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Collective, short-wavelength excitations in liquid gallium
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Well-defined~i.e., not overdamped! collective excitations have been found in liquid Ga at 973 K~about 670
K above the melting point! by means of inelastic neutron scattering. The experimental results contrast with a
previous investigation carried out atT5326 K ~only 23 K above melting! where only heavily damped exci-
tations were found, and partially agree with those of recently reportedab initio simulations for the high-
temperature liquid. The interpretation of the experimental data is aided by results from a molecular dynamics
simulation, which is carried out using an effective potential derived by inversion of the measured static
structure factor. A comparison of experimental and simulation data reveals the mostly nonacoustic character of
the excitations appearing at higher frequencies.
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I. INTRODUCTION

The collective behavior of semimetals~Sb, Bi, Te, Ga!, as
well as that of some group-IV elements~i.e., Si, Ge!, shows
a number of features that still resist a full quantitative und
standing. Among the former group, the case of solid a
liquid Ga (l -Ga! seems paramount. Being a trivalent e
ment, gallium is one of the few metalliclike solids that do
not crystallize into any simple structure. It shows instead
extremely rich polymorphism that includes a stable, lo
pressure~atmospheric! phase,a-Ga, of orthorhombicCmca
structure with eight atoms per unit cell@1# ~somewhat remi-
niscent of that shown by iodine!, and two other phases whic
are stable at high pressure@2# ~a body centered cubic phas
with twelve atoms per unit cell known as Ga II, and a tetra
onal phase called Ga III showing a structure very much l
that of b-tin! @2#. Furthermore, a number of metastab
phases known asb, g, d, ande with melting points of 256.8,
237.6, 253.8, and 244.6 K~all well below that of 302.93 K
for a-Ga! have been reported@3#. More specifically,b-Ga
shows a C-centered monoclinicC2/c crystal structure with
two atoms in the primitive unit cell, whereasg-Ga shows a
Cmcmorthorhombic structure with 40 atoms per unit c
andd-Ga has aR3̄ m rhombohedral structure with 22 atom
in the unit cell@3#.

Such an intricate phase diagram seems to imply the p
ence of complicated atomic forces, substantially disti
from those characteristic of simple, nearly-free-electr
~NFE! metals. In fact, as revealed by photoemission exp
ments and reproduced in calculations@4,5#, the electronic
density of states ofa-Ga shows a pseudogap at the Fer
level, often interpreted as indicative of a partial covale
character. Such partial covalency ofa-Ga has been shown t
give way to a far more metallic character as one g
561063-651X/97/56~3!/3358~12!/$10.00
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through the sequence@5# a-Ga→b-Ga→Ga II→Ga III→l-
Ga ~liquid-Ga!, the latter showing an electronic density
states that approaches that of a NFE system@6,4,5#, even if
the presence within the liquid of very short-lived Ga2 dimers,
which are considered as remnants of those characterist
a-Ga, has been postulated fromab initio simulations@6#. It
is therefore the simultaneous presence of two kinds of bo
ing ~i.e., metallic versus covalent! that makes the physics o
condensed Ga, and particularly that of its noncrystall
phases, extremely interesting. As summarized in Ref.@7#, the
thermodynamic, electronic, and superconductive behavio
the metastable phases are substantially closer to thos
l -Ga and amorphous (a-Ga! @8# than that of the stablesta-G
form, and in particular those ofb-Ga are thought to resembl
in many respects those found in the disordered phases@9#.

On the other hand, the liquid displays a number of
markable features, such as a density increase of about 2
upon melting, a rather wide liquid range~2270 K!, as well as
a remarkably small change in the electronic transport pr
erties upon melting. In fact, the electrical resistivity ofa-Ga
is extremely anisotropic, showing ratios along the three cr
tal axes ofre

c :re
a :re

b51:0.32:0.14, such that upon meltin
at Tm5302.93 K, the isotropic~liquid! value for this trans-
port property corresponds to a decrease by 0.45 times
value along thec axis, and an increase by 1.46 and 3.
times@10# the values along the crystala andb axes, respec-
tively.

Under appropriate conditions the liquid can be sup
cooled down to one-half of its normalTm , and an amor-
phous phase can be formed by vapor deposition on a
substrate@8#, which crystallizes upon heating into the met
stableb-Ga form@11#. Theb phase shows a stability large
than that of the liquid~or the amorphous solid! and thus
3358 © 1997 The American Physical Society
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constitutes an intermediate step in the process through w
translational order sets in and therefore can be considere
a necessary step in the relaxation towards final equilibr
@12# encompassed in the stablesta-Ga.

The present paper thus aims to explore the extent to w
some remnants of the dynamics of the crystal phases
persist in the high-temperature liquid. The collective dyna
ics of thea phase~stable! has been studied in detail usin
inelastic neutron scattering~INS! by Waeber and others@13#,
whereas theb phase was explored by Bosioet al. @9#. The
interest of our exercise stems from the somewhat paradox
circumstance that portraysb-Ga as a form closer to the dis
ordered phases thana-Ga, with respect to most of the elasti
thermal, and transport properties@7#, whereas the presenc
within the liquid of a measurable portion of Ga dimers@6#
renders the liquid closer to some aspects of the stable cry
We have therefore performed INS measurements on the
uid phase to compare its collective dynamics to that of tha
andb phases.

