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Collective, short-wavelength excitations in liquid gallium
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Well-defined(i.e., not overdampegctollective excitations have been found in liquid Ga at 978&kout 670
K above the melting pointby means of inelastic neutron scattering. The experimental results contrast with a
previous investigation carried out @t=326 K (only 23 K above meltingwhere only heavily damped exci-
tations were found, and partially agree with those of recently repatechitio 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.
[S1063-651%97)13209-3

PACS numbds): 61.25.Em, 63.50kx

. INTRODUCTION through the sequen¢8] «-Ga— B-Ga—Ga Il —Ga Ill—l-
Ga (liquid-Ga), the latter showing an electronic density of

well as that of some group-IV elemerfie., Si, Go, shows  States that approaches that of a NFE sysim, 5, even if
a number of features that still resist a full quantitative under{h€ Presence within the liquid of very short-lived f8mers,
standing. Among the former group, the case of solid angvhich are considered as remnan@s.c.)f those c.haracterlsnc of
liquid Ga (-Ga) seems paramount. Being a trivalent ele- _a-Ga, has been _postulated fraab initio 5|mulat|qns[6]. It
ment, gallium is one of the few metalliclike solids that does!S therefore the simultaneous presence of two kinds of bond-
not crystallize into any simple structure. It shows instead arnd (I-€., metallic versus covalenthat makes the physics of
extremely rich polymorphism that includes a stable, low-condensed Ga, and particularly that of its noncrystalline
pressureatmospherig phase,a-Ga, of orthorhombicCmca ~ PN@ses, extremely interesting. As summarized in Rgfthe
structure with eight atoms per unit céli] (somewhat remi- thermodynamic, electronic, and super_conductlve behavior of
niscent of that shown by iodiieand two other phases which the metastable phases are substantially closer to those of
are stable at high pressui2] (a body centered cubic phase !*G@ and amorphousatGa) [8] than that of the stablest-G
with twelve atoms per unit cell known as Ga Il, and a tetrag-form. and in particular those ¢#-Ga are thought to resemble
onal phase called Ga Il showing a structure very much likdn many respects those found in the disordered phies
that of B-tin) [2]. Furthermore, a number of metastable ©On the other hand, the liquid displays a number of re-
phases known a8, y, 5, ande with melting points of 256.8, Markable features, such as a density increase of about 2.9%
237.6, 253.8, and 244.6 Kall well below that of 302.93 K upon melting, a rather wide liquid rang2270 K), as well as
for a-Ga) have been reportef]. More specifically,3-Ga @ remarkably small change in the electronic transport prop-
shows a C-centered monoclin@@2/c crystal structure with erties upon melting. In fact, the electrical resistivityeiGa
two atoms in the primitive unit cell, whereasGa shows a is extremely anisotropic, showing ratios along the three crys-
Cmcm orthorhombic structure with 40 atoms per unit cell tal axes ofpg:pg:p2=l:0.32:0.14, such that upon melting
and 5-Ga has &3 m rhombohedral structure with 22 atoms at T,,=302.93 K, the isotropigliquid) value for this trans-
in the unit cell[3]. port property corresponds to a decrease by 0.45 times the
Such an intricate phase diagram seems to imply the presalue along thec axis, and an increase by 1.46 and 3.12
ence of complicated atomic forces, substantially distinctimes[10] the values along the crystalandb axes, respec-
from those characteristic of simple, nearly-free-electrortively.
(NFE) metals. In fact, as revealed by photoemission experi- Under appropriate conditions the liquid can be super-
ments and reproduced in calculatiofs5], the electronic cooled down to one-half of its normdl,,, and an amor-
density of states ofv-Ga shows a pseudogap at the Fermiphous phase can be formed by vapor deposition on a cold
level, often interpreted as indicative of a partial covalentsubstratg8], which crystallizes upon heating into the meta-
character. Such partial covalency®fGa has been shown to stableB-Ga form[11]. The 8 phase shows a stability larger
give way to a far more metallic character as one goeshan that of the liquid(or the amorphous solidand thus

The collective behavior of semimetdlSb, Bi, Te, Ga, as
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constitutes an intermediate step in the process through whidhat of the shear component will cause a reduction in the
translational order sets in and therefore can be considered &alue of the longitudinal viscosity by a factor of approxi-
a necessary step in the relaxation towards final equilibriunmately 7.3.

[12] encompassed in the stablesiGa.

The present paper thus aims to explore the extent to which
some remnants of the dynamics of the crystal phases still
persist in the high-temperature liquid. The collective dynam-
ics of thea phase(stablg has been studied in detail using  The neutron measurements were carried out using the IN8
inelastic neutron scatteringNS) by Waeber and othefd3],  and IN1 thermal and hot-neutron triple-axis spectrometers
whereas theg phase was explored by Bosé al. [9]. The  (TAS) of the Institut Laue Langevin, both operated in the
interest of our exercise stems from the somewhat paradoxic@ihal constant-wave-vectok{) mode. Initial measurements
circumstance that portray3-Ga as a form closer to the dis- were performed using;= 6 and 7 A~ on TAS IN8, but the
ordered phases thanGa, with respect to most of the elastic, final results were obtained with the IN1 instrument, which
thermal, and transport propertigg], whereas the presence offers more intensity at high-energy transfers and also en-
within the liquid of a measurable portion of Ga dim¢f§  abled us to employ a larger final wave veckgr This was
renders the liquid closer to some aspects of the stable crystakquired as spectra measured on IN8 showed a rather wide
We have therefore performed INS measurements on the lignelastic component extending up to several tens of meV at
uid phase to compare its collective dynamics to that ofdhe relatively small momentum transfefs.g., about 25 meV at
and 8 phases. Q~1 A1) compared wittQ,, [i.e., theQ value correspond-

