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Collective ionic dynamics in a molten binary alloy
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A recent experiment@Phys. Rev. Lett.80, 2141~1998!# showed heavily damped excitations in molten Li4Pb,
within kinematic scales well beyond those of hydrodynamic sound. These findings pointed to the presence of
short-lived out-of-phase atomic motions as the underlying microscopic phenomenon. A series of computer
molecular dynamics studies are performed to investigate the details of the atomic motions. From an analysis of
the simulated structure factors for molten Li4Pb, as well as by a comparison with those of liquid Li under
different thermodynamic conditions, it is found that the high-frequency excitation found in the alloy shows
characteristics remarkably different from those of pure Li. The relative phases of the atoms partaking in such
motions, as well as the remarkably short excitation lifetimes, portray it as a fairly localized mode, with a
frequency dependent polarization.@S1063-651X~98!07210-9#

PACS number~s!: 61.20.Lc, 61.25.Mv, 61.12.2q
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I. INTRODUCTION

Molten metallic alloys, within which atoms of typeA are
very strongly attracted by others of typeB, have been inves
tigated for many decades as a consequence of their ra
particular thermodynamic and structural properties@1#. From
the point of view of the change in electronic structure up
melting, such liquids are in between those fully ionized
sulating salts, which remain ionic after melting of the pare
crystal, and those covalent semiconducting solids such a
or Ga where the covalent character gives way, upon melt
to a liquid with a more marked metallic character. Examp
of this are Cs-Au or Li-Pb and other alloys of alkalis wi
Pb, In, or Tl @2#. The available evidence portrays the stru
ture of such liquids as leading to compound formation n
the AB ~equimolar! or A4B octet compositions, dependin
upon the metallic elements. For the7Li4Pb sample unde
consideration, the octet composition leads to a maximum
the electrical resistivity@3# concomitant with a strong de
crease of long-wavelength concentration fluctuations@4#.
The liquid retains its metallic character, although measu
ments of some electrical transport properties indicate th
is not far from a metal-insulator transition@1#.

A number of detailed neutron, x-ray, and theoretical
vestigations have been carried to unveil the microsco
structure of the liquid@5#. These show the signatures
strong chemical short-range order in the derived static
correlation functions which translates into a first intense p
at 2.9 Å, indicative of strong Li-Pb correlations, a distan
which becomes about 5% shorter than that of equilibri
Li-Li correlations. The question of whether such atomic
rangements are stable or not has, to the authors’ knowle
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not been answered in full. In fact, the experimental liqu
structure factor can be reproduced by means of calculat
without explicit inclusion of overlap interactions between
and Pb@5#. Indeed, as shown by Nixon and Silbert@5#, a
basic ordering mechanism can arise, in a mixture of sphe
of disparate diameters, from the nonadditivity effects~break-
down of Lorentz-Berthelot rules!. The most widely accepted
view thus seems to regard bonding in this liquid as result
from a valence band, where the outer Pbp-electron states
join with electrons from the Li 2s band, a process mediate
by charge-transfer, leading to a minimum~not a gap! in the
electronic density of states at the Fermi level. On the ot
hand, estimates from analysis of quasielastic neutron sca
ing data@6# put an upper bound for the lifetime of the Li4Pb
‘‘molecules’’ of about 1 ps.

The dynamics of molten7Li4Pb was first investigated by
cold neutron scattering@6#. The total neutron scattering cros
section for a molten binary alloy such as Li4Pb composed of
particles with percentage concentrationsc and (12c) is
given by @7#

d2s

dVdE
5N

k8

k
@11n~v!#vbH @cb̄Li1~12c!b̄Pb#

2R~Q,v!

1c~12c!~ b̄Lib̄Pb!
21

csLi
inc

4p
Rs~Q,v!J . ~1!

Here N stands for the total number of particles, the flu
factork8/k represents the density of final neutron states o
the incident neutron flux, 11n(v) is the Bose factor, and the
response functionsR(Q,v) are defined in a way that ap
proach as theS(Q,v) dynamic structure factor in the class
4568 © 1998 The American Physical Society
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cal limit; that is, S(Q,v)511n(v)vb, where b

5(kBT)21. The quantitiesb̄i stand for coherent scatterin
length for thei th atomic species, whereassLi

inc stands for the
total incoherent cross section for7Li ~that for Pb is negli-
gible!. The coherent responseR(Q,v) is in turn decomposed
into partials,

R~Q,v!5c~ b̄Li !
2RLiLi ~Q,v!

12c~12c!1/2b̄Lib̄PbRLiPb~Q,v!

1~12c!~ b̄Pb!
2RPbPb~Q,v!, ~2!

whereas, as stated above, only Li will contribute to the in
herent response which is expected to be concentrated a
quencies about zero~quasielastic scattering!. Other decom-
positions of the total response have been used and, in
that given in terms of correlation functions for the dens
Rrr(Q,v), concentrationRcc(Q,v) and their respective
cross terms has proven useful for the analysis of lowQ
~quasielastic scattering! data @6#. The equivalence betwee
both formulations is given by@7#

R~Q,v!5@cb̄Li1~12c!b̄Pb#
2Rrr~Q,v!

12~ b̄Li2b̄Pb!@cb̄Li1~12c!b̄Pb#Rrr~Q,v!

1~ b̄Li2b̄Pb!
2Rcc~Q,v!. ~3!

In the case under scrutiny, the equation given above is s
stantially simplified, since the average scattering length^b&
5cb̄Li1(12c)b̄Pb50 (cb̄Li520.229 fm, b̄Pb50.94 fm,
and c50.8); thus onlyRcc(Q,v) contributes to the spec
trum, which in turn contains

Rcc~Q,v!5c~12c!@~12c!RLiLi ~Q,v!

22c~12c!1/2RLiPb~Q,v!1cRPbPb~Q,v!,

~4!

which are terms governing the dynamics of the two com
nents, plus a cross-term which at low frequencies and w
vectors represent a microscopic interdiffusion contributio

The experimental data for low energies@6# show that in-
coherent scattering from7Li @i.e., theRs(Q,v) term in Eq.
~1!# dominates the low-frequency spectrum up to wave v
tors '0.7 Å21 that is, midway to the coherent peak
Rcc(Q,v) which appears at'1.5 Å21. Data analysis of the
incoherent quasielastic region~below 0.5 Å21) performed
on hydrodynamic~Fick’s law! grounds yielded7Li self-
diffusion coefficients ranging between 17.531025 cm2/s at
1023 K to 27.431025 cm2/s at 1173 K@6#, which are about
1.5 times lower than those of pure Li metal extrapolated
such temperatures, and the apparent activation energy
turns out to be far higher than that of molten Li. The ma
roscopic interdiffusion coefficientD1 was evaluated by re
course to a phenomenological extension of the hydro
namic Darken’s relation~Lorentzian response! to finite Q
@6#. This allowed the determination of the Pb self-diffusio
coefficient~too weak to be directly measurable! which was
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found to be 6–8 times smaller than that of Li, but comp
rable to the interdiffusion coefficient.

