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Vibrational dynamics of liquid gallium at 320 and 970 K
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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 @ 1.0 A
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 facamtitativelyand at both the temperatures.
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[. INTRODUCTION range ion-ion interactions. The potential role of the electron

One of the most debated and still unsettled subjects of thd€Nsity and electron gas dynamics in the propagation and
physics of fluids concerns the microscopic mechanisms re2@mpPNg of the lon density fluct_u_atlons |n_I|qU|d simple met-
sponsible for the propagation and the attenuation of densit§'S can be examined by exploiting the simple Bohm-Staver
fluctuations in liquid metals. Understanding these mechalBS) model for the coupled electron-ion plasma. A discus-

nisms would enable to distinguish the disorder-driven ef_sion of the merits and limitations of this model to describe

fects, common to a large class of systems from glasses {he whole series of molten alkali metals has been recently
undercooled liquids, from those more closely related to thrésented in Ref. 5. The comparative analysis of Ref. 5

presence of the electron gas and the details of the screen anOVYv?/gvtehlir:catlLurrzn(gotr?we Eassgque:byrngﬁgs,zj\)pg‘dt;g the
ion-ion potential. Despite several experimehtaland nu- g 9 P bp

merical studie&of the dynamics of liquid metals, a full un- electron dielectric function, in predicting tlesolutevalues

. : o . of the mode velocity for the series of molten alkali metals.
derstanding of the nature of the collective excitations in thel’he main conclusion was that some beyond-RPA scheme for

microscopic region, enabling for a unified and sampléyq giglectric function has to be applied for a proper treat-
independent description, is still missing. The research in thignent of the screening effects on the ion density fluctuations.
field has been stimulated by the advances in the experimentgjs result, which was stimulated by the search for a com-
techniques of inelastic neutron scatteriiyS) and inelastic  mon interpretation scheme of the molten alkali-metal series,
x-ray scattering(IXS), which, being optimally suited to with a proper account of the electron correlations, goes be-
probe the dynamic response at THz frequencies and sub-ngbnd the excellent quantitative agreement observed in single
scale, have neatly shown the occurrence of well-defined angases(Na, for examplg under the simplified BS approach.
long-living acousticlike excitations in the measured spectraOn the other hand, the key role of the electron density
of liquid metals. It is now a well-established experimentalagainst ion-core-dependent interactions was emphasized by
fact that ion collective modes in liquid metals exist over athe success of the scaling relation proposed for the dispersion
wave vector transfer region up @,/2, Q, marking the po- curves associated with the collective modes of the heavier
sition of the first peak of the static structure factor. Recentlements of the alkali-metal series: namely, molten Rb, Cs,
experiments have also drawn attention to the possible occuand K—Cs alloys. In that case, just the simple BS model
rence of more complex time scales associated with the dywas sufficient to provide a meaningful scaling law.
namics of liquid metals and driving the decay of the density The BS scheme was curiously found to correctly predict
fluctuationd-68in the high-frequency regime. the absolute values of the collective mode velocities in liquid
The behavior observed in liquid metals seems to be difPb (Ref. 2 and Hg(Ref. 4—that is, in two systems with
ferent from that exhibited by noble gases, where densitcharacteristics profoundly different from the case of molten
fluctuations apparently do not propagate for wave vedfprs alkali metals: namely, polyvalent metals with siprlike con-
larger than a small fraction @, although noble-gas liquids duction band, high atomic numbers, and high electron den-
sustain collective modes extending upQg/2 (Ref. 9. The  sities. It was not expected that a model like the BS, which
experimental evidence in noble gases might be interpreted asduces the role of the ions to that of pointlike charges, could
an effect brought about by the electron gas which, surroundprovide correct mode velocities in a situation of much
ing the ions in the metal, causes a screening of the longgreater complexity of core repulsive contribution to the in-
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teraction potential. Even though a possible explanation oélectric function, we believe that the discrepancies between
this result could be given by invoking the higher reliability the different experiments deserve clarification. Therefore, we
of the RPA prescription, and hence of the BS scheme, in thearried out a new INS experiment aiming at obtaining a defi-
high-electron-density regime where the kinetic energy dominjte answer about the presence and the nature of collective
nates over the interaction term in a jellium model, the doubinodes in liquid Ga and their evolution with the temperature.
arises that the agreement observed in Hg and Pb was partjye investigated the low® dynamics of liquid gallium at
accidental. ) _ _ . 320 K to make a comparison with the previous INF®f. 13

To discriminate against the fortuitous agreement arisingyn |xs(Ref. 15 data and at 970 K to study the temperature
from balancing effects between the approximated RPA digygnengence without changing the instrument configuration

electric function and an oversimplified ion-ion interaction ith th f Ref. 14. We exploited th
and to better define the role of the different contributions toand to compare with the data of Ref. 14. We exploited the

the density fluctuation propagation, a wider classplike combination of small angle and high incoming neutron en-
heavy metals should be investigated. In this paper, we co ergy, offered by the present top-performance three-axis neu-