A previous INS investigation@14# was carried out at tem
peratures close to melting~326 K!, since, in analogy to a
number of liquid metals explored so far@15#, it was expected
that these were the optimal conditions for observing w
defined collective density oscillations. However, the expe
ment only showed broad, overdamped features, in stark
trast to theS(Q,v) dynamic structure factors calculated v
a molecular dynamics~MD! simulation using the effective
interaction potential derived from inversion of the expe
mentalS(Q) static structure factor@16#. Another, more re-
cent simulation, this timeab initio @6#, predicted the presenc
of well-defined excitations at temperatures well above m
ing ~702 and 982 K! showing a dependence with wave vect
reminiscent of a sound-mode excitation. As postulated
@14# and also commented upon in@6#, the most likely reason
for the discrepancy between the 326 K experimental and
two MD simulations may be the large bulk viscosity, whic
is known to be characteristic of some semimetals such a
@17# and which is expected to decrease markedly as the t
perature is raised. In fact, from estimates of the shear
bulk coefficients of viscosity computed from derivatives
the effective potential and radial distribution functions@14#,
it was shown that the ratiohB /hs of bulk to shear viscosities
decreased from 4.71 atT5326 K down to 1.16 atT5956 K.
From tabulated values of the shear viscosity@18# one then
gets estimates forhB that go from about 9.4 mPa s just abo
melting to 0.7 mPa s at 956 K. Such a remarkable decre
will thus result in a drop of the damping term, which o
hydrodynamic grounds can be written as

GQ5
Q2

2rF4

3
hs1hB1l~g21!/CpG , ~1!

wherer stands for the ionic number density,g for the ratio
of specific heats at constant volume and pressure (Cv ,Cp),
andl is the thermal conductivity. The last term in the abo
expression shows a far milder variation with temperat
than the viscosities sinceg5 1.08 at the melting point and
approaches 1 at high temperatures. So, the increase inl/Cp
by about 2.5 times between melting and 1000 K will n
counterbalance the strong drop inhB , which in addition to
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that of the shear component will cause a reduction in
value of the longitudinal viscosity by a factor of approx
mately 7.3.

II. EXPERIMENTAL AND COMPUTER SIMULATION
DETAILS

The neutron measurements were carried out using the
and IN1 thermal and hot-neutron triple-axis spectromet
~TAS! of the Institut Laue Langevin, both operated in th
final constant-wave-vector (kf) mode. Initial measurement
were performed usingkf5 6 and 7 Å21 on TAS IN8, but the
final results were obtained with the IN1 instrument, whi
offers more intensity at high-energy transfers and also
abled us to employ a larger final wave vectorkf . This was
required as spectra measured on IN8 showed a rather
inelastic component extending up to several tens of meV
relatively small momentum transfers~e.g., about 25 meV a
Q'1 Å 21) compared withQp @i.e., theQ value correspond-
ing to the maximum inS(Q)#, and therefore a wider range o
energy transfers was required for an adequate characte
tion of the excitations.

The spectrometer configuration@19# was chosen to opti-
mize focusing conditions~resolution in energy transfers!
commensurate with the dispersion curves shown in Fig. 6
@6# and Cu ~200! crystals were in all cases employed
monochromator and analyzer, respectively. The optimal
perimental conditions were found after a number of te
employing different sets of collimations and final wave ve
tors. These were those withkf5 7.1 Å21, using the vertical
focusing Cu~200! monochromator and analyzer, and a co
limation of 208 ~in pile!–408 ~between monochromator an
sample!–208 ~between sample and analyzer!–208 ~between
analyzer and detector!. The energy resolution at the elast
peak position was 5.5 meV@full width at half maximum
~FWHM!# on TAS IN1, as measured with a vanadiu
sample. Such a value was only 0.3 meV away from t
calculated analytically using the spectrometer configurat
parameters@20#.

The 70 g sample was held in a Nb flat plate cell of 36 m
width, 65.5 mm height, and 4 mm breadth~parallel to the
beam! made of 0.5 mm Nb plate. The sample container w
installed in a standard ILL furnace, the tail of which wa
surrounded by a 1 m diameter vacuum tank employed t
reduce air scattering and thus allow a smaller detector a
for low-Q measurements. Particular attention was paid to
precise measurement of the empty cell in order to allow
curate subtraction of this contribution. The latter amounts
about 3% of the inelastic intensity at 20 meV and 1.5 Å21,
which corresponds to the maximum contribution arisi
from phonons of polycrystalline Nb.

Finally, consideration of the relatively large wave-vecto
transfer employed~7.1 Å21) and the range of frequencie
explored~below 50 meV! ensures that no contamination du
to higher-order effects~that is, for instance, when 2kf5ki) is
present in the measured response. This happens as a c
quence of both neutron kinematics and the low flux at
higher end of the spectrum~above 400 meV or
'13.9 Å21) on this spectrometer. Furthermore, the abse
of features of spurious origin is also borne out by the diff
ent setups employed in the two different spectrometers
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3360 56F. J. BERMEJOet al.
fact, it is expected that any artifactual contribution to t
scattering will show a strong dependence with some relev
instrumental parameter~especiallykf). As we repeated scan
on different spectrometers and incident wave vectors and
served the same inelastic scattering, this provides an a
tional test demonstrating the physical soundness of the m
sured inelastic scattering.

In order to process the experimental intensities and c
vert them into physically interpretable magnitudes, the v
ues of the nuclear coherentscoh and incoherentsinc scatter-
ing cross sections for thermal neutrons are needed. In
case of Ga, information regardingsinc is only approximate
~see Table II of Ref.@16#!. From the set of published value
for bothscoh andsinc we have adopted those of Koesteret al.
@21#, which seem to be the only set compatible with sta
structure data@16#.

