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Well-defined phonons with strong anomaldugward dispersion are observed by inelastic neutron scatter-
ing in liquid para-H, at a temperature of 15.7 K. The damping, being very small for theQophonons,
increases with wave vect@, and only broad features are observed@ee1 A ~1. This behavior is shown to
deviate strongly from results of molecular simulations of a fully classical analogue using a realistic potential.
[S0163-18299)01245-X

[. INTRODUCTION for many other elementsin addition, at temperatures below
that where the gas condenses into a liquie20.4 K) under

Hydrogen, which was first condensed by Dewar a centuryts saturated vapor pressure, the quantum nature of its atomic
ago(1899 reaching a temperature of 12 K, continues to be amotions unveils itself by the appearance of a discrete spec-
source of exciting new science. The interest in pursuing studrum of transitions between molecular rotational levels. This
ies on this system stems from a variety of circumstanceaneans that the rotational states and the nuclear-spin states of
First, it constitutes the most abundant element in the Unithe two protons forming the Hmolecule will not be inde-
verse, where it is found to appear in various states of aggrependent. Two different species exist depending on the
gation stretching over a vast range of densities and temperauclear-spin degeneracypara-H, (p-H,) with a total
tures, and it is known to be one of the dominant constituentsiuclear spiil =0 andortho-H, (0-H,) with | =1. This fact
of the giant planets such as Jupiter or SafuBecond, itis adds very special characteristics to the interaction potential.
the simplest system of two distinguishable particles whichBecause of symmetry constraints imposed on the total mo-
allows a rigorous first-principles calculation and, further-lecular wave functionp-H, is in a spherically symmetric
more, the problem of the interaction of two hydrogen mol-(s-wave-like state and therefore particles within the ground
ecules has been solved in a virtually exact manner. Finallystate can be regarded as interacting through an isotropic po-
studies on fluid and/or condensed states gfardd its mix-  tential, wherea®-H, (p-wave-like will show a strong an-
tures with elements such as He are of considerable interegjular dependence in its interactions with neighboring par-
since such systems provide benchmarks for models of phasieles due to the action of a finite electric quadrupole
equilibria in mixtures under extreme conditions. moment.

The peculiarities of the behavior of hydrogen in its fluid A further decrease of the temperature leads to freezing,
or solid phases can be tracked down to microscopic scale3,,~14.5 K, into a crystalline state where in addition to vir-
where one finds that the intermolecular repulsion between tually free particle rotations one finds a solid where the lat-
pair of H, molecules is considerably softer than that foundtice energy contains kinetic and potential contributions with
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comparable weights. In other words, quantum zero-point vilow Newton laws, is supplemented with an additional con-
brations take such a large amplitude- 18 percent of the frontation with a full finite-temperature quantum treatment
distance between neighbarhat the description of the crys- on the basis of the correlated density matrix the@pm).”

tal in terms of a lattice formed by particles oscillating about ~ Although the results of neutron-scattering experiments on
well defined sites ceases to be valid. Such a crystal exhibits &€ collective excitations in liquig-H, have been reported
number of remarkable anomalies in its transport propertiegwice in the literaturé;® the difficulties inherent to such mea-
In particular, heat conduction in nearly pyseH, is strongly ~ Surementsi.e., the need to catalyze the sample intp-&i,
anisotropic, a characteristic only expected for layered crysState, effective suppression of monochromator and analyzer
tals such as graphifeThe phenomenon can be explained in higher harmonics, etccast serious doub_ts on the sounpiness
terms of phonon-scattering mechanisms within the first Bril-Of the results reported from both experiments. In particular,
louin zone® In other words, the understanding of a macro-the spectral intensities reported in Ref. 9 are dominated by
scopic property such as heat conduction requires the knowfarmonics of thed 0— 1 rotational transition, leaving only a

edge of the excitation spectra of the crystal on microscopi®road signal underneath as assignable to the sought excita-
scales. tion whose frequency cannot be estimated reliably. On the