centrate on liquid gallium as a significant system to distinl}ron spectrometers, to extend th? accessple dynamic range
guish electron screeningersuscore repulsive potential ef- Wh"? pushing the energy resolut_lqn of the instrument to its
fects in defining the low-momentum ion dynamics in high- maximum. These favorable condltl_ons enabled us to make a
electron-density metals. Indeed, liquid Ga has one of th&uantitative and accurate comparison between neutron and
highest ion number densities among the metals belonging tfay results. The description of the low-momentum, high-
the 11B, IlIA, and IVA groups: namelyn;=0.051 A3, This ~ energy liquid gallium dynamics was complemented by an
would correspond to an increased sensitivity to the ion cor@xtended large-scale molecular dynamitD) simulation
potential contributions, with respect to Hg,=0.039 A) applied to the calculation of both the coherent and incoherent
and Pb(n,=0.033 A™3). In addition, the liquid phase of Ga is contributions to the dynamic structure factor. The simulation

characterized by an electron density of states approachingas based on a simple phenomenological model for the ion-
that of a nearly-free-electron systéfhwhich makes it a 10N potential, which we developed in t_he framework of the
good candidate for exploiting the simple model of liquid tWo-component model to describe liquid polyvalent mefals.
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 The neutron measurements were carried out at the three-
dynamic properties of liquid galliurh-1>While the structure  axis spectrometer IN1 installed at the High Flux Reactor of
and electronic behavior of this system are consistently dethe Institut Laue LangeviflLL, Grenoble, France The ex-
fined by a large and substantially coherent body of experiperimental setup was carefully chosen to optimize the reso-
mental data, the results about the ion dynamics seem to Hation versus the dynamic range. The optimal experimental
rather puzzling. The first INS measurements on liquidconditions were identified according to the experience gained
gallium®® at the melting point reported about the nonoccur-in similar experimental investigatiod$.In order to obtain
rence of propagating density fluctuations over the low-wavehigh-energy resolution and to access to as low as possible
vector region, although when fitting the experimental spectracattering angles, Soller collimators providing 280, 20/,
with a damped harmonic oscillatébHO), heavily damped and 30 collimations were mounted on the neutron path from
excitations with frequencies largely above the hydrodynamiche reactor to the detector. A vertically focusing (G30)
valued® were obtained by the authors. These overdampedhonochromator was employed, coupled to a vertically focus-
collective excitations were associated with high-frequencying Cu400 analyzer set at a fixed final wave vector equal to
optical modes that were supposed to contribute to the dy7.0 A™1. A vacuum box, 1 m in diameter, was also installed
namic structure factor. The absence of acoustic excitationat the sample position to reduce the air scattering and thus
was attributed to the high value of the longitudinal viscosity,the background. By this spectrometer configuration, high-
thus suggesting a possible anomalous behavior of Ga dynamuality data were collected down to 1° scattering angle. De-
ics in comparison with other liquid metals. Successive INSspite the tight collimations, the high flux of the neutron
measurement$ on liquid gallium at high temperature source, fully exploited thanks to the large-area monochro-
(970 K) showed the presence of collective excitations at lowmator and analyzer crystals, ensured enough intensity avail-
Q, while two branches, associated by the authors with acouszble at the sample position.
tic and optic modes, were observed at highln disagree- The sample was 99.999%-pure gallium with natural iso-
ment with the results of the INS measurements, a recent IX®pic composition, 80 g mass, contained inside a flat
experiment® carried out on liquid Ga just above the melting 70 mmXx 35 mmx 10 mm molybdenum cell with 0.5 mm
point provided a rather neat indication of the presence ofvall thickness. The measurements were carried out at two
acousticlike excitations in the spectra. No evidence for additemperatures: namely, 320 K and 970 K. A standard ILL fur-
tional optic modes was found over the exchanged wave vegace was used for the high-temperature measurements, while
tor range explored in the IXS experiment, which suggestec system of four resistive elements, mounted at the top and
for molten gallium a behavior similar to that of more com- bottom edges of the cell, was operated in conjunction with a
mon liquid metals. standard ILL temperature controller for the low-temperature

Considering the relevance of the collective dynamics ofexperiment. The intensity scattered from the sample was
liquid Ga in the framework of the RPA treatment of the di- measured at five wave vector transfer val@snamely,Q

IIl. EXPERIMENT

014207-2



VIBRATIONAL DYNAMICS OF LIQUID GALLIUM AT ...

PHYSICAL REVIEW B 71, 014207(2005

10000 ——1——7——7— T=320K T=970K
_Q=0.25A.1 T=320K- 0.015-é:|0é5IA1I T 1 1 1 171 __é:|0|25|A1| LN B B . —
@ 8000 < . 0.010 - 2 1 > .
c I © | r S 1r .
3. o . 0.005 C Q aln - LN —
geooo_ * o ] o.ooo:::“f?':.:".:: :::ﬂ':::“:‘“:::
< F o 1 Fo-03A" K} I o-03A"
2 4000 - ¢ . _ 0.010 - X - . -
2 . Ly : 0.005 |- - JF Y N
) . R 1t o e
£ 2000‘-.....-":0 o ossagend® 0.000 /\ ::4‘.“:1:::':""'.::
L o E FO=04A" P @=04A R
0 S 1 a2 2 0 STEE = 0010 1T P y
-8 4 0 4 8 % 0.005 . % AL . .'. |
. g w, s o°
i (mev) £ 0.000 Dt | :“T‘.‘-‘.’. .m.""‘.“oa'. ]
E ' 10 -5 0 5 10 10 -5 0 5 10
FIG. 1. Raw intensity versus energy transfer as measurdd at . ————— 1 —— T
=320 K and wave vector transf€@=0.25 At on molten gallium g 0010 -@ =07 A" .'. fe=07A" n
(dotg, empty molybdenum celicircles, and full absorbing cad- %, I 2% r A ]
mium (triangles. 0005~ J 0 ‘.,7.* e ]
0.000 T e
=0.25, 0.3, 0.4, 0.7, and 1.0°A The background from the 0010me=1A" e ., ]
empty molybdenum cell was measured in the same condi- o0.005} 75 - . -
tions as the sample, while the background produced outside J N M N
R 0.000 N T R e (. 1 I T T T N &I
the sample region was measuredat0.25, 0.3, and 0.7 & 20 -10 0 10 20 20 -10 0 10 20
by shielding the cell with a 1-mm-thick highly absorbing Cd Fio (meV) fio (meV)