The data were converted into dynamic structure fact
using the experimental value ofS(Q) for normalization pur-
poses@16#, after subtraction of the scattering from the sam
cell and all other sources of background. The total absorp
coefficient for the sample was found to bemT50.40 cm21,
which yields a transmission somewhat above 85%. Multi
scattering was estimated using the method of Blech
Averbach @22# for an incident energy of 104.4 meV
~52.0717kf

2). It was found to contribute to less than 6%
the total intensity and was therefore neglected. Such an
mate is consistent with that corresponding to our previ
experiment@14# where a far thicker sample also having
larger density was employed. The scans were performe
the constant-Q mode covering a range of momentum tran
fers 0.7 Å21<Q<4.0 Å21 that comprises the first two
peaks in the static structure factor. A total of 15 differe
wave vectors were in this way measured forT5973 K. Mea-
surements were set to a total of 40 000 monitor cou
which involved counting times of 5–7 min per data poin
depending upon the required incident energy. TheI (Q,v
50) elastic intensity was measured several times betw
runs in order to confirm the stability of the sample in t
beam.

An initial set of six runs was carried at a temperature
T5700 K, to provide a direct comparison with previou
measurements using TAS IN8. The spectra measured at
a temperature were found to be in full agreement with th
measured previously. A broad inelastic background far be
defined than those reported for lower temperatures@14# was
there seen. However, the analysis of such spectra yie
frequencies-to-damping ratiosvQ/2GQ of 0.64, 0.54, and
0.53 for wave vectors of 0.8, 1.2, and 1.4 Å21, respectively,
which correspond to a strong damped regime~albeit not
overdamped!.

Finite-frequency excitations, that is, those with charac
istic frequencies comparable to or smaller than their widt
were finally observed at the temperatureT5973 K.

A set of corrected spectra is shown in Fig. 1 where ap
from a resolution-broadened quasielastic peak, a relativ
strong inelastic contribution is clearly apparent. This inel
tic intensity increases asQ approaches the first peak o
S(Q), which is centered aboutQp' 2.5 Å21. At momentum
transfers below 0.7 Å21 most of the inelastic signal is los
mainly because of the rather small value ofS(Q) below such
a Q value, which causes the coherent response to
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swamped by a quasielastic contribution of incoherent ori
@for Ga sinc /(sinc1scoh)50.0658#. Moreover, forQ values
below 0.6 Å21 measurements would also be limited by t
neutron kinematics.

To assess the reliability of the measured intensities, Fi
shows the wave vector dependence of the~resolution-
broadened! I (Q,v50) peak as well as the frequency int
gral of the remaining intensity of inelastic origin. Althoug
the quantities plotted in Fig. 2 cannot be directly interpre
in terms of physical magnitudes~a correction for the resolu
tion effects and a separation between coherent and inco
ent components would then be required!, they serve to dem-

FIG. 1. A representative set of spectra measured using the
spectrometer under conditions described in the text, for differ
values of the momentum transferQ andT5973 K. The experimen-
tal measurements are depicted by the circles with a dot, and
fitted model by a solid line. All but the data in the uppermost gra
have been fitted with two DHO’s. The inelastic components of
fits are given by dotted and/or dash-dotted lines depending
whether only one or two DHO functions were required to fit t
spectra. The fitted quasielastic intensity is shown by a dashed
Note that the calculated curves are referred to the background
as a baseline. The relative importance of the latter can easily
gauged by inspection of the wings of the quasielastic compone
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onstrate that the measurements are free from spur
components. In fact, the quantity shown in the upper fra
of Fig. 2 can be favorably compared with the staticS(Q)
measured in Ref.@16# by diffraction means. On the othe
hand, the total inelastic intensity shown in Fig. 2 exhibits
oscillatory structure close to that ofQ2S(Q), where the
structure factor is taken from Ref.@16#. As will be discussed
below, this can be taken as an indication of excitations
sound-mode origin, although contributions from other kin
of atomic motions are not ruled out.

The molecular dynamics simulation was performed w
the DL-POLY program@23# for T5973 K using the effective
pair potential for liquid gallium as derived from the expe
mental static structure factorS(Q) through an iterative in-
version procedure described in Ref.@16#. The simulation was
performed with a system of 500 Ga atoms embedded
cubic box with dimensions corresponding to a density eq
to the experimental value at the required temperature.
simulated dynamic structure factorsS(Q,v) as well as the
single-particleSs(Q,v) were calculated from Fourier cosin
transforms of the intermediate scattering functions for to
I (Q,t) and ‘‘self’’ I s(Q,t) correlations, which are defined a
the time autocorrelation functions of the Fourier compone
of the densityr̂Q as follows:

I ~Q,t !5^r̂Q~ t !r̂2Q~0!&, ~2!

r̂Q5E exp~2 iQ•r !r~r !dr5(
j 51

N

exp~2 iQ•r j !, ~3!

I s~Q,t !5^r̂Q
s ~ t !r̂2Q

s ~0!&, ~4!

r̂Q
s 5exp~2 iQ•r s!, ~5!

FIG. 2. The upper frame shows the elastic scanS(Q,v50) as
measured on TAS IN8. The lower frame displays a compari
between the integrated inelastic intensities~symbols! and the quan-
tity Q2S(Q) evaluated from the static structure factor given in@16#.
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whereN stands for the number of atoms,r(r ) the number
density, and the superscripts denotes tagged-particle corre
lations. TheI (Q,t) was calculated from the atomic coord
nates stored at regular intervals during the MD simulat
following Eq. ~2!, i.e., performing both the time average an
the orientation-average ofQ at 25 fs intervals.