Here, we have set out to explore the dynamic response dther hand, the data from Carneirbal® seem to be affected
liquid p-H, at scales of the order of an ansgtrom and a_by the_ procedure emplpyed to decon\_/olute the experimental
picosecond by measurement of the quangf®, ) acces- intensities from resolution effects. This leads }o th_e appear-
sible to both neutron scattering and computer simulations2C€ of an extremely narrow peak @t=0.7 A ~1 which is
For a liquid such as this, the total dynamic structure factofOt readily seen in the raw intensities. Furthermore, both
S(Q,w), apart from peaks corresponding to single-particlerefe_"e‘j stu_o_llé'@'tz;g were car_rled under rather restricted kine-
excitations such as those arising from the recoiling particld"@tic conditions which hinder the measurement up to the
after neutron impact and theara— ortho transitions with requwed_;anergy transfers for mo'mentum tran;fers below
frequenciesw,,=7.35J(J+ 1) meV, where the coefficient ~0-8 A~%. Finally, apart from being mutually incompat-
stands for the rotational constant, is expected to show sonf8€; both experlme?gs are also at odds with results derived
finite-frequency peaks arising from the collective motions'or liquid ortho-D,, ™ with differences far larger than those
that should merge with those characteristic of hydrodynami@ttributable to the isotope and temperature effects, as well as
long-wavelength phonons at small values of the momentunyith results from depolarized Raman measurembhﬁne
transferQ. The frequency of such peaks is thus expected t¢2tter show a broad, nonexponential spectrum with a flat
provide some information on the propagation of collectiveMaximum at about 8 meV and a width of approximately 9
excitations at microscopic scales, and their linewidth will MeV. In stark contrast, the reported neutron results show
contain details about their lifetimes. Within the microscopic &ither an 8extremely narrowesolution limited peak at large
realm, both parameters are strongly dependent on the shaf Values, or depict the characteristic frequencies of the
and strength of the interparticle potential, at least for fu”yex0|tat|on§ on a scale well below those corresponding to
classical bodie$.This is because the peak frequencies arék@man measurements as well as those of liquid,.
governed by the elastic constant and the density of the me-
dium, whereas the peak width arises from all those processes || EXPERIMENT AND COMPUTER SIMULATION

involved in the decay of an excitation such as heat conduc- DETAILS
tion or viscous flow, and all these are found to be related to
the interparticle potential. The neutron measurements were carried out using the

The rationale behind the present effort stems from théVIARI chopper spectrometer of the ISIS source at RAL as
extreme sensitivity of the dynamics encompasse8(y,»)  Well as the IN8 thermal three-axis spectrometer at ILL
in the molten state to fine details of the interaction potential(Grenoble. Choosing two rather different techniques was
The expectation is that such a comparison will serve tdlictated by the difficulties alluded to in previous paragraphs
gauge the state of our current knowledge of microscopic inwhich advised us to carry two independent measurements in
teractions in these exceedingly interesting substances onaider to prove the consistency of the measured data. The
more quantitative ground. In addition, we also sought to exsample consisted of high-purity hydrogen gas, which was
plain the origin of the rather high values for the thermalconverted top-H, by forcing it to pass through a bed of
conductivity of liquid hydrogen, which is known to deviate activated catalyst at low temperatures. Ni-supported silica
largely from that of other liquified noble gases and heavywas used on MARI and Fe(OHljon IN8. The best results
diatomics if scaled under ‘“corresponding states” for the conversion were obtained by either condensing the
argument$. sample very slowly 6 h), or by letting the gas pass

We have carried out a series of neutron-scattering experihrough the catalyst several times by boiling and recondens-
ments on(mostly p-H,, and compared the measured resultsing it. Measurements of the static structure fa&6Q) were
for the most relevant spectral parameters defining a collegdsed to determine the remaining amountaH,, which
tive excitation(or a phonon in a crystalline soidvith those  gives a strong contribution t§(Q) for Q—0. Several dif-
derived from computer calculation of a liquid sample com-ferent spectrometer settings were employed to cover ad-
posed of particles which interact through the Silvera-equately the whol&®—w space under optimum conditions.
Goldman potential, which is known to provide a realistic Relatively large incident energie&; =40 (34.89 meV on
representation of interactions up to fairly high densitidhe  MARI (IN8), were used to cover sufficiently high-energy
comparison, which is carried out on almost classical groundgransfers at lowQ’s, with an energy resolution of 1.2.7)