plate at 320 K and a B plate at 970 K. Additional back- ) ,
ground measurements were carried out removing the cell, F'C- 2. Experimental dynamic structure facsP™Q, fiw) of
with the furnace in place and without the furnace, and coI-tmhglﬁgv%acgucﬁf‘:r:ﬁgf; 32;1 §S7gf}<th‘ée:§:zsi?§rrggntt;anSfer and at
lecting data along inelastic scans at the s@nelues as the '
sample. As an example, the intensities measured from thgritical step of the data reduction. Indeed, even though the
sample, the empty cell, and the cadmium absorbeQat present sample is a fairly weak scatterer, the MS contribution
=0.25 At andT=320 K are shown in Fig. 1. The contribu- is comparable with that of single-scattering events at low
tion of the molybdenum cell was dominated by the centralwave vectors. This is a consequence of the small values at-
peak, originating from elastic processes, with tails of lowtained by the static structure fact&Q) over the lowQ
intensity. The instrument background contribution was veryrange[ S(0)=0.006 at 320 K, against MS, which gets in con-
low as shown by the data of the absorbing plate. A quiteributions from processes at evea@yvalue. To the purpose of
similar, very low, background was found to affect the high-calculating the MS contribution with the high accuracy
temperature measurements. To check for the resulting energigeded in the present experimental conditions, a detailed
resolution of the instrument, a scan@t0.3 A was car- knowledge of the sample scattering function over a wide
ried out by inserting a 1.5-mm-thick vanadium plate insideenergy and momentum range is requigegriori. With the
the sample cell. The experimental elastic resolution functiodack of experimental data, we used the dynamic structure
was found to be well modeled by a Gaussian function withfactor of liquid Ga obtained from the molecular dynamics
2.4 meV full width at half maximuntFWHM), in very good  simulations, described in the next section, as the input model
agreement with the resolution function calculated accordingor the MS correction. Indeed, the MD simulation provided a
to Ref. 18 for the known spectrometer configuration and pacalculated dynamic structure factor over a wide wave vector
rameters. The sample transmission was obtained by a direand energy transfer range: namely, 6s08<15 A™* and
measurement of the intensity transmitted throughout the mo=30<%w =30 meV.
lybdenum cell, either empty or filled with the sample. For From the MS-, background-, and attenuation-corrected
these measurements the incoming beam intensity was reample intensities, the experimental dynamic structure factor
duced by inserting an attenuator along the primary neutro$™"{Q,%w), which contains both the coherent and incoher-
path. The measured values of the transmission—narfely, ent contributions, was obtained. The data at the two tempera-
=0.665 at 320 K and=0.643 at 970 K—were found to be tures are shown in Fig. 2 at th@ values of the experiment
in good agreement with the estimates based on the tabulateahd as a function of the energy transfer. As apparent from
values of the coherent and incoherent scattering cross seEig. 2, side peaks originating from inelast®@rillouin) scat-
tions and spin-dependent neutron scattering lenths. tering can be observed up to the maximum investig&ded
The data reduction was performed following the well- values at both temperatures, which indicates the presence of
assessed proceduf®, successfully applied in similar collective modes in the spectra. It is worth noting that, al-
investigations~>17 The single-scattering intensity from the though the incoherent term dominates the scattering cross
sample was obtained by subtracting the multiple-scatteringection at low-wave-vector transfer®, its contribution
(MS) contribution from the background- and monitor- (~80%) to the experimentaf**(Q,%w) concentrates be-
corrected data. The correction for the MS contribution is alow the quasielastic peak, which enables the side structures
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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 A (about 3100 mg) at 320 K. This rough estimate
provides a value in qualitative agreement with that reported
in the recent IXS experimeltand in excess of the sound
velocity as measured at the same temperature by ultrasound
spectroscopyf—that is, 2780 mg. It is also interesting to
observe that the Brillouin light scattering experiment of Ref.
21 provided quite a large valug f_or _the modg VeIOC|t_y, al? FIG. 3. Static structure factd®(Q) of liquid Ga at 320 K and
though, because of the severe limitations of this technique ig, K, as obtained from present MD simulatiofsolid line) in
the case of _metals, the results co.uld be_ affected by surfacc%mparison with the experimental data from Ref. tdpen
effects. At high temperature, the inelastic structures of thgjangjes.
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- V(r) = Ve +Ww
posed onto the sharp diffusion-related central peak, is appar- ri2 3
ent in the data. The width associated with this quasielastic
contribution clearly exceeds the instrument resolution funcwherer is the ion-ion distance,k is the diameter of the
tion, with effects on the visibility of the collective modes Fermi sphere, anki ¢ is the Thomas-Fermi wave vectdfz,
which cannot be ruled out. Vg, and ¢ are parameters to be determined. The basic as-
sumption beneath this representation of the potential is that
the interaction irsp-like polyvalent metals can be adequately
I1l. MD SIMULATION described by taking the sum of a long- and a short-range
part. The short-range part, which represents the repulsive in-

