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Collective dynamics on a crystal composed by disparate-mass particles: LPbs
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The lattice dynamics of crystalline JJPhb; is studied by means of computer simulations. The calculated
spectrum shows several bands corresponding to modes in which only the light atoms execute motions. The
spectrum of acoustic modes is found to be well separated from the high-frequency bands and is in all cases
confined to frequencies below 4 meV. The results are shown to provide a clue for the understanding of the
origin of the strong anomalous dispersion features found in the melt by expefirtgre. Rev. Lett80, 2141
(1998] and molecular dynamics simulatiofBhys. Rev. E58, 4568(1998]. [S1063-651X%99)10003-5

PACS numbg(s): 62.60:+v, 63.50:+X%, 62.65+k

[. INTRODUCTION that at wave vectors well beyond the hydrodynamic realm,
the spectrum is dominated by two “kinetic modes” the fre-
The neutron-scattering response of a harmonic lattice iuencies of which substantially depart from those given by
which a small concentration of atoms have masses differer@n extrapolation to larger wave vectors of hydrodynamic
from the rest can be calculated in closed fdrh). The re-  sound having frequencies given by the linear dispersion law
sulting spectrum shows marked departures from that of thes=csQ in terms of the adiabatic sound velocity.
pure lattice. To start with, a contribution of diffuse-scattering The presence of a spectral band showing an apparently
origin due to disorder brought forward by the “impurities” high anomalous dispersion has been proven by experiments
becomes noticeable. Concomitantly, the coherent cross sel,7], and the main features of the spectra are now under-
tion will show peaks at frequencies shifted and substantiallystood on the basis of computer molecular dynamics simula-
broadened with respect to those of the native crystal. Somions carried down to scales where the two “kinetic modes”
of these shifts may be exceptionally large and are thought tonerge with that corresponding to hydrodynamic soisi
correspond to normal modes showing vibration amplitudesSince the same “kinetic modes” which appear in the fluid
which decay faster than exponentially with increasing dis-mixture are expected to show up if the system is frozen into
tance from the defect. Finally, for finittabove a few per- its crystalline ground statg6], evaluation of the spectral
ceny defect concentrations a band of localized modes is exshape of the crystal spectrum and its understanding in terms
pected to appear, the width of which is dependent upon thef well defined frequencies and eigenvectors seems now a
defect concentratiof?]. must. Indeed, contrary to what is the case in the liquid,
The predictive power of the treatments just referred to isfinite-lifetime effects due to phonon damping can be reduced
however, limited. The comparison of the predictions withto a minimum, the discussion of whether a “mode” propa-
experimental data on rubidium-potassium allf§kis a clas-  gates or not can be put on a quantitative basis since now the
sic in the field. It shows that although the theory predicts thewave vectorQ becomes a good “quantum number” en-
presence of two peaks in the spectrum arising from thebling the dynamics to be accounted for in terms of a few
phonons as well as from the localizédefec) modes, their normal modesi.e., the microscopic dynamics is describable
position and widths exhibit marked disagreements with thédy a number of excitations which is very small if compared
prediction as soon as the concentration of the defeatas- with the number of particles composing the condensed
sium) particle rises above some 6%. body), and, last but not least, information about the character
Here, our main motivation is to understand the spectrunof the different spectral bands can be established unambigu-
of the spontaneous fluctuatiofise., the generalized suscep- ously by examination of the mode eigenvectors.
tibility x(Q,E), whereQ stands for momentum transfer and
E for frequency, or energy transfein the density of a dis-
ordered alloy, where the concentration of defects is well
above the limit referred to above. The interest in such a study In what follows we describe the results of a computer
grew from previous experience on the dynamics of moltersimulation study on a model for the crystal which is stoichio-
metallic alloys such as LPb[4,5], rather than from an ex- metrically closest to LjPb, which is Lj,Ph; [8]. A glance to
plicit need to delve into the dynamics of defects, as such. Irthe phase diagram of the phases formed between lithium and
fact, the system noted above is a very convenient realizatiolead[9] shows the existence of five intermetallic compounds
of a fluid consisting of disparate-mass particles previoushLiPb, LisPb,, LizPb, LiPh,, and “Li,Pb.” The latter
analyzed by kinetic theor}6]. The theoretical expectancy is phase, although stable within the liquid, undergoes a phase
separation if frozen rapidly. Indeed, the closest crystalline
composition to that of thé&,B octet was found to be that of
*Present address: Argonne National Laboratory, Argonne, ILLi,,Ph; [8] (a difference of about 1.5% in composition with
60439. Li,Pb).
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Experimental x-ray diffraction from a single crystal of L LA L
Li»,Ph; [8] showed that the unit cell contains 432 atoms on a
face-centered cube of side=20.08 A at room temperature, E i E

roughly 1/6 ofa which seems common to other Li-Pb inter-
metallic compound§10]. The idealized structure then corre-
sponds to a coordination of eight nearest neighbors for each
Pb atom and each Li is surrounded by another eight of which
three or fewer are PiSome deviations from the idealized
structure concerning the positions of Pb are reported in the 0
original article[8]. Those for Li could not be ascertained
because of its low contrast for x rays.

