
in Ref. 13, was probably due to the limited dynamic range of
the experiment.

It is also interesting to evaluate the ratio of the bulk,hB,
to shear,hS, viscosities given by the following relationship:27

hB

hS
=

5

3

E
0

`

drr2gsrdfV9srd + V8srd/rg

E
0

`

drr2gsrdfV9srd + 4V8srd/rg
,

whereV8srd andV9srd are the first and second derivatives of
the potential andgsrd is the measured pair-correlation

function.11 Applying this equation to the model potential
given in Eq.s1d, we obtainedhB/hS equal to 4.8 at 320 K
and to 3.2 at 970 K. Making use of the experimental data of
the shear viscosity, after Ref. 13, the corresponding values of
the hydrodynamic limit of the longitudinal viscosity can be
obtained from the quoted ratios. It was foundhB=11.3 cP at
320 K, in very good agreement with the estimate provided
by the IXS experiment,15 and 9.9 cP at 970 K. These results
suggest that there is only a small effect of the viscosity on
the collective mode propagation.

In an attempt of further reducing the number of free pa-
rameters and simplifying the fit, we exploited the feature of
vcsQd being almost linear up toQ=0.5 Å−1, as apparent
from Fig. 6. The fit was then repeated withG1 constant and
vcsQd=c0 sinspQ/Q0d, c0 being the collective mode velocity
andQ0 the position of the first maximum in the static struc-
ture factor. The final fitting scheme was therefore one com-
prising the simplified damping factorGcsQd, the two
Q-independent parametersG1 and c0, and the three linear
fitting parameters: namely, the amplitudesa0sQd, a1sQd, and
acsQd. The collective mode velocity turned out to bec0

=3080±180 m s−1 at T=320 K andc0=3020±200 m s−1 at
T=970 K. As already observed, the value ofc0 at 320 K is in
good agreement with that measured in the IXS experiment15

and larger than the sound velocity16 s2780 m s−1d, consis-
tently with what found in many other liquid metals.6

Finally, in Fig. 8 the dynamic structure factor calculated
by the MD simulation at 320 K andQ=1 Å−1 is shown in
comparison with the experimental neutron and x-ray dy-
namic structure factors. In particular, the simulated neutron

FIG. 6. Dispersion relation"vcsQd versus Q at 320 K and
970 K, as obtained from the present fitting model: present neutron
data ssolid trianglesd, MD simulationssopen trianglesd, and x-ray
data at meltingscirclesd from Ref. 15. Error bars are within the
symbol size. The dashed line is the sound dispersion.

FIG. 7. GcsQd /Q versusQ. Present neutron datassolid trianglesd
and MD simulationssopen trianglesd.

FIG. 8. Comparison between experimentalsneutron, dots; x-ray,
circlesd and simulatedssolid lined dynamic structure factor of liquid
gallium at 320 K and at the wave vector transferQ=1 Å−1. The
present neutron data are compared with the simulatedtotal dynamic
structure factor, after convolution with the INS experimental reso-
lution. The x-ray data from Ref. 15 are compared with the simulated
coherent contribution only, after convolution with the IXS experi-
mental resolution function.
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response function contains both the dynamic structure factor
and the self-dynamic structure factor for a proper account of
the coherent and incoherent contributions to the neutron
spectra. For the comparison with the IXS spectra of Ref. 15,
only the purely coherent component was considered. As ap-
parent in Fig. 8, the MD simulations provide an excellent
quantitative account for the experimental results of both INS
and IXS measurements.

V. CONCLUDING REMARKS

As described in the previous sections, it is now well es-
tablished that liquid gallium sustains well-defined collective
modes up to wave vector transfer valuesQ=1 Å−1, both at
melting s320 Kd and at high temperatures970 Kd, with as-
sociated velocities equal to 3080±100 m s−1 and
3020±100 m s−1, respectively. Both the propagation velocity
and the damping of the modes are scarcely temperature de-
pendent.