The dynamics at larger frequencies and wave vectors
first investigated by computer molecular dynamics simu
tions @8#. The main interest was focused on the study o
high-frequency peak appearing inRcc(Q,v), centered at fre-
quencies which, if interpreted in terms of the phase veloc
of a propagating acoustic wave, would lead to a veloc
vQ /Q57500 m/s, whereas the hydrodynamic sound for
mixture travels at about 2000 m/s, and indeed it is a
much faster than the propagation velocity in liquid Li@9#
which never exceeds 4500 m/s.

The existence of an excitation with frequencies w
above that of hydrodynamic sound in the liquid referred
above was inferred from preliminary neutron work@10#, and
later confirmed in a more detailed hot-neutron spectrosc
study@11#. Both studies unveiled a heavily damped inelas
wing, which, belowQLiLi /2'1.5 Å21, that is halfway to the
maximum of theSLiLi (Q) structure factor, seems to follow
the ‘‘dispersion curve’’ of pure Li. To picture such an exc
tation as high-frequency sound@8# is, however, in contrast to
the wave vector dependence of its intensity, which beha
in a way somewhat reminiscent of that for an ‘‘optic’’ mod
in a liquid, in much the same way as found for some mol
salts@12#.

Our aim here is then to explore the high-frequency d
namics in molten Li4Pb in those aspects which are difficu
to access from experiment. The main emphasis will
placed on a detailed characterization of the ‘‘geometry’’
atomic motions, as well as on a comparison between som
the dynamical features exhibited by molten metallic Li a
those found for the Li-Li dynamic correlations in the allo
To achieve this, molecular dynamics simulations are carr
using the same potential as that used in Ref.@8#, and the
spectra are analyzed in ways fully equivalent to those e
ployed to treat the experimental data. On the other ha
particular attention is paid to the analysis of the inelas
structure factors which, once inverted into real space, w
provide detailed information on the relative phases of
atomic oscillations.

II. COMPUTER SIMULATION AND DATA
ANALYSIS DETAILS

As known from previous quasielastic experiments@6#, as
well as from measurements on pure liquid Pb@13#, the partial
RPbPb(Q,v) is bound to frequencies below'10 meV. Ex-
perimentally@11# it contributes to the resolution-broadene
quasielastic peak. The same applies to the quasielastic pa
RLiLi (Q,v), RLiPb(Q,v), and Rs

inc(Q,v), as commented
upon above. TheRLiPb(Q,v) term in the Eq.~1! cross-
correlation has a small negative weight, and its range@8# will
also be confined to frequencies below'13 meV. As a con-
sequence, the high-frequency part ofRLiLi (Q,v) becomes
very close toRcc(Q,v), as given by Eq.~4!.

The model used in Ref.@11# to fit the experimental inten-
sities included a term accounting from all quasielastic sc
tering processes, which is approximated by a hydrodyna
prescription specified by an amplitudeZq and linewidthgq
as
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Rq2el~Q,v!5Zq

gq

v21gq
2

, ~5!

where, as stated above, all contributions below about 10
meV were lumped together. In addition, the collective d
namics was described in terms of a damped harmonic o
lator @14#

R~Q,v!5
I Q

2p

4vQGQ

~v22VQ
2 !214v2GQ

2
~6!

defined in terms of an excitation strengthI Q , frequency
VQ5AvQ

2 1GQ
2 and a linewidth which is the inverse of th

excitation lifetime,GQ5tQ
21 . The functional form chosen

above for R(Q,v) enables a formal identification ofVQ
with that corresponding to maxima of the longitudinal cu
rent correlation functionJl(Q,v)5(v2/Q2)R(Q,v), which
is the quantity plotted in the ‘‘dispersion curves’’ of previou
simulation works. Both quantities can be equated, provi
that the whole spectrum is describable by only one oscilla
On the other hand, it provides a physically appealing fo
for a modal frequency in a dissipative environment~i.e., the
‘‘bare’’ frequency vQ is renormalized by the anharmon
interactions@14#!.

Computer simulations

The purpose of the computer simulations here is to p
vide a more detailed characterization of the excitations
means of analysis of quantities not easily amenable to
periment, and also to help clarify the relationship betwe
the dynamics of molten Li4Pb and that of its pure molte
constituents, especially that of liquid Li. The comparison
relevant since kinetic theory portrays the ‘‘fast sound mod
as sustained by the Li atoms only@15#, and therefore finding
a propagation velocity such as that of ‘‘fast sound’’ close
twice the value of sound velocity in liquid Li needs to b
explained. With such an aim, several simulations were c
ried out for molten Li4Pb under conditions resembling tho
employed in the experiments, as well as for liquid Li at
thermodynamic state close to that explored by experim
@9# and also on a sample on liquid Li having the same d
sity and temperature of Li4Pb.

In all cases the effective potential used for the simulatio
corresponds to the model of Copestakeet al. @5#, with inter-
action parameters set to values given in Ref.@8#. Several
different simulations were carried for three systems: Li4Pb at
a density and temperature mimicking experimentr
50.0443 Å23, T51050 K), a sample representing liq
uid Li just above melting (r50.0447 Å23, T5473 K),
and a final one which would correspond to liquid Li, und
density and temperature conditions equivalent to Li with
the alloy. Simulation runs were carried using different b
sizes. The basic box was a cube of 21.2 Å per side,
different calculations were performed employing simulati
cells formed by juxtaposition of four, eight, or 16 of suc
units. In the latter case the simulation cell is thus constitu
by a parallelepiped of 338.6321.2321.2 Å3 containing
6720 particles. This enabled us to reach wave vectors as
as 0.019 Å21, corresponding to the largest distance with
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such cells. Finite-size effects were investigated by mean
simulations carried with boxes of different sizes~four, eight,
and 16 blocks!. Simulation runs were carried over 0.25 n
employing a time step of 5 fs.

The calculation of the relevant quantities followed we
established procedures. The ensuing discussions will be
tered aboutR(Q,v) or S(Q,v) without further distinction,
since the simulation is carried on fully classical grounds\
→0). The decomposition of the atomic dynamics into i
stantaneous normal modes was carried out using proced
analogous to those employed previously@16#.

In what follows we will follow the advice of March and
Tosi @17#, and stick to the decomposition of the total r
sponse in terms of partial correlations, since it presents s
advantages for the analysis of large-Q data. The analysis o
the simulation data has been carried following differe
routes. On the one hand, a model-free analysis was ca
on the basis of peak frequencies ofJl(Q,v)
5v2R(Q,v)/Q2 longitudinal current correlations for the to
tal spectra. This allows a connection with experiment, sin
such frequencies are equivalent to thoseVQ derived from fits
of damped harmonic oscillator response functions to
high-frequency wings. On the other hand, the analysis of
spectral line shapes is also carried in the same way emplo
to analyze the experimental data, that is modeling the qu
elastic and inelastic intensities by recourse to formulas s
as Eqs.~5! and ~6!.