(the particles are taken as spherical and the interactions fotneV on MARI (IN8). The region close to the peak in the
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static structure factoQ,~2 A ~1 was explored with an im- is clearly seen as a color stripe. It extrapolates to zero energy
proved energy resolution of 0.8 meV on MARI (IN8)  for Q—0, passes through a maximum@g/2~1 A ~* and
usingE;=~15 meV. decreases in frequency from here dowrQQp, where it ap-
Because of the strong dependence of the scattering cropsoaches a clear minimum. Such wave vector dependence of
section with the energy of the incident neutrdfspeasure- the inelastic intensities rules out the presence within our
ments carried out on IN8 were performed on constant inciimeasured data of any large contribution arising from particle
dent wave vector mode. This enables a direct comparison agecoil scattering effects. A recoil scattering signal attribut-
data measured on the two instruments. Under the preseable to theJ 0—0 transition is expected to appear as a peak
experimental conditions, the amount p&ra-H, after ca- whose frequency varies &Q?/2M,, its intrinsic width is
talysis remains in a steady state for a few days under neutrdimear in Q and its amplitude becomes maximal @s-0.
irradiation even if some of the incident neutrons are able td-rom the extensive recoil scattering data reported by Langel
rotationally excite a small fraction of molecules into the et al!* the effective mass is known to be very close to the
ortho stateli.e., by an amount commensurable with the flux molecular mas# =2 amu so that the recoil signal would
of neutrons going through the sample which is of the order ohppear at~1.04 meV forQ=1 A ~! and ~4.2 meV for
10’ neutrons cris ! (IN8) and 1@ neutrons cris'? Q=2 A 71, that is well separated from the strong, disper-
(MARI)]. sive signal. In addition, the recoil line is expected to be
Several calculations were carried out to estimate the conmrather weak within the range of explored momentum and
tribution of multiply scattered neutrons to the measuredenergy transfers in the light of results from recoil scattering
spectra. The procedure followed to calculate such an effeaxperiments such as those reported by Laegell1*
was that reported in Ref. 13 which allows us to perform A set of individuall (Q,w) spectra as measured by both
multiple-scattering and multiexcitation corrections. The esti-instruments is shown in Fig. 2 and Fig. 3. The left-hand side
mate of multiply scattered neutrons was about six percent, aof Fig. 2 depicting data measured at IN8 reveals that a well
amount which was easily accounted for. defined(i.e., nonoverdampedexcitation is supported by the
Constant-angle spectra as measured at MARI were prdiuid, at least for wave vectors below 0.8 &. Above such
cessed using the instrument suite of programs which allowa value the broadening becomes comparable to the peak fre-
interpolation of theS(6,w) surface into individual spectra quency indicating that excitations have decayed considerably
for constant momentum transfer or constant energy transfeat such length scales. A broad peak is still visible at wave
A number of computer simulations for a system mimick- vectors well beyon®,/2, whereQ,~2 A ~1 stands for the
ing liquid p-H, were also performed. The calculations weremaximum of the static structure factor, a quantity which is
carried out at constant particle number, volume, and temalso depicted in the right-hand side of the referred figure.
perature (NVT algorithm) using the Silvera-Goldman Notice that at low wave vector=<0.4 A 1, the linewidth
potential® It significantly differs from the standard Lennard- of the excitation becomes remarkably sr@fell below the

Jones form, and it reads resolution, which clearly indicates that the excitation mean-
free path becomes comparable or larger than the characteris-
V(R)=expla— Br—yr2)+ f(R){ C,/Ri+Cy/R° tic distanced=27/Q. ForQ values abov&,/2, an inelastic
i=6,8,10 peak is still seen at frequencies between those comprising the
1) elastic peak and thé=0—J=1 rotational transition. How-

with ever, their characteristic widths are so largg,=(}q, that
these excitations are to be considered as very heavily