The Bohm-Staver estimate for the sound velocity, calcu-
lated using the RPA approximation for the electron dielectric
function and assuming a number of electrons per atom equal
to 2.7 according to Ref. 10, returns the value 4600 m s−1,
which is largely in excess of the experimental one. This is an
unambiguous indication that the simple model of pointlike
ions embedded in an RPA-treated electron gas is not ad-
equate to quantitatively describe the dynamics of liquid gal-
lium. On the other hand, the experimental observation that
the collective mode velocity does not depend on temperature
is consistent with what expected from the BS formula, which
suggests 1.027 as velocity ratio at the two temperatures as a
consequence of the small density change between 320 K and
970 K. Moreover, we found that the present MD simulation
relying on an electron-gas-based model potential is quite ef-
fective in reproducing the experimental data. In the model
potential an equally important role is played by both the

repulsive component, coming from the ion core contribution,
and the Friedel-like oscillations, originating from the elec-
tron gas screening. In fact, both static and dynamic proper-
ties of gallium cannot be reproduced by the empty-core
pseudopotential, which works correctly in the case of alkali
metals. It is important to note that the model potential we
used is not a purely two-body interaction. Indeed, the many-
body effects are contained into the electron-density-
dependent parameterskF andkTF. Therefore, the capability of
this potential to reproduce quantitatively several static and
dynamic properties of liquid gallium underlines the funda-
mental role of the electron gas in the system.

As mentioned in the introductory section, the BS approxi-
mation, although failing in predicting the quantitatively cor-
rect values of the mode propagation velocity for the whole
class of alkali metals,5 surprisingly provides good estimates
in the case of HgsRef. 4d and PbsRef. 2d. It is also interest-
ing to observe that BS estimates of the collective-mode ve-
locities in liquid Sn and Ge, the latter being metallic in the
liquid phase, are in satisfactory agreement with the experi-
mental values provided by the IXS experiments in SnsRef.
28d and GesRef. 29d. However, if the successful BS predic-
tion were brought about by the rather high electron density
of these metals, an even more accurate prediction is to be due
for the higher-electron-density gallium. On the contrary, the
evidence of a substantial disagreement between BS and ex-
perimental values of the velocity points out that some com-
pensation between electron-driven interactions and the finite
size of the ion core must occur.

A quantitative overview of the situation in alkali and
heaviersp-like metals is presented in Table I, where the ex-
perimental data of the collective-mode velocity are compared
with the results of calculations carried out in the realm of the
BS model, with both RPA and beyond-RPA treatments of the
electron dielectric function. The main improvement over the
BS model, which consists in restoring the finite size of the
ions, was also treated and the results are reported in Table I.

TABLE I. Velocity associated to the collective mode in molten alkali and polyvalent metals.cexpt, as
observed in neutron and x-ray scattering experiments;cBS

RPA, calculated under the BS scheme with the RPA
prescription foresQd; cBS

LF, calculated under the BS scheme with local field included. Note the imaginary
value ofcBS

LF in liquid cesium. The quantityfR2/6+Dpg accounts for the ion size contributionssee textd. Z is
the effective number of conduction electrons.

Z rs

cexpt

smeV Åd
cBS

RPA

smeV Åd
cBS

LF

smeV Åd
fR2/6+Dpg

sÅ2d

Li 1.00 3.303 36.5 42.80 27.51 0.12±0.02

Na 1.00 4.053 18.5 19.16 9.98 0.31±0.05

K 1.00 5.021 15.5 11.86 3.46 0.93±0.13

Rb 1.00 5.355 9.2 7.52 1.07 0.91±0.10

K52Cs48 1.00 5.41 11.2 8.95 0.87 0.97±0.12

Cs 1020 5.776 7.5 5.59 1.40i 1.14±0.13

Ga 2.70 2.430 20.3 30.16 22.86 −0.03±0.02

Ge 2.00 2.630 20.5 23.50 17.24 0.07±0.02

Sn 2.00 2.810 19.0 17.20 12.22 0.23±0.04

Hg 2.00 2.700 13.8 13.77 9.98 0.15±0.03

Pb 1.87 2.970 11.4 11.91 8.21 0.15±0.04
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The main steps of the present analysis are summarized in the
following.