Not surprisingly, the MD simulation was able to repr
duce the experimental static pair distributiong(r ) up to a
high degree of accuracy, since its potential was derived fr
an experimentally measuredS(Q). To extend such a test to
some dynamical properties we also calculated the s
diffusion coefficient from the time-dependent mean squ
displacements. The value obtained was 1.01531024

cm2 s21, which seems to be in rather good agreement w
the experimental value of 1.331024 cm2 s21, and smaller
than estimations previously reported in the literature@24#.
Such a relatively large self-diffusion coefficient is also rep
duced in thev→ 0 intercept of theZ(v) generalized fre-
quency spectrum shown in Fig. 3 calculated from t
^v(t)v(0)& atomic-velocity autocorrelation function
~VACF!. The calculatedSs(Q,v) shows a line shape tha
can be adequately represented by a Lorentzian up toQ'2 Å
21. Its linewidth follows a Fickian behavior@G t

calc(Q)
5Dt

calcQ2# up to relatively high wave vectors (;1 Å 21)
bending towards a constant value at higherQ’s. In terms of a
shape parameter such asG t

calc(Q)Ss
calc(Q,0), the simulated

data seem to indicate a departure from classical~Fickian!
diffusion taking place at fairly low wave vectors'1.2 Å21,
a phenomenon common to some other metals explored s
~see Gla¨ser in @15#!.

A set of calculated spectra covering the most signific
portions of the region of wave vectors of interest is shown
Fig. 4. Note that the curves on the right-hand side of
figure represent coherent scattering only. A detailed co
parison between experiment and simulation is difficult b
cause of the poorly determined value ofsinc ~the values
listed in Table II of@16# show a mean of 0.39 b and a sta
dard deviation of 0.38 b!. Taking thes inc5 0.47 b from@21#
the total spectrum containing coherent and incoherent co
butions can be calculated, thus enabling a comparison
tween the single-particle and collective responses in the m
sured quantity. A glance at those spectra as well as at th
shown in Fig. 1 seems to indicate that although the struc
of experimental and simulated spectra below about 1.5 Å21

n

FIG. 3. TheZ(v) spectral frequency distribution of the MD
simulations as calculated from the^v(t)v(0)& velocity autocorrela-
tion function ~shown as inset!.
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FIG. 4. The left-hand side shows a set
S(Q,v) dynamic structure factors as calculate
from the MD simulations corresponding to wav
vectors well below, half-way up, and at the top
theS(Q) static structure factor. The MD data ar
shown as vertical bars, the best-fit model as
solid line, the inelastic component given by on
DHO function as a dotted line, and the quasiela
tic response as a dashed line. The right-hand s
compares the coherentS(Q,v) ~solid line! and
Ss(Q,v) single-particle contributions to the tota
spectra~symbols!. Scaling of the coherent and
incoherent responses follow cross-section data
@21#.
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is not too dissimilar, the incoherent scattering contribution
clearly underestimated.

III. RESULTS

A. Experiment

The experimental spectra were analyzed in terms o
model that accounts for coherent and incoherent contr
tions to the total double differential cross section and
given by
s

a
u-
s

I obs~Q,v!5AF d2s

dvdVUcoh1
d2s

dvdVU
inc

G ^ R~Q,v!1B,

~6!

whereA represents a global scaling constant and the sym
^ stands for convolution with theR(Q,v) resolution func-
tion of the spectrometer andB is a constant~frequency-
independent! background. Both coherent and incoherent co
tributions are then expressed in terms of the relev
dynamic structure factors as
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d2s

dvdV U
coh

5scohScoh~Q,v!5scoh@S0~Q,v!1S1~Q,v!#,

~7!

d2s

dvdV U
inc

5s incSinc~Q,v!5s inc@SI~Q,v!1SM~Q,v!#,

~8!

wherescoh,inc stand for the coherent and incoherent neut
cross sections, respectively.

The coherent scattering has been approximated as re
ing from two contributions,S0(Q,v) and S1(Q,v), which
represent the zeroth- and finite-frequency contributio
~single excitation!. The former term corresponds to cohere
quasielastic scattering, which is modeled as done before
ing the Kerr approximation@14#, whereas the latter term fol
lows a description of the liquid dynamics in terms of damp
harmonic oscillators~DHO! @25#

S1~Q,v!5HQn~v!
4vvQ

2 GQ
2

~v22vQ
2 !214v2GQ

2
, ~9!

with HQ the strength of the single-phonon excitation,n(v)
5@12exp(2\vb)#21 the thermal occupation factor@b
5(kBT)21#, andvQ the oscillator bare frequency having
linewidth specified by the damping coefficientGQ . The
physical frequency of such an oscillator is given by the qu
tity vQ , which in the present case has to be interpreted a
average frequency corresponding to the center of gravit
the manifold of excitations under consideration. The dam
ing coefficientGQ gives a measure of the apparent broad
ing in terms of homogeneous~originating from excitations of
a single mode with a finite lifetime! and heterogeneou
~originating from excitations of different frequencies! contri-
butions, which cannot be resolved.

The incoherent scattering given in Eq.~8! is modeled us-
ing the simple hydrodynamic formula:

SI~Q,v!5Sinc
quel~Q,v!5Strans~Q,v!5

1

p

G t~Q!

v21G t
2~Q!

,

G t~Q!5
DtQ

2

11DtQ
2t0

, ~10!

whereStrans(Q,v) represents the contribution from the tran
lational motion, approximated by a random-jump-diffusi
model and contains as free parameters the self-diffusion
efficient Dt and the residence timet0. Because of the rela
tively low resolution in energy transfers achieved in t
present experiment, no information could be derived fr
the analysis of the quasielastic width. Therefore, the va
for Dt was set to the estimate given above, leaving onlyt0
adjustable in order to account for the observed quasiela
shape.