A physically more appealing approach takes recourse
calculation of the first two reduced spectral frequency m
ments of the total as well as partial spectra. This enable
model-free assessment of the small- and large-Q behaviors
of quantities which now have a clear physical meaning
sum rules. Furthermore, the spectral line shape can als
approximated in terms of the second and fourth reduced
ments of theR(Q,v) response functions, plus an addition
parameter~the relaxation time!. Limiting ourselves to the
correlations of interest which involve Pb-Pb and Li-Li pai
~the cross-correlation is bounded to small frequencies!, the
moments of theRii (Q,v), i 5Li or Pb, partial response
functions are defined in terms of the quantities^vn& as,

v0
2~ i !5

^v i i
2 &

Sii ~Q!
5

1

Sii ~Q!
E dv v2Rii ~Q,v!,

~7!

v l
2~ i !5

^v i i
4 &

^v i i
2 &

5

E dv v4Rii ~Q,v!

Sii ~Q!v0
2~ i !

.

Both quantities could, in principle, be interpreted as tho
characteristic of a fluid where, within some kinematic con
tions, the dynamics of both atomic species could be regar
as decoupled@18#. With such a proviso these quantitie
would have well defined hydrodynamic limits given in term
of the isothermal sound velocityvT( i ), wave vector depen-
dent bulk B( i ), and longitudinal moduliC11( i ) and mass
densityMir i for the i component of the alloy:

lim
Q→0

v0
2~ i !5Q2vT

2~ i !, ~8!
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Q2C11~Q!5Mir iv l
2~ i !, ~9!

lim
Q→0

C11~Q!5B~ i !1 4
3 G~ i !, ~10!

where G( i ) stands for the rigidity modulus. An abso
lute, high-frequency limit is also given b
A„B( i )1 4

3 G( i )…/Mir i . At large momentum transfers bot
reduced frequency moments are expected to approach
ideal-gas limits given by

lim
Q→`

v0~ i !5\QS kBT

Mi
D 1/2

, ~11!

lim
Q→`

v l~ i !5\QS 3kBT

Mi
D 1/2

, ~12!

in terms of momentum transfer and thermal velocities.
The spectral shapes can be approximated by modeling

Rii (Q,v) response functions in terms of the three-pole
proximation@7#

Rii ~Q,v!5
1

p

Sii ~Q!v0
2~ i !„v l

2~ i !2v0
2~ i !…t~ i !

@vt~ i !„v22v l
2~ i !…#21„v22v0

2~ i !…2
,

~13!

which is defined in terms of the two frequency moments
Q-dependent intensity which should follow theSii (Q) static
partial structure factor, and a relaxation timet( i ). In the
course of the analysis it was found that an accurate re
duction of the line shapes required leaving the relaxat
time as an adjustable parameter rather than making reco
to the viscoelastic approximation which links the relaxati
time with the two frequency moments.

Having access to spectra which are free of kinematic
instrument-response limitations enables us to compute s
quantities which contain information regarding the spa
extent as well as on the relative phases of the atomic
tions. To see this, consider the structure factorsSi j (Q,v
5const) for the different partial correlations and for selec
values of the energy transfers. At the high frequencies
interest the liquid can be expected to behave as an el
body, and, consequently, the constant-energy structure
tors can be interpreted in terms of inelastic structure fac
which can provide some details about thegeometryof the
atomic vibrations, that is about the relative phases of
atomic vibrational displacements. In fact, a transform of
inelastic structure factor can be defined@19# as

D~r ,vl!5
2

pE0

`

dQ Q(
l ,m

Fl ,m
l ~Q!sin~Qr !, ~14!

where the sum runs overl ,m atom pairs participating in the
lth normal mode, andFl ,m

l (Q) stands for an inelastic struc
ture factor. The meaning ofD(r ,v50l) is obvious; it cor-
responds to the static spatial correlation functions of ato
obtained by Fourier inversion of„Si j (Q)21…. The peak po-
sitions of such a function will then correspond to avera
distances between atoms in the static structure. At a g
frequency,Fl ,m

l (Q), is given by
eir

he
-

a

o-
n
rse

d
e

l
o-

d
f
tic
c-

rs

e
n

s

e
n

Fl ,m
l ~Q!

Q2
5

1

AMlMm
F1

3
~g l

l
•g m

l* ! j 0~Qdl ,m!

1S 1

3
~g l

l
•g m

l* !2
1

dl ,m
2 ~dl ,m•gm

l* !D j 2~Qdl ,m!G
~15!

As can readily be seen, such a function will show oscillatio
arising from combinations of thej 0,2 spherical Bessel func
tions the products involvingg l

l atomic vector displacement
and thedl ,m internuclear distance vectors. At low freque
cies, it is expected that such an oscillatory structure follo
Q2S(Q), a consequence derived from motions~sound
waves! that leave the characteristic distances of the sys
unaffected. At higher frequencies, the structure inFl ,m

l (Q)
will surely lose coherence with the static structure fact
That is, some of the peaks of the static structure will dis
pear, and a new structure may emerge at other positi
From the structure of Eq.~15!, it may be seen that positive
peaks inD(r ,vl), will result from motions of atom pairs
where the displacements are in phase, whereas purely ou
phase motions will result in negative peaks. As a con
quence, inspection of the structure of such functions provi
a convenient way to investigate the dominant characte
excitations taking place at a given frequency.

III. RESULTS

In what follows we will first delve into the different way
in which one can characterize the wave vector dependenc
the structure factors. The analysis of the line shapes of
total structure factor will allow us to establish some conn
tions with the experiment. We will then follow with a mor
detailed analysis carried on the basis of the partial struc
factors, which will help to unveil important details especia
at low wave vectors. The intricate geometry of the atom
motions is explored by means of a calculation of the mo
eigenvectors arising from a decomposition of the hig
frequency dynamics into instantaneous normal modes. F
there, inelastic form factors for single excitations are cal
lated, and the results, once transformed into real space,
lyzed in terms of the relative phases of atomic oscillatio
taking place at a given frequency. Finally, a comparison
the dynamics of pure liquid Li and that of lithium within th
alloy will be made for two thermodynamic states of the m
tallic sample.

A. Wave vector dependence of the spectra

The static structure factors which are evaluated as
zeroth frequency moments of the partial dynamic struct
factors are shown in Fig. 1. Figure 2 displays the resu
regarding the analysis of the Li4Pb partial spectra in terms o
quantities defined by Eq.~7!. The v0( i ) curves are inter-
preted here as average excitation frequencies. Their rela
ship with thoseVQ estimated from fits using Eq.~6! to the
total spectra can be best gauged from Fig. 2~a!, where both
quantities are superposed. From there it is seen that
routes of analysis lead to quite similar results forQ values
below 1.0 Å21. The discrepancy above such momentu
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transfers results from the increasing width of the spectrum
well as the reduction in its frequency, leading to the ‘‘roton
minimum at about 2.5 Å21. For comparison purposes, th
experimental values reported in Ref.@11# are also plotted
there, and the agreement with thoseVQ estimated from the
simulated spectra is shown to be good. The same applie
frequencies of peak maxima ofJl(Q,v), the quantities plot-
ted in previous simulation works@8#.