The interpretation of the experimental collective-mode
dispersion exploits the equations of motion for the homoge-
neous and interactingelectron-phononsystem.30 A self-
consistent treatment of the system coupled-dynamics ac-
counts for the mutually induced effects between the phonon
field, associated with the ions, and the electron cloud. The
renormalized phonon dispersion relation, which is adopted to
describe the ion-density fluctuations in the liquid metals, is

v2sQd = Vion
2 sQd −

Q2

4pe2uvsQdu2F1 −
1

esQdG , s3d

where uvsQdu is the coupling coefficient between the vibra-
tional field of the ions and the electron distribution, and
Vion

2 sQd is the bare frequency of the ion collective mode. The
static approximation for the dielectric functionesQd is appro-
priate to treat the ion dynamics, which is slow on the scale of
the electron motions.

The BS model is easily obtained from Eq.s3d as the long-
wavelength limit dispersion of the ionic plasma—that is, the
homogeneous system of pointlike ions and electrons coupled
through purely Coulombic interactions.30 The bare frequency
reduces to theQ-independent plasma frequency of the ions,
Vp, as it does the coupling termQ2uvsQdu2/4pe2, which re-
sults in the known dispersion relationvBS

2 sQd=Vp
2/esQd.

Making use of the definition

ks
2

Q2 + ks
2 =

esQd − 1

esQd
,

which introduces the virtually exact screening wave vector
ks, the long-wavelength limit of the BS dispersion relation
can be written as

lim
Q→0

vBS
2 sQd =

Q2Vp
2

ks
2 ,

with the associated velocity of the ion-density fluctuations:

cBS= lim
Q→0

vBSsQd
Q

=
Vp

ks
.

Under the RPA prescription for the long-wavelength limit of
esQd, ks would be coincident with the Thomas-Fermi wave
vector kTF. The velocity values calculated according to this
approximation are listed in Table I, under the column head-
ing cBS

RPA.
An improved beyond-RPA scheme includes the local field

effects into the dielectric function, which can be easily ac-
complished through the exact screening wave vectorks—that
is,

ks
2 =

kTF
2

1 − lkTF
2 ,

where the low-Q, zero-frequency local field coefficientl is
related to the correlation energy per particle of the electron
gas,ec, through the compressibility sum rule31

l =
1

4kF
2S1 +

p

3
ars

2]ec

]rs
−

p

6
ars

3]2ec

]rs
2 D ,

with a=s4/9pd1/3, and the dimensionless parameterrs de-
fined through 1/n= 4

3prs
3a0

3, n the electron number density,
and a0 the Bohr radius. Quite reliable estimates ofec are
nowadays provided by interpolation schemes based on quan-
tum Monte Carlo simulations. Exploiting one of these
schemes,32 the known instability of the electron gas at low
densities, was observed at the cutting valuers=5.5, above
which the electron gas compressibility andks

2 take negative
values. As a consequence, the collective modes of the point-
like ions cannot propagate forrsù5.5. The values of the
velocities resulting from this calculation are reported in
Table I under the column headingcBS

LF.
Considering that the stability of real systems, including

heavy alkali metals, is not affected by them attainingrs val-
ues close to or even beyond the calculated threshold, the role
played by the ion finite size on the metal stability is crucial,
especially for the low-electron-density systems. The effects
of the finite size of the ion core on the collective-mode dis-
persion in the low-Q limit can be investigated by leaving
aside the BS model, independently of the scheme used for
esQd, and turning back to the general equations3d. A simple
approximation to this equation, which reproduces the correct
long-wavelength behavior of the dispersion relation and ac-
counts for the internal structure of the ions, consists in keep-
ing the low-Q expressions33