R 2 damped. Finally, a strong softening occurs, as expected, for
H(R)= exp —|| 128 -1 R <12&R;, wave vectors nea®, , as shown in the lower right-hand side
N of Fig. 2.
1 R >12&R,, To enable a direct comparison of the raw data, Fig. 3

) displays a set of consta@-and constants spectra as mea-
where a=1.713, B=1.5671, y=0.00993, Cq= —12.14, Sured us?ng the_MARI spectrometer. As can easily be seen
Cg=—215.2,c,0=—4813.9, andC,=143.1, all in atomic  from an inspection of the left-hand side part of Fig. 3, the
units, andR,,=3.41 A . same features are here observed, the main differences being

The simulations were carried out on a System of 613 parentirely attributable to different resolution functions, count-
ticles within a box of 29.96 A of side which result in a ing statistics, and signal/background ratios. To ascertain the
density of 0.0763 g/chh The calculated trajectories span @coustic character of the excitation being sampled, the right-
0.125 ns, which results in a resolution in frequency space fofand side of Fig. 3 depicts the static structure faS@R)

the calculated dynamic structure factsy;(Q,w) of 0.02 (integrated over the explored range of energy transfess
meV. well as a set ofl (Q,w=const) constant energy-transfer

sections of theQ— w surface. TheS(Q) structure factor
again shows its main peak ,~2 A ~! as well as a sec-
ond maximum at about 3.5 A, The absence of any size-
An overview of the spectra measured with the MARI able incoherent scattering in the graph just referrefi.e,
spectrometer is provided by the contour plots shown in Figthe peaks inS(Q) would appear superposed to a strong
1. Apart from the strong intensity arising from the peak in Q-dependent “droop” otherwigeensures that most of the
S(Q) at Qp=2 A1 and the rotational line atw sample is inpara state and this also sets limits to the contri-
~14.5 meV, there is a dispersiv®{dependentfeature that bution of single particle(i.e. recoil scattering which, al-

Ill. RESULTS
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|D|{A":}I about Q=2 A "1 arises from the peak in the
_ e static structure factor, while that above 12 meV
b Y I T R -~ g Sl comes from the neutron inducqzhra—ortho

transitions.(b) The spectra are here divided by
Q? (a trivial factor governing the inelastic inten-
sity of a condensed boglyo facilitate visualiza-
tion. Notice the red stripe signaling the dispersion
coming down from a maximum of&8 meV at
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though has to be present in all the range of explored wave  |(Q,w=14.5 me\gocexp(_Q2<u2>/3)j§(QrHH), (3
vectors, shows here a strength much too small if compared