The computer simulation was carried out on a crystal

corresponding to a density of 3.88 g cf This large cell 4 F 3
volume accommodates 16 formula units, that is, 80 Pb and = E 3
352 Li atoms. The space group was assigned 2&(Patter- ®, 3 3
son symmetrfFm3), and as a characteristic feature it shows 3 3
that the unit cell can be decomposed into 216 subcells (6 o E E
X6X6) of two atoms each. Such a pattern shows an ap- C

proximate body-centered-cubic structure with a cell constant s L

g(r)

structure generated from the atomic parameters and symme- = E
try operations given in Ref8]. e 3 E

The effective potential used for the simulations was the 2 F 3
same used previously for the analysis of the liquid dynamics E 3
[5]. It corresponds to the model of Copestadal. [11], 0 B E
which reads 2

- 2 FIG. 1. Calculated partial radial distribution functions for the
Vij(r)_ ke aexp(d— r)/p]+Qine exg —Arfr, (D) crystal atT=1 K (dot9, gt 64 K(solid), and for the melt at 1075 K
(dashes

with interaction parameters set to values given in REZ].
Both a andp serve to soften the repulsive cof@ssumed to  number of trajectories would need to be calculatda im-
be equal for all atoms the latter given in terms of a hard- prove this, the temperature was raised stepwise and allowed
core diameted=2.0 A. The second term sets the chemicalto stabilize at several discrete valugs 4, 8, 16, 32, and
interactions between the particles constituting the alloy. Fo64 K). The crystal structure was in all cases steble traces
such a purpose, negative and positive cham@sresulting  of diffusive atomic motions were found in the calculated
from the strong charge-transfer effects known to take placéensity of states Most of the calculations thus refer to this
are set to lead and lithium atoms, respectively, while totalast temperaturd@ = 64 K, although some results far=1 K
charge neutrality is maintaindd1]. Finally, the exponential will also be discussed, mainly for comparison purposes. The
in the second term accounts for screening effects from metemperature of 64 K that was chosen represented a tradeoff
tallic electrons, which are quantified in terms of the param-between statistical accuracy and some broadening of the
eter\ =4me?N(Eg), which in turn is given by the value of spectra and static distributions. A comparison between the
the electronic density of states at the Fermi level. g.p(r) functions and those measured at lower temperature is
Once the simulation box was set up the temperature waalso provided by Fig. 1. There it is seen that the main effect
decreased dowrpotl K and the structure was left to relax. concerns a broadening of all peaks arising from thermal mo-
The structure was then left to stabilize and several static antions. Also, a comparison of the local structure of the crystal
dynamic quantities were calculated afterwards. Figure 1 diswith that of liquid Li,Pb[5] can easily be gauged from the
plays theg,z(r) partial pair radial distribution functions figure.
which specify the distribution of the different atomic species For a crystal partially composed of relatively light par-
up to 10 A. An estimate of the coordination numbers is pro-icles such as'Li, guantum interference effects may be ex-
vided by the integralsfgldr4q-rrzgaﬁ(r), which are taken pected to be important at low temperatures. To ascertain
over limits established by well defined peaks in the(r) whether such effects need to be considered at the tempera-
functions. The relevant numbers ar€/.9 Li atoms around ture under consideration, we have evaluated the thermal de
each Pb and~1.8 Pb atoms surrounding each lithium. In Broglie wavelengthA =(27%%/kgTM,;) for ‘Li at 64 K.
other words, the result shows that the crystal structure ighe result yields a wavelength of about 0.8 A, which is well
fairly stable with respect to the interaction potential. Raisingbelow the shortest distancés3 A) and thus justifies the use
the temperature up to 64 K has a minor effect on the cooref fully classical grounds in the study of the dynamics.
dination numbers, which are altered by less than 3%. More than 400 simulation runs were made over 0.25 ns
The computation of dynamic properties at such a lowemploying a time step of 5 fs to get enough statistics to
temperaturgl K) was found to be severely limited by the enable the calculation of the relevant quantities which fol-
statistical accuracy achievable in reasonable computer timewed well established procedures.
(atomic motions are too infrequent that an unaffordable large To facilitate comparison with experiment the dynamical
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FIG. 2. Generalized frequency spectra as calculated from the Fourier transforms of the atomic velocity autocorrelation functions for the
Li atoms(dashed line with lozenggsfor Pb atomgdashey and the totalaverage frequency distributior{solid line). The inset below the
main curve shows the calculated quantity Tor 1 K. That in the upper right corner compares the frequency distribution as calculated for
pure Li metal using the present potentiablid line) with the experimental estimate of R¢L3].

guantities have been weighted by the thermal neutron scastrong anharmonicity built in in the Li interaction potential.
tering |engthSFLi= —0.229 fm,HPb: 0.94 fm. In actual fact, a softening of the force constants as large as
10% going from 100 K to 293 K was reported from an
experimental study on crystalline lithiupd3]. At any rate,

the important qualification to be made from such a compari-
A. Single-particle properties son is that the width of the high-frequency band remains