Vion
2 sQd , Vp

2s1 + DpQ
2d,

Q2

4pe2v2sQd , Vp
2S1 −

sRQd2

6
D ,

with the parametersDp and R describing the ionic plasma
dispersion at long wavelengths and an ion mean-square ra-
dius, respectively. The resulting dispersion, to be associated
with the propagating longitudinal density fluctuation mode,
is

limQ→0 v2sQd = limQ→0F Vp
2

esQd
+ Vp

2SR2

6
+ DpDQ2 + OsQ4dG

= SVp

ks
D2

Q2 + Vp
2SR2

6
+ DpDQ2,

which shows that, even whenesQd is not positive,v2sQd is
positive defined, and hence a real-valued dispersionvsQd
exists, depending on the relative size of the termfR2/6
+Dpg. The associated velocity is

c2 = cBS
2 + Vp

2SR2

6
+ DpD . s4d

To get an esitmate of the deviations of the velocity from the
BS value, which are embodied in thefR2/6+Dpg term, we
applied Eq.s4d to the experimental data, inserting the mea-
sured values of the collective-mode velocity in the left-hand
side of the equation and using forcBS

2 the data calculated
under the beyond-RPA scheme. The results for thefR2/6
+Dpg term are reported in the last column of Table I.
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An inspection of Table I shows that systematic trends are
present. First, there is a clear tendency within the alkali-
metal series, where the low-atomic-mass elements Li and Na
show a behavior different from that of the heavier compan-
ions K, Rb, and Cs, consistently with an overall increase of
the ionic influence. Indeed, in the case of Li and Na the
rather small contributionfR2/6+Dpg is consistent with the
expected reduced size of the ion core radius. A larger ion
contribution in K, Rb, Cs, and also the K52Cs48 alloy is re-
sponsible for theright behavior of the collective-mode ve-
locity, because of the small contribution of the electron gas
term sVp/ksd2. Interestingly, rather small core contributions
are associated to thesp-like metals Ga, Ge, Sn, Hg, and Pb.
Even though less remarkable than in heavy alkali metals, ion
core effects must be taken into account to correctly describe
the dynamics ofsp-like polyvalent metals, as also suggested
by the present MD simulation.

As to the mode damping, a rather uninfluential tempera-
ture dependence, possibly a small decrease, of the collective-
mode damping was observed. Were the damping of the col-
lective mode due to its interaction with the whole of the ion
dynamics, an increase of the damping with the temperature
would have been observed. On the contrary, given the con-
sistently large difference between the two temperatures here
investigated, together with the almost constant experimental
damping, it is rather straightforward to conclude that the at-
tenuation of the ion-density fluctuations is primarily due to
the interaction with the conduction electrons. Since electron

states are expected to be almost temperature independent, at
least over the present scale, no temperature dependence of
the transition rate associated with the interaction between the
collective mode and the electron system is expected. Indeed,
from the calculated electron density at 320 K a Fermi energy
equal to 9.7 eV is obtained in Ga, which corresponds to a
Fermi temperature in excess of 105 K, against which the
temperatures of the present experiment are definitively neg-
ligible. It is interesting to observe that a similar behavior is
reported for liquid Sn,28 where almost no temperature depen-
dence ofGcsQd was observed. These results, although not
conclusive, suggest that investigating the damping of the col-
lective modes in metals could be an interesting and alterna-
tive approach to the study of the electron-mediated interac-
tions.

As a final remark we note that the whole set of the results
of Table I suggests that the electron contribution is critical
for a proper treatment of the collective-mode velocity, that
beyond-RPA approaches in conjunction with the most accu-
rate data on the correlation energy have to be applied, and
that a more sophisticated modeling of the ion contribution,
instead of the simple empiricalfR2/6+Dpg, is mandatory.
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