A previous INS investigatiohl4] was carried out at tem-  ing to the maximum ir§(Q) ], and therefore a wider range of
peratures close to melting326 K), since, in analogy to a energy transfers was required for an adequate characteriza-
number of liquid metals explored so fdi5], it was expected tion of the excitations.
that these were the optimal conditions for observing well-  The spectrometer configuratiga9] was chosen to opti-
defined collective density oscillations. However, the experi-mize focusing Conditioniresomtion in energy transfers
ment only showed broad, overdamped features, in stark cotommensurate with the dispersion curves shown in Fig. 6 of
trast to theS(Q, ) dynamic structure factors calculated via [6] and Cu (200 crystals were in all cases employed as
a molecular dynamic$MD) simulation using the effective monochromator and analyzer, respectively. The optimal ex-
interaction potential derived from inversion of the experi- perimental conditions were found after a number of tests
mental S(Q) static structure factof16]. Another, more re- employing different sets of collimations and final wave vec-
cent simulation, this timeb initio [6], predicted the presence tors. These were those with= 7.1 A~1, using the vertical
of well-defined excitations at temperatures well above meltfocusing Cu(200) monochromator and analyzer, and a col-
ing (702 and 982 Kshowing a dependence with wave vector [imation of 20’ (in pile)-40’ (between monochromator and
reminiscent of a sound-mode excitation. As postulated insample—20’ (between sample and analyze20’ (between
[14] and also commented upon [ii], the most likely reason analyzer and detectprThe energy resolution at the elastic
for the discrepancy between the 326 K experimental and thgeak position was 5.5 meVfull width at half maximum
two MD simulations may be the large bulk viscosity, which (FWHM)] on TAS IN1, as measured with a vanadium
is known to be characteristic of some semimetals such as Bjample. Such a value was only 0.3 meV away from that
[17] and which is expected to decrease markedly as the tentalculated analytically using the spectrometer configuration
perature is raised. In fact, from estimates of the shear angarameter$20].
bulk coefficients of viscosity computed from derivatives of  The 70 g sample was held in a Nb flat plate cell of 36 mm
the effective potential and radial distribution functiddsl],  width, 65.5 mm height, and 4 mm breadtparallel to the
it was shown that the ratigg / 775 of bulk to shear viscosities beam made of 0.5 mm Nb plate. The sample container was
decreased from 4.71 &t=326 K down to 1.16 aT=956 K.  installed in a standard ILL furnace, the tail of which was
From tabulated values of the shear visco$it$] one then  surrounded p a 1 m diameter vacuum tank employed to
gets estimates fong that go from about 9.4 mPa s just above reduce air scattering and thus allow a smaller detector angle
melting to 0.7 mPas at 956 K. Such a remarkable decreager low-Q measurements. Particular attention was paid to the
will thus result in a drop of the damping term, which on precise measurement of the empty cell in order to allow ac-

II. EXPERIMENTAL AND COMPUTER SIMULATION
DETAILS

hydrodynamic grounds can be written as curate subtraction of this contribution. The latter amounts to
about 3% of the inelastic intensity at 20 meV and 1.5'A
2[4 which corresponds to the maximum contribution arising
Fsz 5775+ 7t N(y—1)/Cpl, (1)  from phonons of polycrystalline Nb.

Finally, consideration of the relatively large wave-vector-

transfer employed7.1 A™1) and the range of frequencies
wherep stands for the ionic number density,for the ratio  explored(below 50 meV ensures that no contamination due
of specific heats at constant volume and press@g,€,),  to higher-order effectéhat is, for instance, wherkg=k;) is
and\ is the thermal conductivity. The last term in the abovepresent in the measured response. This happens as a conse-
expression shows a far milder variation with temperaturequence of both neutron kinematics and the low flux at the
than the viscosities sinceg= 1.08 at the melting point and higher end of the spectrum(above 400 meV or
approaches 1 at high temperatures. So, the increasgdp  ~13.9 A~1) on this spectrometer. Furthermore, the absence
by about 2.5 times between melting and 1000 K will notof features of spurious origin is also borne out by the differ-
counterbalance the strong drop i, which in addition to  ent setups employed in the two different spectrometers. In
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fact, it is expected that any artifactual contribution to the
scattering will show a strong dependence with some relevar
instrumental parametéespeciallyk;). As we repeated scans
on different spectrometers and incident wave vectors and ot
served the same inelastic scattering, this provides an adc
tional test demonstrating the physical soundness of the me:
sured inelastic scattering.

In order to process the experimental intensities and con
vert them into physically interpretable magnitudes, the val-
ues of the nuclear cohereat,, and incoherent,,. scatter-
ing cross sections for thermal neutrons are needed. In th
case of Ga, information regarding,. is only approximate
(see Table Il of Ref[16]). From the set of published values
for both o, and gy, We have adopted those of Koesgtral.
[21], which seem to be the only set compatible with static
structure dat416].