The termSM(Q,v) represents a multiexcitation contribu
tion that, at high temperatures, becomes substantial at l
wave vectors. It was approximated following the stand
procedure using theZ(v) derived from the simulation as
kernel@26#. Note that both the multiexcitation and incohere
n
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contributions as well as those regarding single-particle
namics are adding only one adjustable parameter~in addition
to those characterizing the inelastic wings! to the model scat-
tering laws. The ratio of coherent quasielastic to inelas
intensities is governed by the values of the oscillator stren
HQ of Eq. ~9!, for which no closed form~sum-rule! expres-
sion is available because of the highly damped nature of
motions, although it is expected to show oscillations that
in phase with those of theS(Q) static structure factor.

As a starting point for the data analysis, the inelastic sp
tra were fitted using a single spectral component~DHO!.
This procedure was able to account for the observations
to a momentum transfer of about 2.9 Å21, beyond which the
model gives only a semiquantitative description of the m
sured spectra. The results of the least-squares refinem
@using Eq. ~7!# are shown in Fig. 5, which compares th
fitted vQ frequencies with some magnitudes calculated fr
the interaction potential@16#, as well as a straight-line dis
persion expected for a simple liquid model. Figure 5 a
depicts theQ dependence of the excitation damping facto
and intensities. The latter show a partial agreement w
what one could expect for an excitation strengthHQ corre-
sponding to a simple-liquid ‘‘mode’’ of sonic origin with a
well-defined wave vector; that is, the intensities exhibit
oscillation inQ not far from that shown by the static struc
ture factor. The agreement has to be taken as semiquan
tive at best, since the maximum of such a peak inHQ lies
about 0.4 Å21 above that shown byS(Q). On the other
hand, apart from the inadequacy of such a simple liq
model to describe high-Q spectra, thevQ frequencies de-
rived from the fits lie well above those given by

^v0
2&5

^v2&
S~Q!

5
Q2

mbS~Q!
, ~11!

which, for a simple monoatomic liquid, approachvTQ,
wherevT stands for the isothermal sound velocity. In fa
the fitted frequencies lie within̂v0

2&1/2 and

^v l
2&1/25F ^v4&

^v2&
G 1/2

, ~12!

where^vn& refers to thenth frequency moments of the dy
namic structure factor, and can be calculated explicitly fro
the static pair correlation function and the effective potent
both derived from the measuredS(Q) as explained in some
detail by Refs.@14# and @16#. In quite the same way a
^v0

2&1/2, the approach towards hydrodynamics of^v l
2&1/2 can

be interpreted as a high-frequency sound velocity given

v`~Q!5@^v l
2&/Q2#1/25F1

rS 4

3
G`~Q!1K`~Q! D G1/2

,

~13!

where G`(Q) and K`(Q) stand for the generalized~i.e.,
wave vector dependent! shear and rigidity moduli, and thu
v`(Q) would correspond to the speed of sound that wo
be observed if the viscous contribution were negligible sin
the acoustic dispersionvs(Q) is bounded by@27#
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vs~Q!5F vT
2~Q!1@v`

2 ~Q!2vT
2~Q!#

v2t0
2~Q!

11v2t0
2~Q!

G 1/2

.

~14!

Estimates for thet0(Q) relaxation time for the longitudina
viscosity calculated by means of the viscoelastic ansatz
given in Fig. 2~c! of @14# and show that, for the range o
energy transfers explored here, such a magnitude is bou
within remarkably small values: 2310214 s<t0(Q)<5
310214 s, which makes the term containingv2t0

2 of the
order of 1022, and therefore the speed of sound would ha
to be reasonably close tovT(Q).

FIG. 5. The top frame depicts a comparison between experim
tal vQ frequencies~open symbols! using a single DHO to represen
the inelastic side of the spectra with those calculated from the s
tral moments of the structure factor~the solid line representŝv0

2&1/2

and dashes refer tôv l
2&1/2). The straight line depicts the dispersio

of hydrodynamic sound~i.e., the simple liquid model!. The filled
symbols represent the oscillator frequencies derived from the an
sis of computer-simulated spectra. The middle frame shows
wave vector dependence of the excitation linewidths and the lo
frame gives their strengths. The symbol convention given abov
retained.
re
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B. Computer simulations

The results of the calculated dynamic structure fact
S(Q,v) in Fig. 4 show, up to wave vectors of'1.8 Å21,
the presence of a clear inelastic peak having an appa
dispersion that is quantified in Fig. 5, where the analysis
the calculated spectra followed a procedure parallel to
employed for the experimental data.

As mentioned in previous paragraphs, the total intens
measured by experiment contains an additional contribu
of incoherent origin, which arises mainly from zero
frequency ~stochastic! motions. Because of the relativel
high velocity of sound in liquid Ga, the zero-frequency com
ponent constitutes a large part of the total spectral powe
low wave vectors@S(0)5rkBTxT , wherer stands for the
density andxT for the isothermal compressibility#. As a mat-
ter of fact, the small value ofS(Q) for low Q values@S(Q)
goes below 0.1 for wave vectors below 1.5 Å21# means that
most of the low-Q spectrum will be dominated by the inco
herent component, even if the ratio of total cross secti
sinc /scoh 5 0.0704 still is somewhat modest.