The most basic quantity to describe the microscopic dypa3|cally the same betwed. K and 64 K and therefore can-

namics of a condensed body is tHEE) generalized fre- not be attributed to effects brought forward by thermal mo-

qguency spectrunfvibrational density of stat¢avhich is re- tions. o .
lated via a Fourier transform to the atomic velocity The frequency distribution can also be compared with that

autocorrelation functions for the individual particles. Our c@lculated for the liquid at 1075 K shown jB]. The extent
calculatedZ(E) functions for the average atom within the Of frequencies covered by the distribution is in both cases
crystal as well as those @, ; p,(E) for the individual Li and basically the same. The strong quasielastic component char
Pb species are shown in i=ig. 2. As expected, most of thacteristic of the liquid obviously made it impossible to reveal
frequency spectrum for the heayipb) particles is confined the presence within the melt of the low-frequency peak seen
below 10 meV. In contrast, that for the light componentin the crystallineZ;(E).
stretches up to 60 meV and shows a fairly structured shape. A point also worth noting concerns the frequency range of
At least three maxima are visible at about 25 meV, 40 meVthe spectrum, which far exceeds that of pure Li. In fact, the
and 46 meV, which correspond to frequencies where thélensity of vibrational states of crystallini as measured
“fast mode” could be followed experimentally in the liquid by neutron scatterinfl3] is confined to frequencies below
[4,7]. The appearance of an additional very well defined peak0 meV (see inset in Fig. 2 To ascertain whether the pres-
at 3 meVZ;(E), that is, at frequencies comparable to thoseence of such high frequencies occurs as an artifact of the
where Zp{E) shows its maximum, is here of special rel- simulation, several calculations were carried out for a Li bcc
evance. First, it shows thatoth light and heavyparticles  crystal using a cell constant of 3.48 A and the Li-Li interac-
move with the same frequencies in this range of the spedion potential. The resulting crystal structure was found to be
trum, and second, the fact that such a low-frequency peak iatable for this potential up td=200 K at least. The calcu-
Z.i(E) is well separated from the rest of the distribution latedZ(E) consists of a spectrum showing the six singulari-
serves to put some bounds to the maximum frequencieies commensurable with the crystal structure and is confined
reachable by the acoustic phonon brancfiasactual fact to frequencies below 50 meV as shown in the inset of Fig. 2.
there exists a gap iB(E) which becomes far wider at lower This cutoff frequency comes some 20% above experiment
temperaturels but is definitely lower than that of the alloy, which stretches
A comparison of theZ(E) for T=64 K with that calcu- up to 60 meV. Such high frequencies can be assigned to
lated atT=1 K is also enabled by the graph drawn in the vibrations of Li-Pb pairs which occur as a consequence of
inset of Fig. 2. The structure of the latter quantity is the samdhe strong short-range forces built in within the ordering po-
as that for higher temperature, showing a peak below 6 mevential [14]. In fact, an effective force constark{h,
and a broad band stretching up to 60 meV. The intensity=64.3 N/m is derived from the peak frequency which com-
ratio of the two peaks departs from that found at higher tempares with the value ok p,=210.09 N/m computed for an
perature, an effect which can possibly be ascribed to thésolated Li-Pb atom pair from the second derivative of the

lll. RESULTS
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interaction potential at the equilibrium distance. Such esti-B. Collective dynamics: Spatial dependence of the excitations
mates are about one order of ma_gnitu_de larger than the stiff- o, exploration of th§ Q,E] plane will here be limited to
est force constant in pure crystalline[lli3] and thus serve to higher-symmetry £00], [ ££0], and[££¢] directions. As we
explain the stretching of the frequency spectrum up to suclhal| describe, the simulation cell allows us to reach as the
high frequencies. minimum wave vector the value®a(1,0,0)=0.312 A°%,

The appearance id;(E) of bands at frequencies which although lower values are allowed by the crystalline symme-
are both well below and above those of pure lithium is remi-try. In what follows and in order to make contact with pre-
niscent of the behavior of heavy interstitials on cubic metals/ious simulation and experiment on the molten alloy use is
[15]. There, such a phenomenon is understood on the basisade of absolute units for ti@ wave vector, rather than the
of the high compressions found for the lattice surroundingusual units reduced by the lattice constant. Also, most of the
the defect. Even if the analogy cannot be followed in full to wave-vector-dependent quantities will here be plotted as
the present case, our finding can be rationalized on the basis )
of the large value of thé&, py, referred to above. From there, JI(Q,E)=E“S(Q,E), (€)
one could expect the appearance of localized high-frequency . , ) .
modes having frequencias, considerably higher than the wh|c.h fqr an isotropic body such as a liquid become the
highest cutoff in the spectrum of the pure metal. These highl-ong'tUd'n"’lI current-current correlations,
frequency vibrations would involve stretching the Li-Pb £2 £?
bonds considerably. Concomitantly, “resonant” modes in- _= _ =
volving slight stresses of such bonds are expected to show at NQE)=ZSQE) QZ% babgSep(Q.E), (4
frequencies well below the lowest singularity in the spectrum
of the pure metal. _ which are often used in liquid-state physics to display experi-