The data were converted into dynamic structure factor:
using the experimental value 8{Q) for normalization pur-
poseq 16], after subtraction of the scattering from the sample
cell and all other sources of background. The total absorptio
coefficient for the sample was found to jpg=0.40 cm 1,
which yields a transmission somewhat above 85%. Multiple
scattering was estimated using the method of Blech an
Averbach [22] for an incident energy of 104.4 meV
(=2.071%?). It was found to contribute to less than 6% of
the total intensity and was therefore neglected. Such an est
mate is consistent with that corresponding to our previous
experiment[14] where a far thicker sample also having a
larger density was employed. The scans were performed i
the constan® mode covering a range of momentum trans-
fers 0.7 A '<Q=4.0 A~ that comprises the first two
peaks in the static structure factor. A total of 15 different
wave vectors were in this way measuredTer 973 K. Mea-
surements were set to a total of 40 000 monitor counts
which involved counting times of 5—7 min per data point,
depending upon the required incident energy. TH@,w
=0) glastlc Intensity was measured several times b_etween FIG. 1. A representative set of spectra measured using the IN1
runs in order to confirm the stability of the sample in the gpectrometer under conditions described in the text, for different
beam. values of the momentum transf@randT=973 K. The experimen-

An initial set of six runs was carried at a temperature ofta] measurements are depicted by the circles with a dot, and the
T=700 K, to provide a direct comparison with previous fitted model by a solid line. All but the data in the uppermost graph
measurements using TAS IN8. The spectra measured at suglve been fitted with two DHO’s. The inelastic components of the
a temperature were found to be in full agreement with thosdits are given by dotted and/or dash-dotted lines depending on
measured previously. A broad inelastic background far bettewhether only one or two DHO functions were required to fit the
defined than those reported for lower temperat{itd$ was  spectra. The fitted quasielastic intensity is shown by a dashed line.
there seen. However, the analysis of such spectra yieldgdote that the calculated curves are referred to the background level
frequencies-to-damping ratio@Q/er of 0.64, 0.54, and as a baseline. The relative importance of the latter can easily be
0.53 for wave vectors of 0.8, 1.2, and 1.4 A respectively, —gauged by inspection of the wings of the quasielastic component.
which correspond to a strong damped regifadbeit not
overdamped swamped by a quasielastic contribution of incoherent origin

Finite-frequency excitations, that is, those with character{for Ga oy,./(oinc+ 0con) =0.0658. Moreover, forQ values
istic frequencies comparable to or smaller than their widthsbelow 0.6 A~! measurements would also be limited by the
were finally observed at the temperatdre 973 K. neutron kinematics.

A set of corrected spectra is shown in Fig. 1 where apart To assess the reliability of the measured intensities, Fig. 2
from a resolution-broadened quasielastic peak, a relativelghows the wave vector dependence of tiresolution-
strong inelastic contribution is clearly apparent. This inelasbroadenefl| (Q,w=0) peak as well as the frequency inte-
tic intensity increases aQ approaches the first peak of gral of the remaining intensity of inelastic origin. Although
S(Q), which is centered abo@,~ 2.5 A~ Atmomentum the quantities plotted in Fig. 2 cannot be directly interpreted
transfers below 0.7 A* most of the inelastic signal is lost in terms of physical magnitudéa correction for the resolu-
mainly because of the rather small valueS¢€) below such tion effects and a separation between coherent and incoher-
a Q value, which causes the coherent response to bent components would then be requiretthey serve to dem-

1Q, )

1(Q, w)

1(Q, w)

IQ, »)




56 COLLECTIVE, SHORT-WAVELENGTH EXCITATIONS IN ... 3361

2.5 . T T
1
[
— | ! ! I
? 1.5 | iy F
8 ’ [
o B \I‘ -
g ‘l ||\ I Hll ”ll‘lH 2.0
0.5 HI| !|”|]|| ‘}Ill\‘l Il
4 H‘q|L‘u|||‘!|u'u”n'|”l . L
- L 0.000 L LA A L L L L B L B ALY B
12 0 10 20 30 40 50 60 70 80
e |-
= ] ® (meV)
g 3 I
g | L
= 4 F FIG. 3. TheZ(w) spectral frequency distribution of the MD
| L simulations as calculated from tkie(t)v (0)) velocity autocorrela-
0 ‘ tion function(shown as inset

2Q ([’3‘) 4 whereN stands for the number of atomg(r) the number
density, and the superscriptdenotes tagged-particle corre-
lations. Thel (Q,t) was calculated from the atomic coordi-
FIG. 2. The upper frame shows the elastic s&¢@,»=0) as  nates stored at regular intervals during the MD simulation
measured on TAS IN8. The lower frame displays a comparisorfollowing Eq. (2), i.e., performing both the time average and
between the integrated inelastic intensitisgmbol$ and the quan-  the orientation-average @ at 25 fs intervals.
tity Q?S(Q) evaluated from the static structure factor giveiis]. Not surprisingly, the MD simulation was able to repro-
duce the experimental static pair distributigfr) up to a
onstrate that the measurements are free from spuriods¥gh degree of accuracy, since its potential was derived from
components. In fact, the quantity shown in the upper framén experimentally measure®{(Q). To extend such a test to
of Fig. 2 can be favorably compared with the staBi@Q) some dynamlpa}l properties we also calculated the self-
measured in Ref[16] by diffraction means. On the other diffusion coefficient from the time-dependent mean square

. .o . . . e i H —4
hand, the total inelastic intensity shown in Fig. 2 exhibits andisplacements. The value obtained was 1:016 "
oscillatory structure close to that d2S(Q), where the CM°S™ which seems to be in rather good agreement with

1
structure factor is taken from R4fl6]. As will be discussed e X ) !
]than estimations previously reported in the literat{24].

below, this can be taken as an indication of excitations oS h latively | If-diffusi fficient is al
sound-mode origin, although contributions from other kindsd uc da.reta;llvey gr.gi Sell- tl l;stlﬁgzcoe icien |s|.a s(;) frepro—
of atomic motions are not ruled out. uced in hew— L intercept o (w) generalized fre-