From the calculated self-diffusion coefficientDt , one can
estimate a quasielastic width for translational diffusion ha
ing a wave-vector-dependent linewidth that in the Ficki
regime ~that is for Q values below 1 Å21 or so! should
behave asDv5DtQ

250.67Q2 meV, and having an ampli-
tude decreasing withQ, which, to first order, is expected t
follow (Q2Dt)

2151.49Q22 meV21.
Remarkably, even though the shapes of the experime

and simulatedS(Q,v) spectra are quite different, thevQ
frequencies coming from both experiment and simulation
still rather close. Moreover, by looking at the well-define
peaks of Fig. 4, one can see that the fitted frequencies
close to those of the peak maxima, as expected.

As a matter of fact, in terms of quantities displayed in F
5, the main differences between experiment and simula
concern the substantially larger damping terms of the form
in the range of'0.8 Å21<Q<1.6 Å21. Note, however,
that such magnitudes become comparable when approac
the hydrodynamic limit, something that may indicate that t
longitudinal viscosity is not being grossly underestimated
was the case for the lower temperature study@14#.

What seems worth stressing is the strong deviation fr
simple-liquid behavior exhibited by the simulation data sin
a ‘‘dispersion curve’’ not far from the one followed b
^v0

2&1/2 was expected. This would come as a consequenc
the fact that both the simulated spectra and^v0

2&1/2 arise
resulting from the same two-body, empirical potential, a
that by construction such a potential accounts, to high ac
racy, for the hydrodynamic sound velocity@since it repro-
duces the isothermal compressibility as given
limQ→0S(Q)#.

An indication of the existence, in the simulated spectra
a complicated interplay between atomic movements t
goes well beyond those exhibited by simpler metals is giv
by the frequency distributionZ(v) depicted in Fig. 3. There
an unusual feature in the form of a wide plateau betwe
frequencies of about'20 and'30 meV is seen in the cen
tral frequency region. Such a characteristic contrasts w
others measured or calculated for simpler liquid metals~see
Ref. @28# for liquid Cs!, where a well-defined~albeit broad!
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56 3365COLLECTIVE, SHORT-WAVELENGTH EXCITATIONS IN . . .
maximum is seen at some finite frequency. On the ot
hand, the presence of a small shoulder at about 10 me
also to be noticed. In terms of the^v(t)v(0)& shown in the
inset of Fig. 3, the most remarkable feature concerns
rather fast decay of the atomic velocity correlations~about
0.1 ps the VACF enters the backscattering region where
direction of motions are reversed! as well as the rather quic
loss of atomic correlations at times as short as 1 ps.

To better understand the microscopic origin of the exc
tions being sampled in the MD simulation, we also calc
lated the structure factors asS(Q,v5const) for selected val
ues of the energy transfer. The interest in such an exer
lies in the fact that even for a liquid, which at such hig
frequencies can be expected to behave as an elastic solid
constant-energy structure factors can be interpreted in te
of inelastic structure factors, paralleling that given in o
previous report for the liquid just above melting@14#. As a
consequence, the information contained inS(Q,v5const)
can provide some details about thegeometryof the atomic
vibrations through the transform@29#,

Dv~r !5
2

pE0

`

dQQ@S~Q,v5const!/A21#sin~Qr !,

~15!

with A5\Q2/2Mexp(2^u2&Q2/3). Here, M stands for the
atomic mass and̂u2& for the atomic root-mean-square di
placement of atoms involved in collective motions. T
meaning ofDv50(r ) is obvious: it corresponds to the stat
spatial correlation function of atomsDs(r )54pr@g(r )21#
obtained by Fourier inversion of@S(Q)21#. The peak posi-
tions in Ds(r ) correspond to the~thermal! average distance
between atoms in the static structure as measurable in
fraction experiments@16#. In the case of in-phase displac
ments, such as those involved in sound-mode propaga
Dv(r ) will resembleDs(r ) because the long-wavelength in
phase motion of atoms results in a uniform translation of
system, thereby yielding interatomic distances similar to
static configuration. At finite frequencies, however, relat
displacements and out-of-phase motions of certain at
will result in the disappearance of some of the peaks of
static structure and the emergence of new structure at o
positions.

A set of S(Q,v5const) curves corresponding to chara
teristic zones of the ‘‘dispersion curves’’ shown in Fig. 5
given in Fig. 6, and the correspondingDv(r ) transforms are
depicted in Fig. 7. A glance at such curves reveals that w
defined oscillations in phase with the staticS(Q) @or with its
S(Q,v50) counterpart# persist up to relatively high fre
quencies~about 15 meV!, and correspond to wave vectors
roughly Qp/4 in the ‘‘dispersion curve.’’ At higher frequen
cies, such as those corresponding to the maximum in
‘‘dispersion curve’’ ~that is about 30 meV andQp/2), both
theS(Q,v5const) andDv(r ) functions show that the phas
coherence withS(Q) is progressively lost. As a conse
quence, most of the inelastic intensity arising from exci
tions aboutQp/2, should be regarded as nonacoustic~or ‘‘op-
tical’’ ! in much the same way as those characteristic
Coulomb systems@31#, whose existence was clearly reveal
in inelastic neutron scattering experiments performed so
time ago. On the other hand, theDv(r ) real-space correlate
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of S(Q,v5const) shown in Fig. 7 reveal a progression
the shape of the main peak of the staticDs(r ) at about 2.5 Å,
which goes from amostlyin-phase behavior at 10 meV to
mostly out-of-phase peak at 30 meV, which involves ato
separated by'3 Å, while that at 20 meV is of a mixed
character.