In what follows the discussion will be focused onto t
wave vector behavior of the reduced frequency mome
For a classical fluid sustaining heavily damped excitatio
this approach seems more flexible than the damped oscil
because the behavior at largeQ can be better understoo
within this framework.

As far as the physical meaning ofv l( i ), the quantity can
be taken as a high-frequency limit for the sound veloc
where the liquid would respond elastically. The existence
a propagating mode requires that@7#

3v0
2.v l

2 , ~16!

a condition which is expected to hold at low wave vectors
least.

For both Pb-Pb and Li-Li correlations, if the interactio
between Li and Pb were not too strong one would expec
find v0 andv l curves retaining in some respects some of
characteristics shown by the pure components. Within
hydrodynamic realm both curves should approach the lin
sound dispersion regime for the mixture which is given
vs5vTQ, with vT determined from the static structure fact
via the isothermal compressibility equations, that is

vT5~xTMavr!1/2, S~0!5rxTkBT, ~17!

whereMav50.8MLi10.2MPb is the average atomic weigh
and r stands for the average number density. Under s
conditions the expectation would be to find curves for
spectral moments of both species behaving at low wave
tors, as given by Eq.~8!, that is, as linear functions of th
momentum transfer with velocities,

FIG. 1. Partial static structure factors for Li-Li~lozenges!, Li-Pb
~solid line!, and Pb-Pb~dots! correlations calculated aŝv0& mo-
ments of theSi j (Q,v) partial dynamic structure factors. Units a
barns per atom.
s

to

s.
s,
tor

f

t

to
e
e
ar

h
e
c-

vT~ i !5vT~Mav/Mi !
1/2, ~18!

which are scalable from that for the mixture and modified
a mass factor@18#. On the other hand, it is also expected th
the behavior atQ values well beyondQp approaches Eq
~11!, v0 approaching such a limit at shorter wave numb
thanv l .

Let’s first consider the correlations arising from Pb-P
atom pairs. The result shown in Fig. 2 indicates that
expectations referred to in the above paragraph are fulfil
The Q dependence of bothv0 and v l conforms to what
could be expected for a ‘‘simple liquid’’ which shows
sound mode at low wave vectors. Such a behavior is a

FIG. 2. The upper frame shows the reduced frequency mom
~meV! v0 ~circles!, andv l ~lozenges! of the SLiLi (Q,v) dynamic
structure factor. The solid and long-dashed lines show the ideal
limits given by Eq.~12!. The dotted line shows the hydrodynam
dispersion for liquid Li. Crosses show theVQ renormalized excita-
tion frequencies derived from fits of Eqs.~5! and ~6! to the calcu-
lated structure factors. Filled circles with error bars stand for f
quencies derived from fits to experimental spectra given in R
@11#. The middle frame shows the corresponding quantities
Pb-Pb correlations~equivalent symbols to those used for Li-Li co
relations are employed!. The lower frame shows the relaxatio
timest for Pb-Pb~circles! and Li-Li ~lozenges! correlations evalu-
ated by recourse to the viscoelastic approximation~i.e., t21

52(@v l
22v0

2#/p)1/2) from the moments of the simulated spectru
of the Li4Pb alloy.
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extendable to the relaxation times, derived either by fitt
the spectra or calculated by means of the viscoelastic
proximation, which show a familiar shape, strongly decre
ing from hydrodynamic values at lowQ’s and showing a
minimum at QPb, that is at wave vectors where the sta
structure factor shows its maximum. A remark seems in
der here. It concerns the remarkably short time of the re
ation time as well as the derived values for the phase ve
ity. The latter goes from about 2200 m/s, and then decre
down to a well defined minimum atQPb. The lifetime of the
excitations can be estimated by the relaxation time, wh
decreases rather quickly upon entrance in the kinetic reg
and shows values within 0.5 and 2.5 Å21 of the order of
half a picosecond.

The amplitude of the low-frequency spectrum shows w
defined oscillations in phase with the static structure fac
Moreover, bothv0 andv l show an oscillatory structure with
maxima not far fromQPb/2, local minima atQPb, and a
behavior at large wave vectors approaching the ideal-
limits for a particle with a mass of 207.2 a.m.u. (MPb).

A rather distinctive behavior is followed by the Li-Li fre
quency moments. Although the curves for the frequency m
ments are reminiscent of those found for the Pb-Pb spectr
~but shifted at higher frequencies!, clear deviations from the
interaction-free picture referred to above are seen in
shape ofv l , and very especially its behavior at low wav
vectors which displays a very clear limiting value at a fin
frequency. Moreover, as will be illustrated below, theQ de-
pendence of the amplitude of the inelastic part of the sp
trum does not exhibit a maximum atQLi , and, finally, the
relaxation time evaluated from the frequency moments
proaches the hydrodynamic regime far too smoothly. If
terpreted as the phase velocity of an excitation,vph5v0 /Q
would give an extremely high value~8400 m/s at 0.26 Å21)
which decreases monotonously withQ ~negative dispersion!.
That is, if such a frequency were assigned to a sound m
then such a sonic excitation would show, within hydrod
namics~at Q→0), a velocity which is 3.8 times above th
sound velocity of the alloy and about 1.9 times that of liqu
Li, as we shall discuss below, and about 1.5 times hig
than the longitudinal velocity in crystalline7Li @9#.

Of particular relevance are the findings concerning
divergence of the two frequency moments of the Li-Li spe
tra asQ→0 as well as the absolute values for the relaxat
time. The former would imply that the ‘‘mode’’ will not be
observable within the hydrodynamics realm, as the ineq
ity condition given above is violated. Taken at its face val
this would confirm some predictions made from applicat
of the revised Enskog theory@15#, where the ‘‘fast sound’’
mode is expected to vanish at hydrodynamic scales. The
sistence of a well defined peak down to 0.019 Å21, as will
be shown below, seems to counter such an interpretation
far as the relaxation time is concerned, notice that its
tremely short values, which are more than one order of m
nitude below those for the heavy component, imply that s
a mode, even having a large velocity, cannot travel distan
larger than very few atomic diameters, a result also found
experiment@11#.

B. Approach to hydrodynamics

The extrapolated value for the hydrodynamic sound
locity of the alloy calculated from the hydrodynamic limit o
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the static structure factor by recourse to Eq.~17! is of 2222
m/s. Such a figure is only 230 m/s above the experime
estimate from ultrasound techniques@5#, which proves the
adequacy of the potential here employed.