The molecular dynamics simulation was performed Withquencyo spectrum .ShO\an. in Fig. 3 ca:cu_lated ffrom. the
the bL-PoLY program[23] for T=973 K using the effective (v(v(0)) ~ atomic-velocity ~ autocorre ation  function

. . -k ) . . (VACF). The calculatedS,(Q,w) shows a line shape that
pair potential for liquid gallium as derived from the experi- can be adequately represented by a Lorentzian @@ A
mental static structure fact@®(Q) through an iterative in- 7 jequaiely rep oy o el

: : ; : : . Its linewidth follows a Fickian behaviof'{*'(Q)

version procedure described in REf6]. The simulationwas " .~ 5 ) i tA‘l
performed with a system of 500 Ga atoms embedded in & Pt Q] Up to relatively high wave vectors~(1 )
cubic box with dimensions corresponding to a density equaP€nding towards a constan;lvaluecglt higQes. In terms of a
to the experimental value at the required temperature. Thehape parameter such &§*9(Q)S(™(Q,0), the simulated
simulated dynamic structure factogQ,w) as well as the data seem to indicate a departure from cIasséEaadk@rll)
single-particleS,(Q, ) were calculated from Fourier cosine diffusion taking place at fairly low wave vectors1.2 A™*,
transforms of the intermediate scattering functions for tota® Phenomenon common to some other metals explored so far
1(Q,t) and “self’ 1(Q,t) correlations, which are defined as (se€ Glaer in[15]).

the time autocorrelation functions of the Fourier components A set of calculated spectra covering the most significant
of the densitypg, as follows: portions of the region of wave vectors of interest is shown in
Q .

Fig. 4. Note that the curves on the right-hand side of the
figure represent coherent scattering only. A detailed com-

the experimental value of 2310 * cm? s™1, and smaller

1(Q,t)=(pq(t)p-o(0)), (2)  parison between experiment and simulation is difficult be-
cause of the poorly determined value af. (the values
A N listed in Table Il of[16] show a mean of 0.39 b and a stan-
szf exp(—iQ-r)p(r)dr= E exp—iQ-ry, Q) dard deviation of 0.38 )b Taking theo;,.= 0.47 b from[21]
=1 the total spectrum containing coherent and incoherent contri-
butions can be calculated, thus enabling a comparison be-
1(Q,1)=(pd(1)p° 5(0)), (4)  tween the single-particle and collective responses in the mea-

sured quantity. A glance at those spectra as well as at those
~s _ shown in Fig. 1 seems to indicate that although the structure
po=EXN—IQ-Ty), () of experimental and simulated spectra below about 1.3 A
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FIG. 4. The left-hand side shows a set of

e S(Q,w) dynamic structure factors as calculated
”-> from the MD simulations corresponding to wave
an vectors well below, half-way up, and at the top of
~ the S(Q) static structure factor. The MD data are
’@ shown as vertical bars, the best-fit model as a
= solid line, the inelastic component given by one
@ DHO function as a dotted line, and the quasielas-
tic response as a dashed line. The right-hand side
compares the cohere®(Q,w) (solid line) and
Ss(Q, w) single-particle contributions to the total
0.025 spectra(symbolg. Scaling of the coherent and
2 2 incoherent responses follow cross-section data of
> 4 %
© [21].
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is not too dissimilar, the incoherent scattering contribution is d? ‘ 2 ’
i = + +
clearly underestimated. lobd Q,0)=A dwd)| " dod0| ®R(Q,w)+B,
lll. RESULTS 6)
A. Experiment whereA represents a global scaling constant and the symbol

) ] ® stands for convolution with thR(Q,w) resolution func-
The experimental spectra were analyzed in terms of @on of the spectrometer anB is a constant(frequency-

model that accounts for coherent and incoherent contribuindependentbackground. Both coherent and incoherent con-
tions to the total double differential cross section and istributions are then expressed in terms of the relevant

given by dynamic structure factors as
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d%o contributions as well as those regarding single-particle dy-
doda| = TeorSeod Q)= 0o S°(Q, ) +S(Q,w)], namics are adding only one adjustable param@eaddition
coh ) to those characterizing the inelastic wings the model scat-
tering laws. The ratio of coherent quasielastic to inelastic
P20 intensities is governed by the values of the oscillator strength
=0 L 0)= 0 L 0)+S L0)], Ho of Eq. (9), for which no closed form{sum-rulg expres-
dwd() inc Sl Q) = T H(Qr @)+ Sl Q) sicQ)n is available because of the highly damped nature of the

(8) motions, although it is expected to show oscillations that are
) in phase with those of th§(Q) static structure factor.
where o con,inc Stand for the coherent and incoherent neutron  ag 5 starting point for the data analysis, the inelastic spec-
cross sections, respectively. _ tra were fitted using a single spectral componédHO).