IV. DISCUSSION

The failure of the simple-liquid approach@i.e., that which
predicts that only one kind of collective excitation persists
the liquid with frequencies given by Eq.~9!# to describe the
high-frequency dynamics of this liquid material can also
seen from preliminary neutron time-of-flight~TOF! data re-
ported years ago@32#. In fact, data for liquid Ga atT
51253 K @32# revealed the presence of a shoulder at wa
vectors 3 Å21<Q<4 Å 21 showing an apparent linear fre
quency dependence going from 18 meV up to approxima
23 meV within thisQ range. Such data, which correspond

FIG. 6. The upper frame shows the static structure factorS(Q)
calculated from the instantaneous atomic positions. The bot
three curves show the functions calculated from the MD trajecto
for nonzero energy transfers.
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3366 56F. J. BERMEJOet al.
maxima in the experimentalv2S(Q,v), also lie well above
the curve corresponding tôv0

2&1/2, and thus provide an ad-
ditional indication of the inadequacy of the simple-liquid
picture to describe the dynamics of this liquid.

The reasons for such a discrepancy can be made clear
inspection of experimental data from a number of differen
sources. First, the inelastic intensity measured at consta
energy transfer for liquid Ga at 330 K presented in Fig. 5 o
@14# shows the presence of a well-defined feature for fre
quencies above 13 meV, which in no way can be considere
as an acoustic mode since it shows a peak at about 4 Å21

where the structure factor shows a minimum. Such freque
cies also correspond to a well-defined but broad inelast
feature seen in TOF experiments@33#. A qualitative analysis
of these I (Q,v5const) curves can be carried out on the
basis of what is expected for a structure factor correspondin
to a vibration of nonacoustic origin taking place at a given
frequencyv, that is,

FIG. 7. The upper frame shows the staticDs(r ) function calcu-
lated from the instantaneous atomic positions in the MD simulation
being the Fourier transform of the results of the previous figure. Th
bottom three curves show theDv(r ) functions for nonzero values
of the energy transfer.
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I inel
v ~Q!5(

i , j

1

3
~ei•ej !@ j 0~QRi j !1 j 2~QRi j !#

2S 1

Ri j
D 2

~Ri j •ei !~Ri j •ej ! j 2~QRi j !, ~16!

where the sum runs over the~static! positions of all pairs of
atoms,Ri j 5uRi2Rj u is the relative distance between them
ei is the displacement amplitude of atomi , and j 0,2(x) are
spherical Bessel functions. From the structure of Eq.~16! it
is clear that at lowQ values the first term containing a su
of j 0(QR)1 j 2(QR)53 j 1(QR)/QR dominates, and that a
periodic modulation of the intensity of such a band can
expected followingj 1(QR)/QR j2(QR), a ratio that will de-
scribe approximately theQ dependence ofI inel

v (Q). More-
over, Eq.~16! also shows that for relatively largeQ values
~above 2.5 Å21 or so!, the second term containing th
(Ri j •ei) factor will be the dominant one and therefore o
expects to find some revival of the inelastic intensities a
ing from excitations that depend upon the relative phase
such dot products andj 2(QR), as experiments have show
In fact, a calculation on qualitative grounds using Eq.~16!
employing as parameters the distanceRi j 52.72 Å @which
corresponds to that whereg(r ) shows its first maximum
@16##, and a vector displacement of about 0.001 Å~corre-
sponding to motions that are purely out of phase!, gives an
inelastic structure factor that reproduces the main featu
observed in the previous experiment, as Fig. 8 vividly exe
plifies.

Having established the mostly nonacoustic nature of
citations appearing above about 15–20 meV, a descriptio
the experimental intensities better than that provided b
unique DHO function was sought. Because two different f
quency bands of quasielastic to;16 meV and 16 meV to 50
meV clearly appear in the large-Q S(Q5const,v) spectra,
as Fig. 1~b! clearly shows, an attempt to fit these two spect
regions using individual DHO functions to cover both rang
was pursued. As expected, decomposition of the whole
elastic response into two identifiable bands made sense
for relatively largeQ values, that is for momentum transfe
above'1.1 Å21. The results of such an analysis are sho

,
e

FIG. 8. A comparison between spectra for a constant ene
transfer of 19 meV as measured during a previous experiment@14#
~vertical bars!, and as calculated using Eq.~16! ~solid line!. Note
that the scaling between the two curves is arbitrary.
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56 3367COLLECTIVE, SHORT-WAVELENGTH EXCITATIONS IN . . .
in Fig. 9. There, the wave vector dependence of the
frequencies employed for the description of the two dam
oscillators is shown along with those employed to follow t
‘‘dispersion curve’’ at low wave vectors, where only on
spectral component could be sensibly fitted to the data
glance at Fig. 9 now reveals the presence of two ‘‘dispers
curves,’’ the lower frequency curve lying close to^v0

2&1/2,
and showing rather moderate dispersion. The shape and
acteristic frequencies of such a ‘‘dispersion curve’’ are a
in agreement with the one reported by Holenderet al. @6#,
where the hydrodynamic sound is approachedfrom below.
The absence in theab initio simulation of a higher-frequenc
component may well be due to the severe system-size
sampling-time limitations. As we will discuss below, the fa
that the characteristic frequencies of this low-energy bra
are close to some of the longitudinal acoustic modes of tha
andb crystal phases gives strong support to the identifica
of such a ‘‘dispersion curve’’ with the one arising from th
continuation of an acoustic mode down to this microsco
scale~i.e., highQ).