with that of the coherent response. where the exponential stands for a Debye-Waller term with
For an excitation of purely acoustic nature one expectsncludes a mean-square displacem@rfty of the molecules,
that all the characteristic equilibrium distances of the liquidj, is a spherical Bessel function, angdy, is the internuclear
are not altered, since the motion mainly involves in-phaseequilibrium separation between the two protons forming a
displacements of its constituting particles. This is indeedmnolecule. A fit of Eq.(3) to the data shown in Fig. 3 yields
what is seen. A clear peak &= Q, appears in the referred a value for the mean-square displacement(f)=0.95
quantities up to frequencies of 8 meV, and the same applies 0.2 A2, which is to be compared with that of 0.48%A
to the subsidiary maximum at 3.5 A. The graph on the derived for the crystal at 5.4 K using the same procedure.
bottom-right corner of Fig. 3 depicts an equivalent quantityThe figure found for the liquid may be compared with the
for an energy transfer which nearly matches the frequency ofalue of 0.36 A2 computed from(u?)=6Dr, where D
the neutron-induceghara— ortho rotational transition. As stands for the measured translational self-difussion
can be seen, no trace of the peaks at 2%%and 3.5 A"1is  coefficient® which amounts to 0.47 Aps ! and 7, for the
seen there. The intensity of such a curve follbws inverse of the observation frequency. The comparison thus
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Filled circles with error bars rep-
resent the measured data. The thin
solid line shows the model fisee
text), the dashed line the fitted
l4e1(Q, w) intensity, and the thick
solid line depicts the inelastic con-
tribution I;,¢/(Q,w) to the total
intensity. The upper right-hand-
side frame shows the quantity
S(Q,w=0) that is the zero-
energy transfer integrated over the
resolution volume. It represents
the quantity continuously moni-
tored to check whether significant
amounts of ortho-H, were
present within the sample. Its
large cross section gives rise to a
huge incoherent-scattering contri-
bution easily detectable as a
strong riseup of intensity a8
—0. The rest of the graphs in the
right-hand side of the figure depict
spectra corresponding to wave
vectors close t®,/2 (1.2 A™1h),
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. between those (1.4 A). Notice
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shows that a large portion of the measured displacement camhereng(w) is the Bose functionB a constant background
not be assigned to difussive, single-particle motions. Insteaderm, andl . (Q, ) is the central peak, which includes both
zero-point atomic vibrations appear as the most sensible cafhe quasielastic response from the liquid as well as elastic
didates to explain the missing amplitude. scattering from the Al container. The contribution from ro-
To describe the measured intensities in terms of physicaktional J=0—J=1 transitions,,.(Q, ), needs to be in-
parameters, a model scattering law was convoluted with thejuded for spectra measured Q= Q,/2 and beyond. It was
wave vector and frequency-dependent instrumental resolimodeled as a Gaussian centeref g= w0+ Eg, Where the
tion functionR(Q,w) and fitted to the observed spectra. Thesecond term stands for the recoil energy of a hydrogen mol-
simplest model able to reproduce the observations is given igcule of masdvl;; which was referred to above.
terms of a damped harmonic oscillat®@HO) plus a quasi- The inelastic neutron-scattering response of a liquid com-
elastic contribution which is introduced to reproduce theposed by effectively spherical particles interacting through a
shape of the central peak. Choosing the functional form of &entral potential will only show one mode which corre-
DHO to represent the inelastic intensities is here fully justi-sponds to collective longitudinal density fluctuations. The
fied since, as in the case of liquid Hepne only has to  explicit form used to model the spectrum shdpg(Q, )
account for the excitations corresponding to a fluid com—ysing the damped harmonic oscillator function was taken
posed by particles which are identical and effectively spherifrom Ref. 17 and reads ZQwaQFQ[(w2_Qé)2
cal. , +40’T3]7, whereQ3=wd+T3.
The model scattering law thus reads, The quality of the fits can be gauged from Figs. 2 and 4.
No significant information could be derived from the central
_ ) component, since the energy resolution was too large com-
mod Q) =[Ne(@) + 111ge(Q @)+ line(Q) pared with the quasielastic linewidths. As can be seen from
+10t(Q,w) |®R(Q,w) + B, (4)  the shown spectra, the description of the measured intensities
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in terms of the components contained in E4). should be acoustic excitations are propagating within the liquid with
considered as adequate. An assessment of the goodnessnuéan-free pathls={q/(QI'g)~30 A . This is one order of
the approximation of the experimental line shapes is promagnitude larger than the equilibrium intermolecular separa-
vided by Fig. 4, which enables a direct comparison of spectréion d~3 A and is perhaps the largest found for an insulat-
measured on both instruments at an enlarged scale. Froing normal liquid.
there, a direct comparison of the excitation line shapes as To clearly illustrate the presence of propagating short-
measured by both experimental techniques can be made, amgvelength excitations, Fig. 6 depicts the wave-vector de-
shows that any possible differences are entirely attributablpendence of the quotien3,/I'g for both p-H, ando-D,.
to differences in the technical characteristics of both specThe w,, limit referred to above is crossed at about 0.75 A
trometers, that will possibly lead to minor differences in thein p-H,, but at far lower wave vectors in liquid deuterium.
fitted parameters. Collective atomic motions above such a limit become in-
The three parameters describing elependence of the creasingly damped so that the results derived from fits to a
spectra, i.e., the strength,, the linewidthI'o, and the given functional form assumed for the spectrum are some-
renormalized frequencyly, are derived from fits of the what dependent on the line shape of the fitting function.
referred model to the experimental intensities and are sum-
marized in Fig. 5. Taken together, the wave-vector depen-
dence of the three parameters clearly shows that the liquid
supports a short-wavelength density oscillation which is Simulated spectra for a set of particles interacting through
viewed as a continuation to larger wave vectors of the excithe Silvera-Goldman potential are shown in Fig. 7. The plot-
tations characteristic of an elastic fluid continuum, that is, aed quantity isw?Ss;(Q,®), which basically represents the
long-wavelength sound mode. FQr<0.8 A ~* this mode is longitudinal current-current correlations. This form is par-
only weakly damped, i.ewco:FQ<QQ/\/§, which means ticularly useful since the simulated spectra show no clear
that, at the lowest explored wave vect®s=0.25 A~ the  peaks at finite frequencies within the explored range of wave