Some of theRi j (Q,v) partial structure factors for the
region of the lowest accessible wave vectors are shown
Fig. 3. As seen there, bothRLiLi (Q,v) and theRLiPb(Q,v)
cross-correlation show rather sharp features in this rang
wave vectors. Of particular relevance is the appearance
strong Brillouin peak in the Li-Li correlation within the ver
same frequency where the Li-Pb function shows a stro
negative peak. The net result of this is a peak which is ba
visible in the total structure factor for the lowest explor
wave vector. The Brillouin frequency of the Li-Li peak a
such aQ value is about 0.7 meV, which once converted in
a phase velocity will yield a velocity of about 2874 m/s th
is substantially belowthat of the ‘‘fast sound’’ mode inferred
from spectra at larger wave vectors. In other words, the Li
partial structure factor shows that at low enough wave v
tors the ‘‘fast sound’’ approaches the macroscopic sound
locity, in much the same way as found in a simulation for
He-Ne dense mixture@18#.

The converse is also true for the spectrum of Pb-Pb c
relations at the lowest wave vector. That is, the peak is n
well resolved and shows a maximum frequency which c
responds to a velocity of about 2278 m/s, which is far abo
those measured at larger wave vectors for the Pb-Pb pa
even larger than the sound velocity in molten Pb, but
proaches the hydrodynamic limiting value for the alloy.

An illustration of how the hydrodynamics is approach
by the spectral frequency moments and by theVQ frequen-
cies is provided in Fig. 5. What seems worth emphasiz
here is the approach to the linear dispersion regime give
terms of the sound velocity of the alloy by frequencies ch
acterizing both partial spectra. The upper frame of Fig
shows in full detail how the asymptotic limit for thev l mo-
ment corresponding to Li-Li correlations approaches a fin
value of about 12 meV, as well as how departure from h
drodynamics occurs in a rather abrupt fashion abo
0.1 Å21 if VQ frequencies are considered instead ofv0 .
Such a distinct behavior is easily understandable by insp
tion of spectra shown in Fig. 4, where it is shown that su
transition corresponds to the disappearance of the sharp
tures visible at low wave vectors.

A cursory glance to the upper frame of Fig. 5 would u
veil the apparent contradiction between the calculated va
of the reduced frequency moments for Li-Li and the prese
of a peak at finite frequencies. In fact, from values forv0
and v l shown in that graph, it immediately comes out th
the inequality Eq.~16! is being violated, and therefore
broad quasielastic response should be expected instead o
sharp features shown in Fig. 3. Such a discrepancy arise
a consequence of the complicated atomic dynamics wi
the alloy, which gives rise to spectra deviating from tho
expected for a single-component liquid. In fact, inspection
the graph for the Li-Li spectrum displayed in Fig. 3 for
wave vector of 0.260 Å21 shows a line shape which is sug
gestive of the presence of more than one spectral compo
at a finite frequency. There is seen a maximum at abou
meV concomitantly with an additional peak at about
meV, the lower frequency feature showing some analog



4574 PRE 58R. FÉRNANDEZ-PEREAet al.
FIG. 3. Calculated partial structure factors for low wave vectors. The frames in~a! show the totalS(Q,v) for the alloy. It is shown on
a semilogarithmic scale because of the strong quasielastic component. The differentQ values are given as insets.~b!–~d! display the partial
Si j (Q,v) spectra calculated for Li-Li, Li-Pb, and Pb-Pb correlations calculated for the same set of wave vectors.~e! displays spectra
calculated for liquid Li. Units are meV21 .
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with that observed at 0.186 Å21. The line shape of the
spectrum last referred to also deviates very substant
from that expected for a single-mode excitation in a liqu
~i.e., a damped-harmonic oscillator@cf. Eq. ~6! or a shape
given by Eq.~13!#. In fact, although the spectrum shows on
one maximum at finite frequencies, it appears to be supe
posed on a broad decaying tail which reaches frequencie
to 30 meV. It is precisely the existence of such a broad sig
which makes thev l moment to decrease withQ in a far
smoother fashion thanv0 ~i.e., the higher frequencies con
tribute more strongly tov l than tov0), leading the former to
a finite frequency intercept atQ→0. In opposition, the peak
frequency, as measured without accounting for the large
is shown to be lower thanv0, and approaches the macr
scopic limit of the sound velocity of the alloy. More speci
cally, as Fig. 4 exemplifies, the contribution of the sha
peaks to the second moment amounts to about 20% ofv0

2 for
Q50.037 Å21, and a bare 15% atQ50.186 Å21.

In terms of frequencies of maxima ofJl(Q,v), the Pb-Pb
spectra show values for the phase velocity which decre
from that given above for 0.037 Å21 to about 1166 m/s a
Q50.186 Å21. Such a decrease in frequency of t
‘‘mode’’ corresponding to the heavy particle from the ma
ly

-
up
al

il,

se

roscopic value is a well documented phenomenon. In fac
strong drop in sound velocity from the adiabatic value as
wave vector is increased has been observed in a binary
mixture by Brillouin light scattering@20# for a dilute mixture
of He into Kr. The phenomenon was understood semiqu
titatively at that time@21# on the basis of linearized hydro
dynamics and kinetic theory. It comes as a result of str
coupling between the acoustic and the concentration mo
@22#, which leads to a decrease in the sound frequency w
is now given by a dispersion equation, which in the limit
small wave vectors reads@23#

vB~x!5QvsF6 i 2
1

2

DQ

vs

vs
22vx

2

vx
2 G , ~19!

wherevs stands for the adiabatic value of the sound veloc
andvx represents the velocity of sound propagating at a c
stant value for the entropy derivativesdS2(dS/dc)T,pdc,
where c represents the concentration. In other words,
coupling between the concentration and the acoustic m
makes the sound frequency steadily decrease asQ is in-
creased, going from an adiabatic value atQ50 to vx , which
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FIG. 3 ~Continued!.
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is found to be substantially smaller@20#. Another important
result from most of these treatments regards an additio
term in the damping coefficient~the width of the Brillouin
lines!, which now contains, in addition to the frictional e
fects introduced by viscous and heat conduction, a term g
erned by the interdiffusion coefficient, so that the damp
now becomes@21#

GQ5S 4h

3rm
1

2

3
DT1

5

3
D1

r ir jM iM jr

3rMi j
DQ2, ~20!

whererm is the average mass density,r i is that for thei th
species,DT is the thermal diffusivity,h is the longitudinal
viscosity, andMi j 5MiM j /(M j2Mi). Such an additiona
damping mechanism together with the reduced density
count for the strong damping found for the Pb-Pb corre
tions, something which contrasts with the observation of w
defined excitations up to large wave vectors in the pure
uid metal@13#. A comparison of spectra shown in Fig. 4 fo
liquid Li and the Li-Li partial also serves to illustrate th
strong damping effect for the light component. As can
seen, the linewidth of the Brillouin peak in liquid Li is abou
one order of magnitude smaller atQ50.260 Å21 than that
of the Li-Li partial for the same wave vector. In other word
the additional term to sound damping dominates over visc
ity and heat conduction effects.
al

v-
g

c-
-
ll
-

e

,
s-

The peak frequencies of both Pb-Pb and Li-Li partia
show marked deviations below and above the hydrodyna
sound-frequency already atQ50.111 Å21. Also notice that
the spectrum of Li-Pb correlations is mostly confined bel
10 meV. In other words, for frequencies well beyond th
limit, considering the Li dynamics as ‘‘decoupled’’ from tha
of the heavy particles as found in@8# seems fully justified.