The atomic mean-square d|sp!aceme(r|€s(t)'> Were eX- mental or computer-simulation results. Hebg, ; stands for
amined in some detail. The amplitude of motion for both Lihe scattering lengths of both types of nuclei B1(Q,E)
and Pb was found to be fairly comparable, the main differ-specifies the dynamic correlations between the density of
ence being in the far higher frequency exhibited by motionsspeciese and that of specieg, i.e., it is the Fourier trans-
of the Iigh_t particle. Such closeness of the vibrati(_)n ampli-form of the time correlation functiofip,(Q,t)p(Q,0)) of
tudes of Li and Plfexpected for a perfectly harmonic lattice the particle density(Q,t).
only) seems to point to an enhancement of the displacements A set of representative spectra plotted in termg,6®,E)
of the heavy particle, much akin to those found for diluteis shown in Fig. 3 for the three crystal higher-symmetry di-
heavy impurities giving rise teesonantmodeq 15]. A com-  rections. In all cases the range of wave vectors explored
putationally convenient estimate of the deviation of thestretches from about one-half to the Brillouin zone bound-
atomic motions from idegharmonic and isotropjdehavior  aries. A first glance at the curves drawn in Fig. 3 reveals that
is provided by the calculation of the coefficienig(t) which ~ Spectra at such reciprocal-lattice vectors are composed of a
appear in the cumulant expansion of fRgQ,t) intermedi-  harrow band below~8 meV showing a multiplet structure if
ate self-scattering functiofil6] [the transform ofG4(r,t)  €xamined on a narrower frequency scale, and a broader
=3,(8(r — Ro(t) + Rp)) which is the self-pair-correlation or (widths of ~5 meV or largey, higher-frequency component
van Hove function, giving the probability that a particle at With maxima located at widely different frequencies, depen-
the origin at timet=0 is atr at timet]. These are defined as dent upon the specm_c direction. Such frequencies show a

remarkably strong anisotropy as can be gauged from their

[16] variation at the zone boundaries which goes fre856 meV
(r2(t)) 1X3X5X---X(2n+1) along[¢00] and ~48 meV for[£{{]. In all cases, a fairly

ap()=————=-1, ¢,= . (2) complicated spectral pattern develops between the referred
Cn(re(t))" 3" two points within each of the crystal directions. Such a large

number of spectral peaks arises as a consequence of the in-
tricate atomic dynamics taking place within such a compli-
Such coefficients, which are related to the mean-squareated unit-cell structure which, as will be mentioned below,
atomic displacements and thus to the moment gf,t) [in shows some local deviations from the idealiZze&3 cubic
fact they are jusfdrr2Gg(r,t)], are defined to vanish when structure.
the G4(r,t) is a Gaussian, that is, when atomic motions take Examination of the wave-vector dependence of the spec-
place within a harmonic and isotropic potential. Negativetral shape shows that whereas the low-frequency bands ex-
values for such parameters are indicative of a time decaperience relatively small changes [3| increases, at least
faster than Gaussian, and the converse otherwise. The valufmir different bands become visible at high frequencies. If
found for a,_, 3 4(t) are —0.37(7), 12 (4), and 34(25) for ~ we now spend some time following the evolution of the am-
motions involving Pb and-0.33(5), 15(5), and 54(49) for  plitudes of the main peaks, we make the following observa-
those concerning Li. In other words, even at such relativelytions: (a) the intensity of the low-frequency peak increases
low temperature, both types of atoms exhibit noticeable anmonotonously with increasingQ| up to the wave vector
harmonic and/or anisotropic behavior in their motions. Thewhere the structure factor shows a Bragg péaR5 A1,
point seems to be of interest, since, as stated in the Introdu@.09 A%, and 1.04 A for (£00),(££0), and(¢{¢) direc-
tion, one would expect a behavior like this to be followed bytions, respectively (b) the amplitude of the strong, high-
the “defect” particles only. frequency band seen at wave vectors about one-half up to the
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FIG. 3. A representative sample &f Q,E) spectra corresponding to directio@as [ £00], (b) [££0], and(c) [£{{]. The corresponding
momentum transfers are shown as insets.
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zone edge decreases with increadi@y and the peak seems large concentrations of mass defects in binary crystaim-

to show a vanishing intensity at the zone boundécythe  pare the result with that of Ref3] for a concentration of
amplitude of the peaks which develop at both sides of thdight particles of 0.28 Furthermore(keeping in mind the
main band shows a complicated pattern; that appearing at tffifficulties in calculating low-temperature spectra since very
higher-frequency edge being the one which dominates thiew lattice points yl_elded statistically significant spectra at 1
spectrum of high frequencies at the zone boundary. In othef) the observed widths dt=64 K are not larger than those
words, rather than showing a strong dispersive behavior, thgomputed forT=1 K by a substantial amount. In other
higher- frequency bands show intensity patterns commens(?0rds. the observed widths can surely be attributed to the
rate with excitations of purely “optical” character which Presence within the Li matrix of the Pb atoms which act as
would correspond to atomic motions rather weakly coupled &PPing centers” for any propagating excitation. _
to the low-frequency acoustic phonons. The latter become 10 investigate on a more quantitative basis the relaxation
visible only at a few special wave vectol®40.1-0.2 A 1) of this high-frequency mode we have also evaluated the par-
and appear as weak but dispersive peaks at frequencies of tHglPation ratio as well as the kinetic-energy partial autocor-
order of 1—2 meV which are located in the trailing end of the'®lation functions which for a body composed By_ 4
intense band centered at about 5 meV. Such a dispersidi'ticles moving with velocities; are defined ag19]