MD simulations of liquid gallium, based on a numerical teraction due to the overlap of the electron cores, was simply
potential extracted from the measured diffraction #aby ~ modeled by an inverse power law, with the same exponent as
using the predictor-corrector procedure, were carried out bjhe Lennard-Jones potential. The long-range part was taken
Bermejoet al,'3in order to get additional data on the appar-as the asymptotic form of the effective ion-ion interaction,
ently unusual gallium dynamics. However, while the agreeScreened by the conduction electrnas modeled by an
ment between simulated and experimental static structurdlmost uniform electron gas. A number of electrons per atom
factors was excellent, as expected for a potential derived bgqual toZ=2.7, the effective ionic charge from which to
an inversion method, the collective dynamic behavior wagvaluate the electron number density, and hdqcandkr,
poorly described. More recently, first-principles simulationsWas assumed according to the scheme proposed in Ref. 10 to
have been applied to the description of the electronic conobtain the number ofplike electrons. The parametey,
figuration and the static structure of liquid gallidfin that V¢, and ¢ were optimized by fitting the simulated static
work the ion-ion interaction was evaluated self-consistentlystructure factorS(Q), which was directly calculated as the
from the electron states by means of a finite-temperature |dFourier transform of the pair correlation functigfr), to the
cal density functional approach. Unfortunately, severe comexperimental datd measured at 320 K, and corresponding
puting time limitations prevent the application of this methodto a mass densitp=5.904 g cni®. The same set of param-
to probing the dynamic correlation functions over both longeters for the potential was used for the simulation at 970 K,
times, up to several ns, and lo@, over the nm' region, as  While the mass density was loweredde 5.674 g cm® and
required by the present case. ke and kg were scaled according to the density change.

We carried out standard constant density classical MD The energy conservation, at both temperatures, was as
simulations of liquid gallium using a system of 87 808 par-good as a few parts in 1 By slowly cooling the system,
ticles for a total simulation time of 2 ns in steps of 0.2 fs. A we found a crystallization temperature equal to 307 K, which
cubic box with periodic boundary conditions and a leapfrogcompares rather well with the experimental melting
algorithm to integrate the equation of motion were em-temperature—i.e., 303 K. The simulated system crystallizes
ployed. The force cutoff distance was 10.5 A. The box edgén a structure compatible with the stable phasGa—i.e., a
was fixed according to the density and it was equal tobase-centered orthorhombic lattice with eight atoms per unit
118.8 A atT=320 K and 121.46 A aT=970 K. The mini- cell. When rapidly decreasing the temperature of the simu-
mum value of the useful wave vector in the simulation wadated liquid below the melting point, we obtained a super-
~0.05 A1, which was small enough for a safe comparisoncooled liquid down to 190 K. We did not check the melting
with the experimental data. The simulation was based on af the crystal because of the very long simulation runs nec-
simple analytic potential to model the ion-ion interactions inessary to do it.
liquid gallium. The proposed model potential had been pre- Figure 3 shows the simulated static structure facB€3)
viously tested in the case of liquid mercury and found toat the two temperatures of this experiment, in comparison
reproduce the static properties with very high accufalye  with the neutron diffraction data of Ref. 11. The agreement
pair potential was given by between the two sets of data is impressively good, as appar-

exp(— krer), (1)
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ent from Fig. 3. In particular, we remark that the shape of thehe trajectory of theth particle.F(Q,t) was computed di-
first peak, the period, and the amplitude of the oscillation areectly from its defining equation by averaging over the time
well reproduced, as well as the asymmetry of the first dif-t’ and the orientation of. As known, the Fourier transform
fraction peak of the liquid. This specific feature is related toof F(Q,t) is the dynamic structure fact@"°(Q,w) of the

the interplay between the two different length scales associsystem, which can be easily compared with what is measured
ated with the diameter of the repulsive core and with thein inelastic neutron or x-ray scattering experiments.
wavelengthhg=7/kg of the Friedel oscillation, respectively. SP(Q,w) was obtained from the power spectrum of the
The good agreement at high temperature is a remarkable fagensity fluctuations by applying the Welch metf8and it
since, as already observed, the fitting parametgrs/r, and  was calculated fof ranging from 0.1 to 1.5 A by taking

¢ were fixed by adjusting them at 320 K only, and the den+he average over all possib@ orientations. Eac¥P(Q, w)

sity dependence of the potential was entirely described by; fiyed constan® was obtained as an average over different
the change of the electron density. This result points out th tatistically independent runs.

the electron density correctly accounts for the presence o The dynamic structure fact@"°(Q, ) is shown in Fig.