_ The coherent scattering has been appgoxmated as resUifyis procedure was able to account for the observations up
ing from two contributions S°(Q, ) and S{(Q,w), which 4 3 momentum transfer of about 2.9°A beyond which the

represent the zeroth- and finite-frequency contributiongygge| gives only a semiquantitative description of the mea-
(single excitatio The former term corresponds to coherentg ey spectra. The results of the least-squares refinements

quasielastic scattering, yvhich is modeled as done before Ususing Eq.(7)] are shown in Fig. 5, which compares the
ing the Kerr approximatiofil4], whereas the latter term fol- (o wq frequencies with some magnitudes calculated from
lows a description of the liquid dynamics in terms of dampedg jnteraction potentidlL6], as well as a straight-line dis-
harmonic oscillator¢DHO) [25] persion expected for a simple liquid model. Figure 5 also
depicts theQ dependence of the excitation damping factors
and intensities. The latter show a partial agreement with
what one could expect for an excitation strength corre-
sponding to a simple-liquid “mode” of sonic origin with a
with Hg the strength of the single-phonon excitatiofw) ~ well-defined wave vector; that is, the intensities exhibit an
=[1—exp(-#rwPB)] ! the thermal occupation factof3  oscillation inQ not far from that shown by the static struc-
=(kgT) '], and wq the oscillator bare frequency having a ture factor. The agreement has to be taken as semiquantita-
linewidth specified by the damping coefficiefity. The tive at best, since the maximum of such a pealig lies
physical frequency of such an oscillator is given by the quanabout 0.4 A1 above that shown by(Q). On the other
tity wg, which in the present case has to be interpreted as adnand, apart from the inadequacy of such a simple liquid
average frequency corresponding to the center of gravity ofmodel to describe higly spectra, thewq frequencies de-
the manifold of excitations under consideration. The damp#ived from the fits lie well above those given by
ing coefficientl’ gives a measure of the apparent broaden-
ing in terms of homogeneousriginating from excitations of (0?) Q?
a single mode with a finite lifetimeand heterogeneous %:W
(originating from excitations of different frequencjeontri-
butions, which cannot be resolved.

The incoherent scattering given in E®) is modeled us-
ing the simple hydrodynamic formula:

4ww2QF2Q
- wé)z-i- 4w2Fé

Sl(Q,w)zHQh(w)(w2 9

()= (11)

which, for a simple monoatomic liquid, approachQ,
wherev stands for the isothermal sound velocity. In fact,
the fitted frequencies lie withitwz)*? and

I'(Q)

1
SI(Q,w)=S{¢ l(Qaw):StraniQaw):;th(Q)y <w2>1/2:[@ vz 12
T led]
D 2
I'(Q)= ﬁf‘;zm’ (100 where(w") refers to thenth frequency moments of the dy-

namic structure factor, and can be calculated explicitly from
the static pair correlation function and the effective potential,

whereS;,{ Q,w) represents the contribution from the trans-
lational motion, approximated by a random-jump-diffusion

model and contains as free parameters the self-diffusion co-

efficient D, and the residence time,. Because of the rela-

both derived from the measur&{Q) as explained in some
detail by Refs.[14] and [16]. In quite the same way as
w2)*2, the approach towards hydrodynamics{af)? can

be interpreted as a high-frequency sound velocity given by

tively low resolution in energy transfers achieved in the
present experiment, no information could be derived from
the analysis of the quasielastic width. Therefore, the value
for D, was set to the estimate given above, leaving angly
adjustable in order to account for the observed quasielastic
shape.

The termS,(Q, ) represents a multiexcitation contribu- where G.,(Q) and K..(Q) stand for the generalize(.e.,
tion that, at high temperatures, becomes substantial at largeave vector dependenshear and rigidity moduli, and thus
wave vectors. It was approximated following the standardv..(Q) would correspond to the speed of sound that would
procedure using th&(w) derived from the simulation as a be observed if the viscous contribution were negligible since
kernel[26]. Note that both the multiexcitation and incoherentthe acoustic dispersiong(Q) is bounded by27]

1/4 1/2
v(Q)=[(w])/Q*]"*= ;(§Gx<Q)+Kw<Q>H :

(13
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FIG. 5. The top frame depicts a comparison between experimen-
tal wg frequenciegopen symbolsusing a single DHO to represent

B. Computer simulations

The results of the calculated dynamic structure factors
S(Q,w) in Fig. 4 show, up to wave vectors 6§1.8 A1,
the presence of a clear inelastic peak having an apparent
dispersion that is quantified in Fig. 5, where the analysis of
the calculated spectra followed a procedure parallel to that
employed for the experimental data.

As mentioned in previous paragraphs, the total intensity
measured by experiment contains an additional contribution
of incoherent origin, which arises mainly from zero-
frequency (stochastit motions. Because of the relatively
high velocity of sound in liquid Ga, the zero-frequency com-
ponent constitutes a large part of the total spectral power at
low wave vectord S(0)=pkgTx1, wherep stands for the
density andy for the isothermal compressibilityAs a mat-
ter of fact, the small value d8(Q) for low Q values[ S(Q)
goes below 0.1 for wave vectors below 1.5 & means that
most of the low& spectrum will be dominated by the inco-
herent component, even if the ratio of total cross sections
Oinc/ocon = 0.0704 still is somewhat modest.

From the calculated self-diffusion coefficieDt, one can
estimate a quasielastic width for translational diffusion hav-
ing a wave-vector-dependent linewidth that in the Fickian
regime (that is for Q values below 1 A or so should
behave as\w=D,Q?=0.67Q? meV, and having an ampli-
tude decreasing witk, which, to first order, is expected to
follow (Q?Dy) " '=1.40Q 2 meV L.

Remarkably, even though the shapes of the experimental
and simulatedS(Q,w) spectra are quite different, theq
frequencies coming from both experiment and simulation are
still rather close. Moreover, by looking at the well-defined
peaks of Fig. 4, one can see that the fitted frequencies are
close to those of the peak maxima, as expected.