C. Geometry of the atomic dynamics

A set of D(r ,vl) calculated for frequencies correspon
ing to characteristic zones of the ‘‘dispersion curves’’ sho
in Fig. 2 are depicted in Fig. 6. A glance to such curv
reveals that purely in-phase motions ofall possible atom
pairings, as shown by the positive peaks inD(r ,vl) appear-
ing at the same positions than those in the staticgi j (r ) partial
pair distributions, take place at low frequencies, and in fa
the phase coherence of these kinds of motions lasts u
about 6 meV. That is, a propagating sound wave involv
all particles is sustained by the alloy up to rather high f
quencies. The phase coherence of such motions is, howe
limited for frequencies well below 20 meV, where, as se
from the graph, the Li-Pb atom pairs move purely out
phase~negative peak in the relevant correlation!. An in-
phase relationship up to relatively high frequencies pers
for the Li-Li partial function, and some differences betwe
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4576 PRE 58R. FÉRNANDEZ-PEREAet al.
thatD(r ,vl) for Li within the alloy and the pure componen
are already seen at such frequencies. Such distinctive be
iors are amplified at larger frequencies. In particular, at f
quencies of about 30 meV, the Li-Li pairs within the allo
show a curve which can be interpreted as either arising f
motions characterized by antiparallel Cartesian-displacem
vectors, or from motions executed by dynamically no
equivalent atoms. In contrast, the liquid metal exhibits clo
to purely out-of-phase motions at such frequency. As
maximum of the ‘‘dispersion curve’’ is approached~that is
about 45 meV!, all the D(r ,vl) functions show that the
phase coherence with the respectiveSi j (Q) is definitely lost
and the Li-Li pairs of the alloy exhibit a double-peak stru
ture not found in the pure component.

As regards the spatial extent of the excitations, as infer
from the persistence of the oscillationsD(r ,vl), it is found
here that in accordance with theory@15# and previous simu-
lation @8#, the Li-Li correlations involve, at low frequencies
distances up to'8 Å, whereas both Li-Pb and Pb-Pb pai
show correlated motions involving the first coordinati
shells only. Notice, however, that such a relatively lar
‘‘coherence length’’ is reduced with increasing frequenci
being confined to nearest neighbors for those correspon
to the top of the ‘‘dispersion curve.’’

FIG. 3 ~Continued!.
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D. Relationship with the dynamics of liquid Li

Our aim here is to compare some of the details of
dynamics of pure molten Li at temperatures just above m
ing ~TS1!, under conditions comparable to those of expe
ment @9#, which evidenced a well defined collective mod
with those of Li within the alloy. To account for the tem
perature and density differences between liquid Li and
metal within the alloy, a series of simulations were also c
ried for a system composed of Li atoms at the same den
as that of Li in Li4Pb and the same temperature as the al
~TS2!.

The results of those calculations regarding the parame
defining theR(Q,v) inelastic structure factors are shown
Fig. 7, the low-Q portion already shown in Fig. 5~c!. Several
noticeable differences between the parameters character
pure Li ~irrespective of density and temperature! and Li
within the alloy are readily seen from the graphs. The fi
concerns the rather different shape of thev0 andv l curves,
especially regarding the low- and high-Q limits. Those for
the pure metal approach both limiting behaviors in a w
commensurate with that expected for a ‘‘simple liquid’’ a
referred to in previous sections. The same applies to the
laxation time, and especially to the amplitude dependenc
the peak integrated intensity with the wave vector, wh
now shows a well defined maximum at momentum transf
where the static structure factors show their maxima.

Particular attention is merited by the approach to hyd
dynamics of thev0 curves, for both thermodynamic state
As seen in Fig. 7, the values taken at finiteQ’s approach the
linear dispersion regimefrom above, that is, they exhibit a
strong, positive dispersion. This causes the phase velocit
depart strongly from a hydrodynamic value of 4500 m/s a
to reach 6580 m/s under conditions similar to those of
Li4Pb sample. On the other hand, as shown in Fig. 5~c! the
approach toward linear dispersion is followed by thev0 mo-
ment at wave vectors below 0.1 Å21.

As regards the lifetime of the excitations, a comparison
the relaxation times of both Li samples with those of t
Li-Li partial of the alloy also shows a rather marked diffe
ence at low wave vectors. Those for Li metal show a ve
strong rise as one approaches the hydrodynamic lim
whereas those for the alloy are shown in Fig. 2 to follow
far smoother behavior, leading to an extrapolated value
the order of 0.1 ps.

In terms of the phase relationships of the atomic motio
shown in Fig. 6~a!, the most remarkable differences rega
the somewhat more complex shape of theD(r ,v) curves for
the pure metal at intermediate frequencies. A glance at
data of 20 meV shows that a pronounced negative pea
apparent at about 3.5 Å for molten Li, whereas the curve
Li within the alloy suggests that phase coherence is still
tained.

As a final remark, let us focus on a comparison of t
frequency spectra for Li within the alloy and that corr
sponding to liquid Li~TS1!. Figure 8 depicts such a com
parison in terms of the generalized frequency spectra fo
metal and for Li in the alloy. The most remarkable featur
show~a! the enhanced diffusion within the metal leading to
strong rise inZ(v) at low frequencies, and~b! the appear-
ance in both cases of a well defined shoulder at about
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FIG. 4. Spectra of the longitudinal current-current correlation spectra at several wave numbers.~a! spectra for Li-Li correlations. The
smooth curves show the percentage contribution to the second-moment integral up to a given frequency, and correspond to scale
the right-hand side.~b! Same quantities for molten Li.
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meV in the alloy and 32 meV in the pure metal. The sp
trum then decays quite sharply for higher frequencies, i
way somewhat reminiscent of what has been found for liq
Ga @24#, where such a high-frequency feature was shown
be correlated with higher-lying modes in some of its cryst
line modifications. On the other hand, the presence of su
well defined shoulder can be related to the strong peak w
appears at about 35 meV in the frequency distribution
cubic ~bcc! Li at about 293 K@9#. In fact, data for the tem-
perature dependence of theC11 elastic constant reported b
Beg and Nielsen@9# show that, contrary to the transvers
acoustic modes, the longitudinal excitation survives as a w
defined entity up to temperatures as high as 0.94 times
of the melting point.