”&?J?g -ggljlﬁrr? ontributions to the effective palr potential M4 at theQ values and the two temperatures of the experi-
: fment, after convolution of the data with the four-dimensional

The MD simulation was applied to inspect a selection o . .
the dynamic properties of the system. In particular, we cal{Q:®)-dependent resolution function of the spectrometer.

culated the time-dependent mean-square displacemeftollective excitations, characterized by a damping-to-
([Ar(H)]? by averaging over all the atoms in the system. Infrequency ratio smaller than unity, are visible at both tem-
such a way, we obtained the long-time limit ¢fAr(t)]?);  Peratures, and they are superimposed to a broad quasielastic
namely, ®[t|, whereD is the diffusion coefficient. Diffusion ~ contribution. I;Ne remark that, for an effective and quantita-
coefficient values equal to 13510 cP s *at 320 K and to  tive use ofS"P(Q, w) for MS subtraction from the measured
1.3x 10 cnm? st at 970 K were obtained, again in excellent neutron data, both the calculated dynamic structure factor
agreement with the corresponding experimental@datthat  S"°(Q,®) and its self-part are necessary. Indeed, as dis-
is, 1.57x10°cnm?s ! at 320 K and 1.3k 10%cnm?s ! at cussed at the end of Sec. I, the dynamic structure factor
970 K. which is probed in the neutron experiment consists of a co-
To investigate the propagation of the ion density fluctua-herent and an incoherent contribution and it has to be com-
tions in liquid gallium, we calculated the intermediate scat-pared with the (coherent and incoherentcross-section-
tering functionF(Q,t) defined as weighted sum o8"P(Q, w) and its self-term. This is not the
- _y / case forS™P(Q,%w) measured in the inelastic x-ray scatter-
FQU=(p(QE-tpQ1)), ing experiment, which is intrinsically coherent and can be
where p(Q)=N"12%; exd-iQ-r;(t)] is the Fourier compo- compared directly with thécoherenk cross-section-weighted
nent of the atomic density at the wave vec@iandr;(t) is  S"P(Q,w).
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IV. DATA ANALYSIS AND DISCUSSION 0.016

To disclose the essential features of the system dynamic.—~ -
contained in the experiment&™?(Q,%w) data, we preferred 3 o0.012}
to carry out an MD-independent analysis based on a simpleE L

—_

empirical fit of the data, instead of using the simulated g ¢.qos}

SMP(Q,w) as a model fitting function. This procedure i

amounts to treating the experimental and simulated data a%V 0.004

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

componentS,¢(Q, w), and a single Lorentzian function, de-

scribing the quasigla;tic contribut.icﬁinqe(Q,w).'AS already FIG. 5. *P(Q,%w) of molten gallium at 320 K and 970 K
obtservec_J dm ﬁ.thﬁ r IIql:_ltd rfnte tatl‘fsﬁttg IS(;/e:[ry _batsrllc mode_l (ljld i versus energy transfer and at the wave vector trar@fed.3 A1

no .prOVI € hig 'qg.":rl y T is ? e ha a If? Ie' q!JdaS'e asl IC(circles). The solid lines are the curves calculated according to the
region. However, differently from the other liquid metals fitting model described in the text. The dashed line is the inelastic

v_vhere the jnadequacy O,f modeling t_he qua§iglastic Contrib_uéontribution(DHO) and the dotted line the fast quasielastic process.
tion by a single Lorentzian seemed just a fitting problem, in

the case of liquid gallium this finding is convincingly sup- .
ported by theqresu?ts of the MD simglation. Indeeg,ya thF())r-wC(Q)' However, the number of parameters was effectively

ough analysis of the self-intermediate scattering function aéeduced bY assuming, for t.he width of the narrow quasielas-
obtained from the simulation showed that at least two mairfiC Lorentzian, the expression

contributions, associated with two different time scales, char- DQ?

acterize the self-dynamics of liquid galliuth.The slower FQ=—"".

process was seemingly associated with the usual diffusion 1+7DQ
while the faster one was related to the residence time of thgith the diffusion coefficientD equal to the experimental
particle within the cage of its first neighbors. According to gat#2 and r,—i.e., the residence time for a random-jump
the MD simulations? the time scale associated with the fast gjffusion model, given by the MD values calculated at the
and Q-independent process was characterized by the valuggo temperatures. Moreover, thedependence of the damp-
7o =0.22 ps at 320 K andg~=0.13 ps at 970 K. In the jng factorI'.(Q,w) was approximatéd by the linear func-
energy domain, the fast process gives rise to an additiongjgp T(Q,w)=wl(Q), with I'.(Q) the effective parameter.
Lorentzian function, besides the diffusive one, with associ-he width T',(Q) associated with the broad Lorentzian was
ated FWHM value¥ equal to 6.9 meV at 320K and ¢,nq to be almosQ independent, and hence it was held
11.7 meV at 970 K. These values are consistent with the Sizg,gtant during the fitting procedure. An example of the re-
of the width of the broad quasielastic structure, visible in theg ;s optained from the fitting procedure is presented in Fig.
experimental data beneath the narrow diffusive contribution5, where best-fitting curves and experimental dataQat
For these reasons, we believe that a two-Lorentzian function q 3 A-1 gre compared. The broad quasielastic component

model would give a more appropriate description of the exnq the inelastic contribution are also shown. The good qual-

perimental quasielastic structure, which appears as a SUP&fy of the fit indicates that the model function correctly re-
position of a narrow and a broad component. Therefore, thg,qces the important features of the experimental data. We
dynamic structure factor was modeled by the sum Ofyhgerve that the best-fit values Bf turned out to beil’;