As a matter of fact, in terms of quantities displayed in Fig.
, the main differences between experiment and simulation
concern the substantially larger damping terms of the former
0.8 A '<Q=<1.6 A1 Note, however,

the inelastic side of the spectra with those calculated from the spe(irJ the range Of_m .
tral moments of the structure facttihe solid line representso2)t2  that such magnitudes become comparable when approaching

and dashes refer t@?)Y3). The straight line depicts the dispersion the hydrodynamic limit, something that may indicate that the
of hydrodynamic soundi.e., the simple liquid modgl The filled ~ longitudinal viscosity is not being grossly underestimated as
symbols represent the oscillator frequencies derived from the analy¥as the case for the lower temperature st{a#j.
sis of computer-simulated spectra. The middle frame shows the What seems worth stressing is the strong deviation from
wave vector dependence of the excitation linewidths and the lowesimple-liquid behavior exhibited by the simulation data since
frame gives their strengths. The symbol convention given above i@ “dispersion curve” not far from the one followed by
retained. (w32 was expected. This would come as a consequence of
the fact that both the simulated spectra aeh)*? arise
12 resulting from the same two-body, empirical potential, and
that by construction such a potential accounts, to high accu-
racy, for the hydrodynamic sound velocitgince it repro-
(14  duces the isothermal compressibility as given by
limg_oS(Q)].
An indication of the existence, in the simulated spectra, of
Estimates for thero(Q) relaxation time for the longitudinal a complicated interplay between atomic movements that
viscosity calculated by means of the viscoelastic ansatz argoes well beyond those exhibited by simpler metals is given
given in Fig. Zc) of [14] and show that, for the range of by the frequency distributio(w) depicted in Fig. 3. There
energy transfers explored here, such a magnitude is boundegh unusual feature in the form of a wide plateau between
within remarkably small values: 210" s<74(Q)<5 frequencies of about 20 and~30 meV is seen in the cen-
X 10 1* s, which makes the term containing?r5 of the tral frequency region. Such a characteristic contrasts with
order of 102, and therefore the speed of sound would haveothers measured or calculated for simpler liquid metsése
to be reasonably close tor(Q). Ref. [28] for liquid Cs), where a well-definedalbeit broadl

2.2
| 201 v2ro 2 0@
vs(Q)=| vHQH+VEQ =K QT 5 o
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maximum is seen at some finite frequency. On the othe 2
hand, the presence of a small shoulder at about 10 meV

also to be noticed. In terms of tHe(t)v(0)) shown in the

inset of Fig. 3, the most remarkable feature concerns th

rather fast decay of the atomic velocity correlatidabout @1 L
0.1 ps the VACF enters the backscattering region where th n
direction of motions are reverseds well as the rather quick
loss of atomic correlations at times as short as 1 ps.

To better understand the microscopic origin of the excita- 0
tions being sampled in the MD simulation, we also calcu-
lated the structure factors 8Q, w = const) for selected val- 0.1 =10 meV

ues of the energy transfer. The interest in such an exercis
lies in the fact that even for a liquid, which at such high
frequencies can be expected to behave as an elastic solid, t 0.05 |
constant-energy structure factors can be interpreted in tern
of inelastic structure factors, paralleling that given in our
previous report for the liquid just above meltifg4]. As a

—_
consequence, the information containedS{Q,» = const) : o
can provide some details about tpeometryof the atomic =
vibrations through the transforfi29], 8 0.04 |
2 (= " =20 meV
D‘“(r)z;J'0 dQQ[S(Q,w=consy/A—1]sin(Qr), 3 o002 f o=stme
1
~ 1 1 E]

with A=#Q?%2Mexp(—(u?Q%3). Here,M stands for the = @R 0
atomic mass andu?) for the atomic root-mean-square dis- 0.03 I
placement of atoms involved in collective motions. The )
meaning ofD“=(r) is obvious: it corresponds to the static 0.02 L
spatial correlation function of aton33(r)=4mp[g(r)—1] ’
obtained by Fourier inversion ¢§5(Q)—1]. The peak posi- 001 |
tions in D3(r) correspond to thétherma) average distance ‘
between atoms in the static structure as measurable in di L . \ , .
fraction experiment$16]. In the case of in-phase displace- 0.0 2.0 40 60 8.0 10.0
ments, such as those involved in sound-mode propagatiol Q@A)

D“(r) will resembleD3(r) because the long-wavelength in-

phase motion of atoms results in a uniform translation of the

system, thereby yielding interatomic distances similar to the FIG. 6. The upper frame shows the static structure fa8(Q)

static configuration. At finite frequencies, however, relativecalculated from the instantaneous atomic positions. The bottom

displacements and out-of-phase motions of certain atom@ree curves show the functions calculated from the MD trajectories

will result in the disappearance of some of the peaks of thd" nonzero energy transfers.

static structure and the emergence of new structure at other

positions. of S(Q,w=const) shown in Fig. 7 reveal a progression in
A set of S(Q,w=const) curves corresponding to charac-the shape of the main peak of the stadi¥(r) at about 2.5 A,

teristic zones of the “dispersion curves” shown in Fig. 5 is Which goes from amostlyin-phase behavior at 10 meV to a

given in Fig. 6, and the correspondily’(r) transforms are mostly out-of-phase pegk at 30 meV, whlch mvolves_atoms

depicted in Fig. 7. A glance at such curves reveals that wellseparated by=3 A, while that at 20 meV is of a mixed

defined oscillations in phase with the ste8i@Q) [or with its ~ character.