corresponds to a hydrodynamic sound velocity of about N,, NN

2500 m 1, a figure some 300 m/s above the estimate found N 4 “EB 2,250 _

for the Li;Pb melt. Following in more detail the dispersion N =t vjUkSr =Tjc)
relations across the Brillouin zone is hampered by the pres- “ TN, 2 Nep(n=—ww; )
ence of peaks within frequencies of 4—6 meV which show (2 vz) z S(r—ry)
characteristics compatible with those of low-frequency optic =1 jk=1 Ik

branchegi.e., crossing the acoustic dispersions with frequen-
cies well below those reachable by the acoustic branches &. would yield values of about 1 for a mode in which all
the zone edge atoms participate and a figure down tdN}/for “localized”

From the spectra shown in Fig. 3 some conclusions can b&odes. The behavior expected fur) for a mode extended
drawn, at least on qualitative grounds. The first concerns thever the crystal volume would be a constant value showing
dominant character of the low- and high-frequency parts ofome superimposed oscillations arising from the sum of the
the spectra. The fact that the former closely follows e ¢ terms which basically represent the static-pair-correlation
dependence of the structure factor provides a clear indicatiofynctions. Conversely, a mode confined to a spatial domain
of the dominant(but presumably not exclusiyeacoustic ~ Will give rise to anh(r) function which decays with dis-
character for this band. On the other hand, the band whickance, indicating that the kinetic energy is contained in few
appears at frequencies betwee20 meV [{00] and ~32  atoms.
meV [£Z{] shows an intensity pattern corresponding to an The obtained result foP [sum in Eq.(5) over all par-
excitation of purely “optical” origin, as seen from its inten- ticles] came as a surprise since it gives a participation ratio
sity, which becomes maximal at some point within the firstindicating that, on average, about only one-half of the atoms
Brillouin zone and vanishes at the zone boundary. The otheparticipate in the high-frequency motions. Specifically, the
peaks arise from the complicated dynamics within such &alue found for the average atom within the sample came out
large unit cell. In this respect, one could think about havingduite close to 0.5, whereaB; and Pg, yielded 0.61 and
a minimum number of six branches corresponding to thedbout 0.59, respectively. On the other hand, as shown in Fig.
decomposition of the unit cell in terms of thex®x 6 cells 4, theh,z(r) partial autocorrelations show a flat behavior
of two atoms each, as mentioned above. On the other hanwjth r giving an average value which obviously depends on
from the coordination found in the idealized structure onethe atomic species, over which a marked modulation is su-
would expect to find fairly flat optical branches since inter-perimposed. A comparison of the location of peakh jp(r)
actions within each subceléspecially those involving Li-Pb  with the spatial structure of the crystal as defined by the
contact$ are certainly far stronger than those between cellspartial static correlationg,s(r) depicted in Fig. 1 indicates

In close parallel with what was found for the melt, the that extrema irh,4(r) correspond to peaks and valleys in
width of the high-frequency spectra is found to be far largerthe partial pair correlations. Peaks above the average level in
than that corresponding to the pure Li meftal. In fact, a  h,s(r) are found for distances corresponding to maxima in
rather well defined collective mode which corresponds to dhe relevang,z(r) and the converse applies to those below
continuation within the kinetic realm of the hydrodynamic the average values. Also, it seems worth noting that the
sound modédubbed an “extended sound mode” in the ter- structure shown by graphs in Fig. 4 appears to be closer to
minology of Campa and Cohd®,17)) is found for the pure that of theg,z(r) functions of the crystaltal K than to
molten metal by simulatiof5] and experimenitl8]. In con-  those of that at 64 K actually used for the calculation. This
trast, only very short-livedless than 1 psexcitations are can easily be understood if one recalls tiht) will be
found when the metal is embedded in the alle}}. The dominated by the largest velocities and that these in turn
remark is of interest since it points to a strong lifetime effectcorrespond to those of oscillating atoms when passing
carried forward by the presence of the heavy particles. As ¢hrough their equilibrium positiongpotential minima. As
matter of fact, the finding found here for the crystal is com-the crystal structure does not change considerably with tem-
mensurate with the very short lifetime of the excitationsperaturefi.e., the positions of the main peaksdfr) do not
found experimentally in the me[#]. Such a characteristic shift betwea 1 K and 64 K, one expects that atoms dis-
seems to be in common with the “impurity band” found for placed far from equilibrium positions will hardly contribute
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SRR LALLM (S(Q,E)), has been calculated by means of sampling over
3436 E . . . .
3 all scattering direction) having the same wave-vector
E moduli. The process was then carried out in a way mimick-
~ 3434 E . - . .
= 3 ing Ref.[20] and some specific examples are shown in Fig.
~ E 5. The most glaring result after comparing those graphs with
= 3432 E . " . s .
3 others shown in Fig. 3 corresponding to specific crystal di-
343.0 E rections concerns the very strong effects that orientational
E averaging has on an experimentally accessible quantity such
T as S(Q,E) for a solid showing excitation branches of very
13.26 [ different frequencies in neighboring Brillouin zones. As can
= C easily be seen, a very strong dependence with wave vector is
- Eo now apparent for both the low- and high-frequency bands.
~ 1322 | Such a remarkable effect obviously arises from orientation-
= ; . )
ally averaging spectra such those of Fig. 3 which show a
F strong dependence of the intensity of the different compo-
13.18 nents of its multiplet structure which, on the other hand,
0-512 show very little dispersion.
Additional information on the structure of the low-
0.508 F frequency band is also provided by examination of the
= . (Sij(Q,E)), partial spectra for Li-Li, Li-Pb, and Pb-Pb cor-
= - relations. This is so since the integrated intensity of a phonon
0.504 K ] band dominated by acoustic modes should be such 214t
. 0E....I..,.I.‘...I....I....I....I....l....E . —_— 2 2
T | de(s; @B et —2wo (IR,
r (A) .
L . . I(BT <Q ‘T]q>0
FIG. 4. h,s-1ipw(r), Kinetic-energy partial correlation func- XE = T2 o1z (6)
tions. Units are (A ps!)~* The dashed lines show the mean val- T wg" 2M