A point worth considering in some detail concerns resu
reported two decades ago on the propagation of hypers
waves in liquid Ga~and Hg! as studied by means of Brillouin
scattering of light@34#. There it was found that the appare
phase velocity of the hydrodynamic excitations was ab
38% above that determined by ultrasound. In the case
liquid Ga, which was measured atT5378 K, well above
Tm , the measured Brillouin frequencies seemed to follow
hydrodynamic dispersionvQ5cQ with c53700 m s21. The
authors of Ref.@34# tentatively attributed such an anom
lously high velocity to some complicated dynamics taki
place close to the liquid surface. However, plotting such
ear dispersion together with the present data, as also do
Fig. 9, surprisingly reveals that data below about 1 Å21 or
so seem to follow such a law. Although a definite explan
tion of the origin of such high-frequency linear dispersi

FIG. 9. ThevQ frequencies derived from fits using two differe
descriptions of the inelastic spectra. The solid symbols represen
frequencies derived after decomposition of the inelastic inten
S(Q,v) into two DHO functions. Circles with a dot represent th
results for decomposition into a single DHO~see text!. The dotted
and dash-dotted lines represent the reduced second and fourt
quency moments as calculated from the empirical potential.
dashed straight line depicts the hydrodynamic sound dispersion
the solid line corresponds to an extrapolation to large wave vec
of the linear dispersion measured by light scattering@34#.
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cannot be given, both the light-scattering and the pres
data point to some common mechanism that couples ef
tively the electromagnetic and neutron fields to these hi
frequency excitations, which on the other hand become
coupled to the compressional fields generated in mechan
spectroscopy experiments such as those reported in
@30#.

A correlation in Z(v) of the two aforementioned fre
quency bands may also be seen from Fig. 3. In fact, mos
the frequencies of the lower branch shown in Fig. 9 seem
be those that give rise to the weak shoulder centered a
10 meV in the frequency spectrum.

The presence of two distinct inelastic bands in the sp
trum of this liquid at highQ is somewhat reminiscent o
some observations on molten salts@31#, which showed a
clearly non-acoustic component having an apparent dep
dence with wave vector not too different from that shown
Fig. 9. An unambiguous assignment of the origin of t
higher-frequency band seems beyond reach, taking into
count the complicated patterns experimentally observed
the phonon dispersion relations in botha @13# and b @9#
crystal phases. However, a comparison between sin
crystal data and the observations for the liquid can be p
sued on purely qualitative grounds. To this end, Fig.
shows a comparison between the reduced frequency
ments as calculated from the effective potential@14,16#, the
fitted vQ frequencies and some representative phon
branches ofa- andb-Ga @9,13# corresponding to the@j00#
propagation direction in both crystals. The remarkable co
cidence of the LAx phonon in the metastableb-Ga with the
curve for the^v0

2&1/2 second reduced frequency moment
the liquid came as a surprise, and the same qualification
plies to theT1

(3) optical branch ofa-Ga with respect to
^v l

2&1/2. Also worth mentioning is the close proximity of th
dispersions of both LAx andT1

(3) phonons, if one consider
the rather different mechanical, thermal, and even den
differences between the two crystalline solids.

As a result of the comparison mentioned in the previo
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FIG. 10. A schematic comparison between the curves show
the phonon dispersion along@j00# in a-Ga @13# ~squares with a dot
stand for theT1

(3) optical branch, the squares with a cross repres
the T1

(1) LA phonon! and that inb-Ga @9# ~filled inverted triangles
depict the LAx branch over the Brillouin zone!, along with data for
the liquid. The thin solid lines represent^v0

2&1/2 and^v l
2&1/2, crosses

refer to thevQ fitted frequencies, and the dashed straight line giv
the hydrodynamic sound dispersion.
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3368 56F. J. BERMEJOet al.
paragraph, some parallelism between the microscopic
namics of liquid and crystalline Ga may be established
least on qualitative grounds. If, as argued by some@3#, liquid
Ga were to be structural and dynamically closer tob-Ga than
to a-Ga, then excitations above 23 meV or so~e.g., the fre-
quency corresponding to the highest energy phonon, ay
branch inb-Ga! should not be present in the experimen
spectra. However, the observed long inelastic tails, wh
stretch up to frequencies that are about twice that bound
seem to provide an indirect confirmation of the presence
instantaneous liquid configurations that give rise to atom
motions reminiscent of those observed in thea phase.

The present results also seem to be of relevance for
understanding of the microscopic properties of liquid H
which shows a number of macroscopic properties such
specific heat, atomic volume, and shear viscosity not too
from those shown by liquid Ga@35#. Even more, the sam
anomalous behaviorvis-a-visthe sound velocity observed fo
liquid Ga has also been reported for liquid Hg@34#, and a
recent neutron scattering experiment did not directly rev
the presence of well-defined excitations@36#.

V. CONCLUSIONS

The present work provides an example of how the mic
scopic dynamics of a relatively complicated monoatomic l
uid can be better understood by recourse to the crystal
namics rather than to theoretical constructs applicable o
to simple liquids. In fact, the intercomparison of data sho
in Fig. 10 shows that the collective dynamics of this liqu
l-
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cannot be understood solely in terms of sound modes, a
the case of simple molten alkali metals. Additional, hig
frequency excitations of nonacoustic origin contribute w
substantial amplitudes to the dynamic structure factor,
this makes inadequate the interpretation ofv` given by Eq.
~13! as a high-frequency sound velocity. The present res
thus constitute a warning against oversimplified interpre
tions of frequencies well above those corresponding to
drodynamic sound that result from the analysis of expe
mental or simulation data in terms of phenomena predic
to appear under rather special conditions~e.g., ‘‘fast-sound’’
in liquids! in simpler systems~e.g., binary mixtures of hard
spheres!. In addition, we have demonstrated the utility
MD simulations that employ an effective potential deriv
from the experimentalS(Q).
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