S(Q,w=0) counterpaif persist up to relatively high fre-

guenciegabout 15 meY, and correspond to wave vectors of IV. DISCUSSION

roughly Qy/4 in the “dispersion curve.” At higher frequen-

cies, such as those corresponding to the maximum in the The failure of the simple-liquid approaghe., that which

“dispersion curve” (that is about 30 meV an@Q,/2), both  predicts that only one kind of collective excitation persists in

the S(Q, w=const) andD“(r) functions show that the phase the liquid with frequencies given by E¢P)] to describe the

coherence withS(Q) is progressively lost. As a conse- high-frequency dynamics of this liquid material can also be

guence, most of the inelastic intensity arising from excita-seen from preliminary neutron time-of-flighit OF) data re-

tions abouRQ,/2, should be regarded as nonacoutic*op- ported years agd32]. In fact, data for liquid Ga afTl

tical”) in much the same way as those characteristic of=1253 K[32] revealed the presence of a shoulder at wave

Coulomb systemg31], whose existence was clearly revealedvectors 3 A'1<Q=<4 A~ showing an apparent linear fre-

in inelastic neutron scattering experiments performed somguency dependence going from 18 meV up to approximately

time ago. On the other hand, tB¥(r) real-space correlates 23 meV within thisQ range. Such data, which correspond to
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1.0 T

S (Q, =19 meV) (arb.units)

30
QA"

FIG. 8. A comparison between spectra for a constant energy
transfer of 19 meV as measured during a previous experipint
(vertical barg, and as calculated using E@L6) (solid line). Note
that the scaling between the two curves is arbitrary.

0.05 w=20 meV 7
o . .
= 0 line(Q)= E 3(8-8)[Jo(QR))+2(QR;)]
—0.05 - 1 1 2
. . . . _(R_”) (Rij-&)(Rij-€)j2QRj), (16
where the sum runs over thistatig positions of all pairs of
0.01 - ®=30meV | atoms,R;;=|R;— R is the relative distance between them,
| g is the displacement amplitude of atdmandjy(x) are
or spherical Bessel functions. From the structure of @6) it
-0.01 - 1 is clear that at lonQ values the first term containing a sum
of jo(QR)+j2(QR)=3j1(QR)/QR dominates, and that a
. \ L . periodic modulation of the intensity of such a band can be
0.0 2.0 4.0 6.0 8.0 10.0 expected following ;(QR)/QRj,(QR), a ratio that will de-
r (A) scribe approximately th€ dependence of;.(Q). More-

over, Eqg.(16) also shows that for relatively larg@ values

FIG. 7. The upper frame shows the stdlig(r) function calcu- (above 2.5 A or so, the second term containing the
lated from the instantaneous atomic positions in the MD S|mulat|0n(RIJ &) factor will be the dominant one and therefore one
being the Fourier transform of the results of the previous figure. Th@Xpects to find some revival of the inelastic intensities aris-
bottom three curves show th2“(r) functions for nonzero values Ng from excitations that depend upon the relative phases of
of the energy transfer. such dot products anph(QR), as experiments have shown.
In fact, a calculation on qualitative grounds using Ebp)
. i ) i employing as parameters the distariRg=2.72 A [which
maxima in the expenr_nenta&zsl(/zQ,w), also lie well above ., resnonds to that wherg(r) shows its first maximum
the curve corresponding tawg) ™, and thus provide an ad- [16]], and a vector displacement of about 0.001(dbrre-
ditional indication of the inadequacy of the SImp'e-'IQUId Sponding to motions that are pure|y out of phagﬁves an
picture to describe the dynamics of this liquid. inelastic structure factor that reproduces the main features

The reasons for such a discrepancy can be made clear lgpserved in the previous experiment, as Fig. 8 vividly exem-
inspection of experimental data from a number of differentplifies.
sources. First, the inelastic intensity measured at constant Having established the mostly nonacoustic nature of ex-
energy transfer for liquid Ga at 330 K presented in Fig. 5 ofcitations appearing above about 15-20 meV, a description of
[14] shows the presence of a well-defined feature for frethe experimental intensities better than that provided by a
quencies above 13 meV, which in no way can be considerednique DHO function was sought. Because two different fre-
as an acoustic mode since it shows a peak at about 4 A quency bands of quasielastic 016 meV and 16 meV to 50
where the structure factor shows a minimum. Such frequenmeV clearly appear in the larg@- S(Q=constw) spectra,
cies also correspond to a well-defined but broad inelastias Fig. 1b) clearly shows, an attempt to fit these two spectral
feature seen in TOF experimen&3]. A qualitative analysis regions using individual DHO functions to cover both ranges
of thesel(Q,w=-const) curves can be carried out on thewas pursued. As expected, decomposition of the whole in-
basis of what is expected for a structure factor correspondinglastic response into two identifiable bands made sense only
to a vibration of nonacoustic origin taking place at a givenfor relatively largeQ values, that is for momentum transfers
frequencyw, that is, above~1.1 A~ The results of such an analysis are shown
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FIG. 9. Thew,, frequencies derived from fits using two different ~ FIG. 10. A schematic comparison between the curves showing
descriptions of the inelastic spectra. The solid symbols represent tHe phonon dispersion alog00] in «-Ga[13] (squares with a dot
frequencies derived after decomposition of the inelastic intensitystand for theT(® optical branch, the squares with a cross represent
S(Q,w) into two DHO functions. Circles with a dot represent the the T(ll) LA phonon and that ing-Ga[9] (filled inverted triangles
results for decomposition into a single DH&ee text The dotted  depict the LA branch over the Brillouin zongalong with data for
and dash-dotted lines represent the reduced second and fourth ftése liquid. The thin solid lines represefw3)Y/2 and(w?)Y2 crosses
guency moments as calculated from the empirical potential. Theefer to thewq fitted frequencies, and the dashed straight line gives
dashed straight line depicts the hydrodynamic sound dispersion aritie hydrodynamic sound dispersion.
the solid line corresponds to an extrapolation to large wave vectors
of the linear dispersion measured by light scattefid4j. cannot be given, both the light-scattering and the present