ues.
where the exponential is the Debye-Waller facte(Q) is

to the numerator ofi(r) whereas its influence is strongly felt the structure factor for the unit cell, the first sum runs over
by the static radial distributions. those phonon wave vectogswhich are characteristic of lon-

A semiquantitative estimate of the spatial extent of thegitudinal excitations with frequenciesazcls Q, and the sec-
vibrations is provided by inspection of the decay of oscilla-gng runs over the number of modes. The quanditystands
tion in hp(r). Curiously enough, thé;(r) shows the for the phonon polarization vector and the angular brackets
strongest attenuation with distance, indicating that motiongjencte a powder average. Since we are dealing with the low-
of particles separated by distances well above 10 A wouldrequency spectrum of a polycrystalline cubic solid the mode
behave as statistically uncorrelated. eigenvectors should correspond to those of traveling plane

The J,(Q,E) spectra in Fig. 3 show that the departuresyayes defined in terms of an angle between the phonon wave
from the idealizedF23 structure reported in the crystallo- yector and the direction of propagation. Following the line of
graphic work[8] also appear in this dynamic quantity. In- reasoning described in RéR2] concerning the relevant av-

deed, theJ,(Q,E) functions depicted in Fig. 3 show a far erages to be taken one arrives at the result
richer structure than that of the bcc subcell with a two-ion

basis mentioned above. The specific crystal symmetry giving Q%kgT

rise to such spectra should certainly be lower tF&@3, and f dE(S;(Q,E))p=exp( —2Wo)——

the subcells larger than those with 3.5 A of lattice parameter.

This seems definitely required by the rather inhomogeneous q|2 1
distribution of the Pb atoms within the Li lattice which, in X f do f duu’s

certain respects, is reminiscent of a layered system where

some of the layers with high-Pb content alternate with others X (JQZ+ 7= 2Qq; ), (7)
depleted in the heavy element. Such an alternating-layer )

structure seems then to be the most plausible candidate Qf\7hereq|:w/cs, andg; is the phonon wave vector at a given
fering an explanation for the rich spectral shape. Indeed, th@ and is chosen in a way such that the three quantities within
microscopic dynamics within each layer do have to be rethe square root define a triangle. Equati@nthus shows that
markably different, which would translate into different the nontrivial factors governing the intensity of a crystal ex-
spectra and therefore this may well be the cause of the larggtation are the Debye-Waller term, the inverse of the fre-
anisotropy shown by excitations depicted in Fig. 3. quency, and the integral taken over the static structure factor
S(Q). For the values of the momentum transfer and tem-
peratures of our concern, the first contribution can be disre-
To allow direct contact with measurements carried in thegarded since it amounts to a uniform decrease of the inten-
molten statgor in polycrystal samplesa powder averaged sity with increasingQ. Equation(7) thus predicts that for

C. Collective dynamics: Effects of orientational averaging
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FIG. 5. A sample of S(Q,E)), polycrystalline averaged spectra. The corresponding momentum transfers are shown as insets.

excitations of longitudinal-acoustic origin one should ob-namic structure factors at low frequencies is enabled by in-

serve a momentum-transfer dependence of their intensitiespection of Fig. 6.

which show the same modulation as the measured polycrys- The first observation worth noting concerns the presence

talline Bragg pattern. of a well defined band extending up to about 7 meV in the
A comparison of the behavior expected on the basis of théhree partial spectra, showing basically the same extrema and

above paragraph and the results concerning the partial dg width which remains fairly constarithey would be ex-
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ter cannot be ascertained in full but, in view of the large