IV. DISCUSSION

A comparison between the frequencies derived from
analysis of the inelastic part of the experimental spectra
those calculated from fits to the simulated functions or
reduced frequency moments shows that computer sim
tions carried out with the specifications described above
tain the most relevant details of the atomic high-frequen
dynamics within the alloy. As known for quite some tim
-
a
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o
-
a

ch
f

ll
at

n
d
s
a-
e-
y

@21#, only one propagating sound mode should appear wit
the realm of hydrodynamics, although nonhydrodynamic
fects will be expected to have a profound effect on sou
propagation. In fact, terms which are not present in the
drodynamic description of monoatomic liquids, such as th
describing the equilibration of momentum and temperat
of the two species, are known to be characterized by ra
low frequencies@21#, and therefore will couple pressure an
concentration fluctuations. Although the present results
limited by finite-size effects, it seems that both ‘‘sound v
locities’’ for the light and heavy components will coales
into a unique hydrodynamic mode at scales larger than a
hundred Å. This is best exemplified in terms of the pha
velocities vph

i (Q)5VQ /Q derived from maxima of the
Jl(Q,v) spectra, a result which is shown in Fig. 9. Notic
from this that the departure becomes abrupt for both Li a
Pb for wave vectors above 0.07 Å21, and that the phase
velocities for Li match those calculated for the metal
larger momentum transfers.

If, as referred to in previous sections, the strong decre
in velocity for the heavy particle in a binary mixture is un
derstood thermodynamically, the appearance of large de
tions from hydrodynamic sound~positive dispersion! is
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4578 PRE 58R. FÉRNANDEZ-PEREAet al.
known to be a characteristic of liquids composed by lig
particles such as liquid Li@25#, and is probably a result of a
variety of phonon interaction processes. Quantitative data
such deviations are available from experimental studies
other liquids, and have been shown to be large in those c
posed by light particles@26#. The deviation from hydrody-
namics is conveniently described by@27#

DvQ5vTgQ3
12Q2/Qa

2

11Q2/Qb
2

~21!

wherevT is the hydrodynamic sound velocity,Qb andQa are
wave vectors corresponding to the maximum deviation fr
hydrodynamic sound and to the crossover to values of
phase velocity less thanvT , andg controls the strength an
kinematics of different interaction processes, whether ins

FIG. 5. Low-Q behavior of the reducedv0 ~circles with a dot!
and v l ~lozenges! frequency moments as well asVQ frequencies
corresponding to peak maxima inJl(Q,v). The upper frame de-
picts such quantities for the Li-Li correlation within the alloy. Th
solid line shows the hydrodynamic dispersion of the alloy, and
dots depict the linear dispersion corresponding to pure molten
The middle frame shows the quantities characterizing the Pb
correlations, and the lower frame corresponds to those for mo
Li. The VQ frequencies are not shown here because of their clo
ness tov0 . The line depicts the linear dispersion for the molt
metal.
t

n
n
-

e

n-

taneous or through phonon-scattering mechanisms@27#. Fits
to the data leavingvT and Qa fixed to the values of the
hydrodynamic sound below and to the values correspond
to a crossover ofv0 /Q to velocities below sound~typically
1.1 Å21 for liquid Li and about 1.5 Å21 for Li4Pb) yield
estimates forg of 78 (25) Å2 and 287 (62) Å2 ~the differ-
ence between the latter two arising from the disparate va
of the macroscopic sound velocity!, which are much larger
than those reported for any other liquid. This is easily und
standable if, following Maris@27#, one recalls that the prob
ability of phonon-phonon interactions increases with incre
ing phonon energy. That is, for a classical sound wave,
scattering rate would be proportional to the energy of
wave, and therefore such a high-energy ‘‘sound mode’’ w
provide very effective scattering channels. In other wor
phonon absorption processes where the resultant pho
wave vectors are close to parallel~i.e., propagating in nearly
the same direction! should be highly probable at such larg
energies. Such a picture is consistent with data regarding
excitations of other liquids such as superfluid4He at satu-
rated vapor pressure~SVP! @28#, wherevT'238 m/s, and
g51.11 Å21, and deuterium@26#, where vT'1098 m/s
andg510.0 Å21, as well as with the remarkably short life
times for the excitations found in both the pure Li metal a
the alloy. The increase in the value forg in going from liquid
Li to Li 4Pb can then be rationalized in terms of the larg
number of possible phonon interactions taking place in
alloy.

The analysis of the computer simulation data shows t
both Li and Pb support collective ‘‘modes’’ with ‘‘disper
sions’’ well above and below those corresponding to an
trapolation to long wave vectors of hydrodynamic sound.
description of the alloy in terms of two interpenetrating fl
ids seems adequate for momentum transfers above those
responding to the maxima of the partial static structure f
tors. This is attested to by the approach ofv0 to their ideal-
gas limits@Eq. ~11!#, which shows that at such scales mo
collective effects in the dynamics have died away.

As shown above, the dynamics of liquid metallic Li, r
gardless of density and temperature differences with Li4Pb,
exhibits characteristics rather different from that of the sa
metal within the alloy. Although at moderately large wa
vectors the dynamics of Li in metallic and alloyed stat
share a number of characteristics such as their frequen
and average polarizations, the different nature of both e
tations becomes evident at both the low- and intermediatQ
ranges of spectra. As an illustration, it suffices to consi
the very short lifetimes~i.e., the large width of the Li-Li
spectra compared to those for molten Li!. As shown in Figs.
2 and 7, the relaxation times for the Li-Li correlation in th
alloy and that for the metal depart substantially as the w
vector is decreased, indicating that only the relaxation ti
for the metal goes to the expected hydrodynamic limit,~i.e.,
both lifetimes increase asQ→0, that for the metal showing a
very fast increase below 0.1 Å21, whereas such an increas
is far smoother for the alloy!. Such a difference in the be
havior with the wave vector of the relaxation times is rem
niscent of that found for molecular liquids composed of h
eronuclear dumbells@29#, which, in fact, suggests tha
reorientations of Li4Pb ‘‘molecules’’ may explain, in part,
the differences in dynamics with the liquid metal.

e
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FIG. 6. D(r ,v) frequency dependent correlation functions~arbitrary units! corresponding to a set of normal-mode frequencies. Cur
for Li-Li within the alloy are depicted as solid lines, whereas those for the pure molten metal are shown by dots. The Li-Pb cross-co
is also shown by solid lines, whereas the Pb-Pb correlations are depicted by a dotted line. In the latter case the intensity of such c
has been magnified five times.
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At this point it seems worth delving into the analogi
~and differences! between the characteristics of the observ
excitation and those reported for molten salts. As establis
from experimental@12,30#, computer simulation@31,32,8#,
and theoretical approximations@33#, a well defined finite-
frequency feature is expected to show up in the spectr
correlation functions for electrical charge or mass, or bo
Whereas the appearance of a finite-frequency peak is c
mon to all kinds of molten salts, irrespective of the ma
difference between their constituent ions~in fact a well de-
fined peak is present at the plasma frequency even in a
component plasma!, the persistence of a well define
d
ed

of
.

m-
s

e-

‘‘mode’’ in the mass-mass correlations, not identifiable w
an extension to large wave vectors of hydrodynamic sou
seems to be a characteristic of ‘‘asymmetric’’ salts, that
those with a large mass difference between the two io
species such are Sr Cl2 simulated by De Leeuw@31# and
measured by Margaca, McGreevy, and Mitchell@34#, or
RbCl and CsCl measured by McGreevy and co-work
@12,35# by cold neutron spectroscopy. In both cases,
spectra show a complex structure which arises from con
butions to the intensity of more than one spectral compon
The present results for Li4Pb share with previous observa
tions for RbCl and CsCl some analogies such is the prese
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of well defined peaks at high and low frequencies, althou
most of the reported experimental data result in fairly fl
‘‘dispersions’’ ~possibly due to kinematic limitations!. Such
a behavior may arise from the partial ionic character of

FIG. 7. Reduced frequency momentsv0 andv l for liquid Li at
the two thermodynamic states~see text!. Units are in meV. Circles
denotev0 , lozenges stand forv l , and the solid and long-dashe
lines give the ideal-gas limits. The dotted line shows the hydro
namic dispersion. The lower frame depicts the relaxation timet
for Li at low ~circles! and high~lozenges! temperatures.