data point to some common mechanism that couples effec-
in Fig. 9. There, the wave vector dependence of the twdively the electromagnetic and neutron fields to these high-
frequencies employed for the description of the two dampedféduency excitations, which on the other hand become un-
oscillators is shown along with those employed to follow thecoupled to the comp_ressmnal fields generated in mechamcal
“dispersion curve” at low wave vectors, where only one spectroscopy experiments such as those reported in Ref.
spectral component could be sensibly fitted to the data. o )
glance at Fig. 9 now reveals the presence of two “dispersion A correlation inZ(w) of the two aforementioned fre-
curves,” the lower frequency curve lying close mg)uz’ guency bands may also be seen from Fig. 3. In fact, most of

and showing rather moderate dispersion. The shape and ch pe frequenmes_of the lower branch shown in Fig. 9 seem to
acteristic frequencies of such a “dispersion curve” are als e those. that give rise to the weak shoulder centered about
in agreement with the one reported by Holendeal. [6], 10 meV in the frequency spectrum. .

where the hydrodynamic sound is approaciiexn below The presence of two d'Stm.Ct inelastic bands_ n the spec-
The absence in theb initio simulation of a higher-frequency Tum of this liquid at highQ is somewhat reminiscent of
component may well be due to the severe system-size amf™€ observatlon§ on molten sa[&lj, which showed a
sampling-time limitations. As we will discuss below, the fact ¢/€arly non-acoustic component having an apparent depen-
that the characteristic frequencies of this low-energy brancf{€1C€ with wave vector not too different from that shown in
are close to some of the longitudinal acoustic modes ofthe F_|g. 9. An unambiguous assignment of the ongin .Of the
andg crystal phases gives strong support to the identificatiorp'gher'frequenCY band seems beyond_ reach, taking into ac-
of such a “dispersion curve” with the one arising from the count the complicated patterns experimentally observed for

continuation of an acoustic mode down to this microscopicthe phonon dispersion relations in bo.‘ﬁh [13] and B [9].
scale(i.e., highQ). crystal phases. However, a comparison between single-

A point worth considering in some detail concerns resultCTystal data and the pbs_ervations for the quuid can b_e pur-
ed on purely qualitative grounds. To this end, Fig. 10

reported two decades ago on the propagation of hyperson !

waves in liquid Ggdand Hg as studied by means of Brillouin shows a comparison between the_ reduced frequency mo-

scattering of ligh{34]. There it was found that the apparent ments as calculated_ from the effective poterﬂllad,_lG_l, the

phase velocity of the hydrodynamic excitations was abou itted wq frequencies and some reprgsentatlve phonon

38% above that determined by ultrasound. In the case rancheg oh-.and',B-G.a[Q,lia] corresponding to the£00] :
propagation direction in both crystals. The remarkable coin-

liquid Ga, which was measured at=378 K, well above id h : )
T,., the measured Brillouin frequencies seemed to follow &£'dence of the LA phonon in the metastablé-Ga with the

hydrodynamic dispersiomo=cQ with c=3700ms %, The ~ Curve for the(wg)*? second reduced frequency moment of
authors of Ref[34] tentatively attributed such an anoma- the liquid came as a surprise, and the same qualification ap-
lously high velocity to some complicated dynamics takingPlies to the T{>) optical branch ofa-Ga with respect to
place close to the liquid surface. However, plotting such lin<{@{)* Also worth mentioning is the close proximity of the
ear dispersion together with the present data, as also done dispersions of both LAand T{>) phonons, if one considers
Fig. 9, surprisingly reveals that data below about 1'%or  the rather different mechanical, thermal, and even density
so seem to follow such a law. Although a definite explana-differences between the two crystalline solids.

tion of the origin of such high-frequency linear dispersion As a result of the comparison mentioned in the previous
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paragraph, some parallelism between the microscopic dycannot be understood solely in terms of sound modes, as in
namics of liquid and crystalline Ga may be established, athe case of simple molten alkali metals. Additional, high-
least on qualitative grounds. If, as argued by s¢8&jeliquid  frequency excitations of nonacoustic origin contribute with
Ga were to be structural and dynamically closeBt@a than  substantial amplitudes to the dynamic structure factor, and
to a-Ga, then excitations above 23 meV or(®0g., the fre-  this makes inadequate the interpretatiorvgfgiven by Eq.
quency corresponding to the highest energy phonon, @ TQ(13) as a high-frequency sound velocity. The present results
branch inB-Ga) should not be present in the experimentalthus constitute a warning against oversimplified interpreta-
spectra. However, the observed long inelastic tails, whictiions of frequencies well above those corresponding to hy-
stretch up to frequencies that are about twice that boundargirodynamic sound that result from the analysis of experi-
seem to provide an indirect confirmation of the presence ofmental or simulation data in terms of phenomena predicted
instantaneous liquid configurations that give rise to atomido appear under rather special conditides., “fast-sound”
motions reminiscent of those observed in thghase. in liquids) in simpler systemse.g., binary mixtures of hard
The present results also seem to be of relevance for thgpheres In addition, we have demonstrated the utility of
understanding of the microscopic properties of liquid Hg,MD simulations that employ an effective potential derived
which shows a number of macroscopic properties such akom the experimenta$(Q).
specific heat, atomic volume, and shear viscosity not too far
from those shown by liquid GE5]. Even more, the same
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