A atomic mean-square displacements found for the Pb, they
A2 & can be thought of as some sort of “resonant” mod#s].
g a Also, the implication of the facts given above is that purely
9; ER acoustic dispersions thus have to be bounded below 4 meV.
< 2
v o IV. DISCUSSION
A The presence of an excitation in binary fluidr dense-
A =’ liquid) mixtures of disparate-mass particles which shows an
g - apparent phase velocity close to that of the pure, light com-
e ;6 ponent has been verified experimentdfy7,23, and its ori-
> B gin is understood on the basis of the revised Enskog theory
v Y for hard sphere$6]. The results of such calculations are
= often displayed as wave-vector-dependent eigenvalues corre-
A% 204 o Q@=130A" SLoa L sponding to sound propagation, mass, and thermal diffusions
=R Loz & [6,17], as well as other eigenmodes referred to as “kinetic
% L o2 ""5 modes,” that is, those whose range of existence is limited to
50 104 = the kinetic regime that is beyond the hydrodynamics realm
g 0.1 . —3 -1
E s . ) o (typically for wave vectors above 610 2 A~1). In all
v e T T -0 cases, it is found that the real part of the frequency of the
I e e A 10 kinetic modeswq vanishes when the hydrodynamic regime
n B is approached, whereas their damping coefficiérgs(basi-
g lg E cally an inverse of the peak widthetain finite values a®
Tz S —0. An exercise worth undertaking would be to consider the
E -4 = . L . .
£ M renormalized excitation frequenci€k,= \/sz +FQ2 instead
o i - e of the “bare” quantitieswg as the physically meaningful
v 204 SN . . o frequencies. The rationale behind this is to treat the damping

1
2.0 4.0 6.0 8.0 10.0
E (meV)

coefficient as a “dressing” term to be added to the,
. . interaction-free frequency on the same footing as any addi-
FIG. 6. Low-frequency region of the partie;(Q,E)>, spec-  (ignal anharmonic frequency shi24]. In addition, for well
tra. Solid lines depict th€S,,;(Q.E)),. bars(SeopdQ.E))9. and  gefined excitations corresponding to isolated peaks in the
ggg:;ige;;:qzvxtquﬁggg%z); ?ecgﬁzivrfoge;:;gg' The corre- spectrum, the frequencie@, now correspond to those of
' maxima of peaks id|(Q,E). If such a transformation were
applied to the calculated d&t@] then one would find that the
pected to increase Q? at low wave vectors if such bands hydrodynamicQ—0 limits of the “kinetic modes” corre-
corresponded to a unique excitatioifhe intensity turns out spond to finite frequencies rather than to the usual linear
to be negative for the Li-Pb correlation at low wave vectorsdispersion expected for sound modes.

due to the negative scattering length @n (i.e., the corre- On experimental groundgt], the frequencies plotted as
lation is positive at low wave vectors and turns into negative‘dispersion relations” for molten LiPb can be identified
values at largeR values. with those()4 which represent the natural frequency of an

Second, the spectra for Li-Pb cross correlations show ascillator with damping constaridt,. From here a connec-
strong wave-vector dependence in their phase. It starts ast@n between the experimental] and simulatior]5] data for
negative band at the lowest wave vector, splits into a negathe melt with the present result is clearly envisaged. Figure 7
tive lobe below 4 meV and a positive peak at about 5 meVshows a comparison of frequencies derived from experimen-
for Q=0.8 A1, becomes a positive band from about I'A  tal means with those corresponding to maxima of the most
up toQ=2.2 A1, and again, turns back to negative fr  prominent peaks in spectra such as those shown in Fig. 5. A
=2.5-2.8 A'1. This behavior runs entirely counter to that glance at the graph shown in FigbJ reveals that the shape
describable for an acoustic excitation by E@) and there- of the “dispersion curve” followed by the experimental
fore it shows that the Li-Pb spectra are composed of at leagioints is basically identical to that defined by tQedepen-
two bands having rather different characters. dence of the frequencies of the most intense peak in

Finally and following what has been written above, the(S(Q,E)),. As expected, the frequencies of the crystal spec-
three partial spectra show, at wave vectors below 0.8,A tra at T=64 K are significantly higher than those of the
the presence of at least two groups of excitations. The Li-Pliquid at T=1075 K, a fact easily understandable by consid-
and Li-Li correlations clearly show two peaks with maxima eration of the thermal expansion and concomitant force-
~2-2.5 meV and~=5 meV at the lowest explored wave constant softening reported for pure [i3]. A point also
vectors. Because of the behavior mentioned in the precedingorth making is the fact that data for both the crystal and
paragraph, the band centered at about 5 meV cannot beelt lie substantially above the hydrodynamig=c.Q law
dominated by excitations of acoustic character. calculated from the macroscopic sound velocity of pure Li.