0.000

S Q. @) and Spe((Q, ) where =6.7+0.4 meV at 320 K anfil;=11.2+0.4 meV at 970 K,
holkaT r with 1/T"; in strikingly good agreement with the fast relax-
SQ ) = 1 @ ;:’ T [aO(Q) 5 O(Qz) ation time valuesr° provided by the MD simulations.
—exp-folkg)| 7 w0+ 15(Q) For a meaningful comparison of the purely inelastic fea-

a(Q  TI'i(Q) tures contained il**(Q, Aw) and SYP(Q, w), the two sets
+Tw2+—1“2(Q) ' (2a) of data had to be treated using the same empirical model;
! that is, the dynamic structure facts¥°(Q, w), after convo-
(0,0) Igtion with the resolutiqn fun(;tion and .the trivial normaliza-
Snel(Q. ) =[N(w) + 1]al(Q) —5—— ¢ = ' tion to the integrated intensity, was fitted using the model
[0” - 0g(Q)]+TE(Q, w) functions given in Eqs(2). The dispersion curve associated
(2b)  with the collective modes and defined by the fitting param-
_ . _ eterw(Q) for both the experiment and the MD simulation is
I’I(a)) be|ng the Bose faCtOI‘. The Convolutlon Of thIS modelshown in F|g 6. The same empirica' approach was app“ed to
dynamic structure factor with the four-dimensional gnalyze the recent IXS ddfaat 315 K and the dispersion
(Q, w)-dependent resolution function was fitted to the expericurve resulting from the fitting procedure is also shown in
mental S"P(Q,%w). In principle, the free parameters of the Fig. 6. This figure emphasizes the agreement, within the ex-
fit were the three amplitudesy(Q), a;(Q), and a(Q), the  perimental errors, of the three dispersion curves obtained
three widthsl'o(Q), I'1(Q), andI'((Q, w), and the frequency with the three different techniques.
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FIG. 6. Dispersion relatiomio(Q) versusQ at 320 K and S 0.00075
970 K, as obtained from the present fitting model: present neutron ‘;A ’ |
data(solid triangle$, MD simulations(open triangles and x-ray 0.00050 -
data at melting(circles from Ref. 15. Error bars are within the ’ I
symbol size. The dashed line is the sound dispersion. 0.00025
In Fig. 7 the damping factol'.(Q)/Q is compared with 0.00000

the companion data obtained by fitting the MD simulation
data[Eq. (2)]. The two sets of data are, once again, in good

~40

agreement among each other and both are consistent with the

approximationI'¢(Q) ~ v4Q, where y4 is a Q-independent
constant. This expression fdr.(Q) is consistent with the
RPA treatment of the dynamic structure factor of a liquid

FIG. 8. Comparison between experimer(t@utron, dots; x-ray,
circles and simulatedsolid line) dynamic structure factor of liquid
gallium at 320 K and at the wave vector trans@=1 AL The
present neutron data are compared with the simulataddynamic

metal when described as the two-component plasma of intetycture factor, after convolution with the INS experimental reso-

acting electrons and iorf§ We remark that the mode damp-

lution. The x-ray data from Ref. 15 are compared with the simulated

ing appears to be of comparable size at the two temperaturegsherent contribution only, after convolution with the IXS experi-
Hence, the better visibility of the modes at high temperaturénental resolution function.

is more likely due to the broadening of the quasielastic con-

tribution, which becomes an almost flat background at 970 Kunction™ Applying this equation to the model potential
over the present energy range. Our results at 320 K suggedtven in Eq.(1), we obtainedzs/ 7s equal to 4.8 at 320 K
that the failure in observing the collective modes, as reporte@nd t0 3.2 at 970 K. Making use of the experimental data of

in Ref. 13, was probably due to the limited dynamic range oft

the experiment.
It is also interesting to evaluate the ratio of the bulk,
to shearys, viscosities given by the following relationship:

. fm drr2g(n)[V"(r) + V'(r)/r]

78 0

s 3fodrrzg(r)[V”(r) +4V'(r)Ir]
0

whereV'(r) andV’(r) are the first and second derivatives of
the potential andg(r) is the measured pair-correlation

FIG. 7.T«(Q)/Q versusQ. Present neutron dataolid triangle$

and MD simulationgopen triangles

16 T T T T
o [ T-e0K I T=-970k ]
S 12k k- .
: | I . ]
= 5l %KA A L AAﬁ A A |
) as A
S .| I -
~ L 1L i
0 R R N R R
0.0 0.4 0.8 0.0 0.4 0.8 1.2
0 (A 0 (A"

he 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 foung=11.3 cP at
320 K, in very good agreement with the estimate provided
by the IXS experiment? 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
0.(Q) being almost linear up t@=0.5 A%, as apparent
from Fig. 6. The fit was then repeated wikh constant and
w(Q)=cy sin(7Q/ Qyp), ¢ being the collective mode velocity
and Qg the position of the first maximum in the static struc-
ture factor. The final fitting scheme was therefore one com-
prising the simplified damping factol’(Q), the two
Q-independent parametei$, and cy, and the three linear
fitting parameters: namely, the amplitudggQ), a;(Q), and
a.(Q). The collective mode velocity turned out to lug
=3080+180 m s at T=320 K andc,=3020+200 m " at
T=970 K. As already observed, the valuecgfat 320 K is in
good agreement with that measured in the IXS experitAent
and larger than the sound velodfty(2780 m s?), consis-
tently with what found in many other liquid metdls.

Finally, in Fig. 8 the dynamic structure factor calculated
by the MD simulation at 320 K an@=1 A~! is shown in
comparison with the experimental neutron and x-ray dy-
namic structure factors. In particular, the simulated neutron
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TABLE I. Velocity associated to the collective mode in molten alkali and polyvalent medgls. as
observed in neutron and x-ray scattering experimmﬁé’f\, calculated under the BS scheme with the RPA
prescription fore(Q); chs, calculated under the BS scheme with local field included. Note the imaginary
value ofc'lgFS in liquid cesium. The quantit[/R2/6+Dp] accounts for the ion size contributidsee texkt Z is

the effective number of conduction electrons.