FIG. 8. Frequency distributions of liquid Li~bars! and Li within
the alloy ~solid line!. Units are meV21.
h
t

e

Li4Pb alloy, an issue discussed many times in the literat
@5#.

V. CONCLUSION

The high-frequency ‘‘mode’’ in molten Li4Pb, revealed
by computer simulations@8#, and later understood on kineti
theory@15# grounds, has recently been proved by experim
@11#. As predicted by theory and previous simulations, o
results show that the peak seen at high frequencies a
from the dynamics of the Li atoms, shows a strong spa
dependence and, in agreement with experiment, its linew
is characteristic of heavily damped excitations. The mic
scopic motions involved in such a high-frequency mode
significantly different from those involved in the propagatio
of a sound wave, as unequivocally demonstrated by comp
son of the dynamics of liquid Li, under the same thermod
namic conditions as Li in Li4Pb.

The departure of the high-frequency mode from hydrod
namic behavior is accompanied by the emergence of a ‘‘s
mode’’ involving the heavy particles only. The physical or
gin of the latter seems well understood on a hydrodyna
basis@21,22#. In opposition, the motions taking place at hig
frequencies are characterized by atomic motions with co
plex vector displacements, and approach purely out-of-ph
displacements at frequencies close to the top of the ‘‘disp
sion curve.’’

Finally, it is worth recalling that various theoretical con
jectures@15# refer to the appearance of different propagati

-

FIG. 9. Wave vector dependence of the phase velocities der
from the main maxima inJl(Q,v). The upper frame shows data fo
Li-Li ~lozenges! compared to those for the molten metal~long
dashes!. The lower frame depicts data for Pb.



n

a
a

re
ch
th
w

ia
at
ha

les
ms,

per
es

eir

PRE 58 4581COLLECTIVE IONIC DYNAMICS IN A MOLTEN . . .
frequencies which should merge with hydrodynamic sou
dispersion at an appropriate length scale@15#. The present
results confirm that sound propagationsensu strictois con-
fined to scales approaching the hydrodynamic realm, as
tested to by the appearance of narrow peaks in the spectr
longitudinal current correlations.

Clear signatures of approaching a full hydrodynamic
gime are found for the lowest explored wave vectors, whi
in addition to a hydrodynamic mode corresponding to
in-phase motion of both kinds of particles of the alloy, sho
a broad nonhydrodynamic component in the Li-Li part
structure factor. Well within the microscopic regime the
oms move, showing more intricate phase relationships t
h
.
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those expected for an in-phase motion of the Li partic
taking place against a matrix of stationary, heavy Pb ato
with the possible exception of wave vectors close toQLi/2
where, as expected to occur in a crystal with two ions
primitive cell, the dynamics of the light and heavy particl
can be considered as effectively decoupled.
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@13# O. Söderstrom, J. R. D. Copley, J. B. Suck, and B. Dorner
Phys. F10, L151 ~1980!.

@14# Some useful remarks about the meaning of fit parameters
ing from the use of the DHO function are given in H. R
Glyde, Excitations in Liquid and Solid Helium~Clarendon,
Oxford, 1994!, pp. 184 and 185.

@15# A. Campa and E. G. D. Cohen, Phys. Rev. Lett.61, 853
~1988!; Phys. Rev. A41, 5451~1990!; P. B. Lerner and I. M.
Sokolov, Physica C150, 465 ~1988!.
er,

,

s.

,
t-

.

.

.

is-

@16# R. Ferna´ndez-Perea, F. J. Bermejo, and E. Enciso, Phys. R
B 53, 6215~1996!.

@17# N. H. March and M. P. Tosi,Atomic Dynamics in Liquids
~Macmillan, New York, 1977!.

@18# E. Enciso, N. G. Almarza, P. Domı´nguez, and F. J. Bermejo
Phys. Rev. Lett.74, 4233~1995!.

@19# The procedure was developed by J. M. Carpenter and C
Pelizzari, Phys. Rev. B12, 2397 ~1975!, and applied severa
times to the analysis of neutron scattering data from am
phous materials. See, for instance, A. C. Hannon, M. Arai, a
R. G. Delaplane, Nucl. Instrum. Methods Phys. Res. A354, 96
~1995!.

@20# B. Y. Baharudin, P. E. Schoen, and D. A. Jackson, Phys. L
42A, 77 ~1972!.

@21# N. A. Clark, Phys. Rev. A.12, 2092 ~1975!. See also R. D.
Mountain and J. M. Deutch, J. Chem. Phys.50, 1103~1969!.

@22# J. P. Boon and S. Yip,Molecular Hydrodynamics~McGraw-
Hill, New York, 1980!, p. 269.

@23# H. N. W. Lekkerkerker and J. P. Boon, Phys. Lett.39A, 9
~1972!.

@24# F. J. Bermejo, R. Ferna´ndez-Perea, M. Alvarez, B. Roessli, H
E. Fischer, and J. Bossy, Phys. Rev. E56, 3358~1997!.

@25# A. Torcini, U. Balucani, P. H. K. de Jong, and P. Verker
Phys. Rev. E51, 3126~1995!.

@26# M. Mukherjee, F. J. Bermejo, B. Fa˚k, and S. M. Bennington,
Europhys. Lett.40, 153 ~1997!.

@27# H. J. Maris, Rev. Mod. Phys.49, 341 ~1977!.
@28# Excitations in Liquid and Solid Helium~Ref. @14#!, p. 187.
@29# S. H. Chong and F. Hirata, Phys. Rev. E57, 1691~1998!.
@30# J. R. D. Copley and A. Rahman, Phys. Rev. AA13, 2276

~1976!.
@31# S. W. de Leeuw, Mol. Phys.37, 489 ~1979!.
@32# E. M. Adams, I. R. McDonald, and K. Singer, Proc. R. So

London, Ser. A357, 37 ~1977!.
@33# J. P. Hansen, inAmorphous Solids and the Liquid State, edited

by N. H. March, R. A. Street, and M. Tosi~Plenum, New
York, 1985!, p. 229.

@34# F. M. A. Margaca, R. L. McGreevy, and E. W. J. Mitchell,
Phys. C17, 4725~1984!.

@35# R. L. McGreevy, E. W. J. Mitchell, F. M. A. Margaca, and M
A. Howe, J. Phys. C18, 5235~1985!.