The observations listed above thus reveal the contribution In contrast, a well defined “dispersion relation” that is
of opticlike modes to the low-frequency band. Their characthe kind of behavior one would expect to find for the spec-



PRE 59 COLLECTIVE DYNAMICS ON A CRYSTAL COMPOSB . .. 3221

6 low-frequency, long wavelength modes decay far slower.
54 o %o o Also, the larger the mass difference between the particles
= 4 fo ¢ . © o o o composing the crystal the larger the damping coefficient. Un-
g 3 der these conditions one expects that waves of such high
o 2 f frequencies will be heavily damped after times comparable
1 to those required to travel distances as short as one lattice
. : . spacing. The result is reminiscent of that reported by Rubin
so B T T [27] on the energy flow in binary crystals with moderate
i © ¢ o v - ] mass ratios, where it was shown that local temperature dis-
40 F o . . turbances will last for times which are long compared with
> 30 F % , . ] that required for a sound wave to travel one lattice spacing
g £ © L o © ] [27]. In consequence, such high-frequency excitations will
& 20F /7 s o © contribute little to heat or momentum-transport processes.
0 _ 7 - _ As far as long-wavelength acoustic waves are concerned,
£/ ] the crystal should be better regarded as a continuous medium
o with a mass density given by an average suctMasound
06 05 10 15 20 25 30 velocities are then inversely proportional {1 and there-

Q A" fore the presence of particles with disparate masses in differ-
ent concentrations will only play the role of varying the mass

FIG. 7. (a) The wave-vector dependence of the peak centroid ofya ity and thus the macroscopic values for the sound ve-
the low-frequency band of spectra like thds%Q,E)), shown in locities

Fig. 5. The straight line corresponds to the dispersion of hydrody- Finally, a fact which also seems worth commenting on

namic phonons traveling with a phase velocity of 2500 . ds th f fi i ithi
Experimental frequencies for the molten all@ifled symbols with regaras the appearance of nonacoustic components within

error bar$ [4], those corresponding to the maxima of the mostthe Iow-freqqency'ban'd showing frequencies as IC_JW as 4-5

intense peak of théS(Q,E)), polycrystaliine averaged spectra MeV as depicted in Fig. 6. Such a phenomenon is now un-

(open circley and maxima of less intense peaks are displayed byf€rstood in crystals having finite concentrationg(iaf., not

crosses and squares. The solid and dashed straight lines correspdfiflated “defects” [28]. A well known example of this is

to the hydrodynamic dispersion of waves traveling with the phasdhe appearance of low-frequency optical phonon branches in

velocity of pure fcc Li and molten Li metal, respectively. metal hydrides out of a host lattice showing acoustic modes
only [29]. The mechanism leading to the emergence of such

trum of a polycrystalline cubic solifR0] is here encountered a new branch involves the coupling of long-wavelength

for the wave-vector dependence of the peak centroid of thghonons to “resonance” modes involving the heavy par-

low-frequency band, as shown in Figal. TheQq, frequen-  ticles. Low “defect” concentrations will lead to changes in

cies corresponding to such a band describe a curve showirtge linewidth and a small shift of the host-lattice phonons

a maximum at about 0.8 & at a frequency of about 5.5 only, whereas hybridization of the phonon and *“resonance”

meV, a minimum at about 1.8 & and atQ— 0 they seem modes is expected for higher concentrations. Under such cir-

to approach the hydrodynamic dispersion corresponding teumstances the acoustic dispersions split into an optic and an

the averaged longitudinal sound velocity of the cry$psll.  acoustic branch which is now confined to frequencies below

As shown by the spectral distribution, such low-frequencythe former.

peaks arise from the motions bbth light and heavy par-

ticles and therefore they comprise all those modes involving

the propagation of sound. V. CONCLUSIONS

As far as the remarkably short lifetime of the high- .
frequency modes, our present result for the crystal as well as OUr Present results concern the dynamics of a system

previous findings for the mel#,5] can be rationalized on the &Menable to experiment having chracteris(lias, mass ra-
basis of some analytical results derived some time [6d tio) akin to that recently described [B0]. Such a conceptual

for the approximate calculation of spectra for heaxigoto- Qevice, which is fqrmed by Lennard-Jones particles mimick-
pic) disordered crystals. Thef@6] it is found that the damp- Ng @rgon but having a mass rat=30, shows a phenom-

ing coefficient for a normal mode of frequenay, would in enology close to that described here. The findings also lend
our case would be given by support to the conjecture stated by Campa and Cdbén

regarding the possibility of detecting the presence of the “ki-
2 netic modes” even if the fluid supporting them undergoes a

ezwé M Pb— M Li . . .
lo=————, e=p(1-p)M? ———| , freezing transition. The computation of crystal spectra along
24 /(wE_ wé) MpM the main symmetry directions as well as comparison of such

(8) spectra with the orientationally averaged quantities served to
disentangle the mechanism by which the steeply dispersive
with M=pM;+ (1—p)Mpy,, p=22/27(the probability of a  “kinetic modes” appear in a fluid. Here, it is shown that it
light particle of masdM; to be present at a given siteand  arises as a consequence of orientationally averaging over
w, stands for the maximum frequency for a lattice made uBrillouin zones having dispersion branches appearing at sub-
of light atoms only. A glance at Eq8) reveals that the stantially different frequencies. In other words, the results
higher the mode frequency, the shorter the lifetime whereasalidate the inference made in RE8] on the applicability of
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the revised Enskog theory to a crystalline material. That is, itable to cases such as those concerning molecular materials
can be used to predict the main features of the spectra of where rather similar phenomena have been repggat
polycrystalline sample but the identification of the calculated

eigenvalues with physical frequencies characteristic of sound ACKNOWEEDGIMENT

propagation cannot be made. The validity of the latter con- This work was performed in part under DGICY$pain
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