Cexpt cREA cE [R?/6+D,]
z re (meV A) (meV A) (meV A) (A?)

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
Ks,Csig 1.00 5.41 11.2 8.95 0.87 0.97+0.12
Cs 1020 5.776 7.5 5.59 1.40 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

response function contains both the dynamic structure factaepulsive component, coming from the ion core contribution,
and the self-dynamic structure factor for a proper account oénd the Friedel-like oscillations, originating from the elec-
the coherent and incoherent contributions to the neutrotron gas screening. In fact, both static and dynamic proper-
spectra. For the comparison with the IXS spectra of Ref. 15ties of gallium cannot be reproduced by the empty-core
0n|y the pure|y coherent component was considered. As arpseudopot'en.tial, which works Correctly in the case Of. alkali
parent in Fig. 8, the MD simulations provide an excellentmetals. It is important to note that the model potential we
quantitative account for the experimental results of both INg!Sed is not a purely two-body interaction. Indeed, the many-
and IXS measurements. body effects are contained into the electron-density-
dependent parameteks andkye. Therefore, the capability of
this potential to reproduce quantitatively several static and
V. CONCLUDING REMARKS dynamic properties of liquid ga_llium underlines the funda-
mental role of the electron gas in the system.

As described in the previous sections, it is now well es- As mentioned in the introductory section, the BS approxi-
tablished that liquid gallium sustains well-defined collectivemation, although failing in predicting the quantitatively cor-
modes up to wave vector transfer valu@s 1 A%, both at  rect values of the mode propagation velocity for the whole
melting (320 K) and at high temperatur@®70 K), with as-  class of alkali metal® surprisingly provides good estimates
sociated velocities equal to 3080+100Ms and in the case of HdRef. 4 and Pb(Ref. 2. It is also interest-
3020+100 m &, respectively. Both the propagation velocity ing to observe that BS estimates of the collective-mode ve-
and the damping of the modes are scarcely temperature discities in liquid Sn and Ge, the latter being metallic in the
pendent. liquid phase, are in satisfactory agreement with the experi-

The Bohm-Staver estimate for the sound velocity, calcumental values provided by the IXS experiments in(8ef.
lated using the RPA approximation for the electron dielectric28) and Ge(Ref. 29. However, if the successful BS predic-
function and assuming a number of electrons per atom equaibn were brought about by the rather high electron density
to 2.7 according to Ref. 10, returns the value 4600 s of these metals, an even more accurate prediction is to be due
which is largely in excess of the experimental one. This is arfor the higher-electron-density gallium. On the contrary, the
unambiguous indication that the simple model of pointlikeevidence of a substantial disagreement between BS and ex-
ions embedded in an RPA-treated electron gas is not agerimental values of the velocity points out that some com-
equate to quantitatively describe the dynamics of liquid galpensation between electron-driven interactions and the finite
lium. On the other hand, the experimental observation thasize of the ion core must occur.
the collective mode velocity does not depend on temperature A guantitative overview of the situation in alkali and
is consistent with what expected from the BS formula, whichheaviersp-like metals is presented in Table I, where the ex-
suggests 1.027 as velocity ratio at the two temperatures asperimental data of the collective-mode velocity are compared
consequence of the small density change between 320 K andith the results of calculations carried out in the realm of the
970 K. Moreover, we found that the present MD simulationBS model, with both RPA and beyond-RPA treatments of the
relying on an electron-gas-based model potential is quite efelectron dielectric function. The main improvement over the
fective in reproducing the experimental data. In the modeBS model, which consists in restoring the finite size of the
potential an equally important role is played by both theions, was also treated and the results are reported in Table I.
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The main steps of the present analysis are summarized in the 1 T 06 T 3!926(:
following. A= s 1 '
The interpretation of the experimental collective-mode F
dispersion exploits the equations of motion for the homogewith a=(4/9m)3, and the dimensionless parameterde-
neous and interactinglectron-phononsysten® A self-  fined through 1h=4rZa3, n the electron number density,
consistent treatment of the system coupled-dynamics aend a, the Bohr radius. Quite reliable estimates gfare
counts for the mutually induced effects between the phonomowadays provided by interpolation schemes based on quan-
field, associated with the ions, and the electron cloud. Theum Monte Carlo simulations. Exploiting one of these
renormalized phonon dispersion relation, which is adopted t@chemes? the known instability of the electron gas at low
describe the ion-density fluctuations in the liquid metals, is densities, was observed at the cutting vatye5.5, above

5 } which the electron gas compressibility al@take negative
L (3

1
2 = Qz — 2|: 1-——
09(Q) =Q(Q) . e2Iv(Q)I «Q)

where |v(Q)| is the coupling coefficient between the vibra-
tioznal field of the ions and the electron distribution, and
Qi,,(Q) is the bare frequency of the ion collective mode. Theheavy alkali metals, is not affected by them attainiggal-

static approximation for the dielectric functiefQ) is appro- ;o5 close to or even beyond the calculated threshold, the role

priate to treat the ion dynamics, which is slow on the scale op|ayeq by the ion finite size on the metal stability is crucial,

the electron motions. _ especially for the low-electron-density systems. The effects
The BS model is easily obtained from HE) as the long- ¢ yhe finite size of the ion core on the collective-mode dis-

wavelength limit dispersion of the ionic plasma—that is, thepersion in the low® limit can be investigated by leaving
homogeneous system of pointlike ions and electrons couplegsiqe the BS model, independently of the scheme used for
through purely Coulombic interactiod$The bare frequency €(Q), and turning back to the general equati@h A simple
reduces to th&-independent p'aima frgquency of the ions, oy roximation to this equation, which reproduces the correct
Q,, as it does the coupling ter@”u(Q)| /2477e2, which re-5ng-wavelength behavior of the dispersion relation and ac-
sults in the known dispersion relationgdQ)=(/€(Q).  counts for the internal structure of the ions, consists in keep-

values. As a consequence, the collective modes of the point-
like ions cannot propagate fa,=5.5. The values of the
velocities resulting from this calculation are reported in
Table | under the column headirgs,

Considering that the stability of real systems, including

Making use of the definition ing the lowQ expressior®
KK _dQ-1 05n(Q) ~ Q31 +D,Q),
QP+ €Q
@ - 0gf1-BL
which introduces the virtually exact screening wave vector a2’ P 6 /)’
ks, the long-wavelength limit of the BS dispersion relation
can be written as with the parameter®, and R describing the ionic plasma
dispersion at long wavelengths and an ion mean-square ra-
_ 5 B QZQZ2 dius, respectively. The resulting dispersion, to be associated
(QTO wpdQ) = K2 with the propagating longitudinal density fluctuation mode,
is
with the associated velocity of the ion-density fluctuations: 02 R2
lim %(Q) =lim —"—+Qz<—+D) 2+ 0 4]
wpd®) 0, 00 0i(Q) an{ a0 "\ 0| Q Q%
Cps= lim T = - ) =2
Q-0
S =(QE> Q2+Q,23(_+Dp>Q2,
Under the RPA prescription for the long-wavelength limit of Ks 6

€(Q), ks would be coincident with the Thomas-Fermi wave  hich shows that, even whetQ) is not positive,w(Q) is

vector kye. The velocity values calculated according to this positive defined, and hence a real-valued dispersiQ)

approximation are listed in Table I, under the column head-,; - ; ;

i e vy 7% Cf te e
An improved beyond-RPA scheme includes the local field P

effects into the dielectric function, which can be easily ac-

R?
2_ 2 o[ R°
complished through the exact screening wave vectetthat ¢ =Cast Qp( 6 "Dp): (4)

is, ) o .
To get an esitmate of the deviations of the velocity from the

, K BS value, which are embodied in thB2/6+D,] term, we
ks = 1 ‘7\k$F' applied Eq.(4) to the experimental data, inserting the mea-

sured values of the collective-mode velocity in the left-hand
where the low®, zero-frequency local field coefficientis  side of the equation and using fu@S the data calculated
related to the correlation energy per particle of the electronunder the beyond-RPA scheme. The results for [tR&/ 6
gas, €., through the compressibility sum rdle +D,] term are reported in the last column of Table I.
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An inspection of Table | shows that systematic trends arestates are expected to be almost temperature independent, at
present. First, there is a clear tendency within the alkalileast over the present scale, no temperature dependence of
metal series, where the low-atomic-mass elements Li and Ntoe transition rate associated with the interaction between the
show a behavior different from that of the heavier compan-collective mode and the electron system is expected. Indeed,
ions K, Rb, and Cs, consistently with an overall increase ofrom the calculated electron density at 320 K a Fermi energy
the ionic influence. Indeed, in the case of Li and Na theequal to 9.7 eV is obtained in Ga, which corresponds to a
rather small contributiomR2/6+Dp] is consistent with the Fermi temperature in excess of °1R, against which the
expected reduced size of the ion core radius. A larger ioiemperatures of the present experiment are definitively neg-
contribution in K, Rb, Cs, and also the;}Csyg alloy is re-  ligible. It is interesting to observe that a similar behavior is
sponsible for theight behavior of the collective-mode ve- reported for liquid S8 where almost no temperature depen-
locity, because of the small contribution of the electron gaglence ofI'((Q) was observed. These results, although not
term (Qp/ks)z. Interestingly, rather small core contributions conclusive, suggest that investigating the damping of the col-
are associated to trep-like metals Ga, Ge, Sn, Hg, and Pb. lective modes in metals could be an interesting and alterna-
Even though less remarkable than in heavy alkali metals, iotive approach to the study of the electron-mediated interac-
core effects must be taken into account to correctly describ&ons.
the dynamics ofp-like polyvalent metals, as also suggested As a final remark we note that the whole set of the results
by the present MD simulation. of Table | suggests that the electron contribution is critical

As to the mode damping, a rather uninfluential temperafor a proper treatment of the collective-mode velocity, that
ture dependence, possibly a small decrease, of the collectivbeyond-RPA approaches in conjunction with the most accu-
mode damping was observed. Were the damping of the colate data on the correlation energy have to be applied, and
lective mode due to its interaction with the whole of the ionthat a more sophisticated modeling of the ion contribution,
dynamics, an increase of the damping with the temperaturistead of the simple empiricaR?/6+D,], is mandatory.
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- We wish to acknowledge the support of Marco Sampoli in
tenuation of the ion-density fluctuations is primarily due toproviding the MD code and offering his valuable help in
the interaction with the conduction electrons. Since electrometting one of ugL.E.B.) trained in the use of the code.
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