IV. DISCUSSION
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FIG. 5. Wave-vector dependence of the spectral paraméggrs.
One-phonon strengtd,. The filled symbols(diamonds and in-
verted trianglesrefer to MARI data using different incident ener-
gies. The crosses depict data from measurements atbNBhonon
frequencyQ . The dashed line shows the hydrodynamic disper-
sion ngd. The solid line show the results from a calculation using
the CDM theory(Ref. 7). The filled symbolginverted triangles and
diamond$ depict data measured at MARI, the crosses show results
from IN8, and the open circles with a dot show the simulation
results.(c) Phonon width(damping constantl’' . The same sym-
bols as above are used.
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FIG. 4. A comparison of experimental and fitted spectra as mea_gown to the lowest eXP'Or,ed wave veclr=0.21 A or
sured using the MAR{upper framesand IN8(lower frameg spec- 1N other words, the excitations have such a short lifetime that

trometers. The intensity of the inelastic wings have been largelyn N0 Way can they be considered as propagating. Such a
expanded to allow comparison by the naked eye. condition is common to most Lennard-Jones liquids close to

vectors. As seen from the figure, the spectral shapes are | |
broad with maxima and width exhibiting a fairly strong
wave-vector dependence. The maxima of those curves equal
the renormalized frequendy o of the damped harmonic os- B 7
cillator, although most of its value comes from the damping 2.0 | J
termlq.

The most relevant physical parameters from the simula-
tion and the experiments are compared in Fig. 5. The most
noticeable differences between experiment and simulation
concerns the damping constant, which is alwayeh larger B

/T
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——O——
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KoA+——
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in the simulation, as well as the rather different behavior at
low Q of the excitation frequency. The hydrodynamic dis-
persion Iangyd: ctQ is well described by the simulation

and the CDM calculations for wave vectors smaller than

0.0

0.0

0.5

1.0
Q (A"

0.7 A~1, whereas experimental data lie above the linear law FIG. 6. Ratios between the excitation frequencies and the damp-
for Q=0.3 A . The simulation results thus portray the col- ing constants for liquigh-H, (solid symbol3 and liquido-D, at 20

lective dynamics as resulting from overdamped motionX (Ref. 10.
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o ) lation (circles with a dot, and CDM calculation(solid line). The

~e . B 7 dashed line depicts the value of the isothermal sound velocity.
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- below c, which occurs at large® values and is shown in

3 2.5 10° Fig. 8. The figure shows that the phase velocities determined
from experiment approack 1800 m s at wave vectors of

L5 107 Q~0.6 A1, whereas much weaker deviations from hydro-

’ dynamics are found in both computer simulated data and
CDM results.

50 10 From a fit to experimental data f@<1.2 A !, setting
cr=1096 m s! to its macroscopic value Yyieldsy
=5.73 A%, Q,=1.03, andQz=0.58 A~ 1. Also, the rela-

L5 10° Q = 2.097 A’! tive deviation from hydrodynamic sound is here the largest

) (close to 60% found for a simple liquid, which comes some
20 times stronger than that found for superfluid ligdide,*’
about four times above that found for normal-phase liquid

50 10° “He,?2 and about three times stronger than that observed for

. 3He.2°
........................... The presence of such a large deviation from hydrody-
0 5 10 15 namic sound enables the decay of phonons into two excita-

tions, one of them having at least a lower velocity than the

FIG. 7. Spectra resulting from the molecular-dynamics simula-original phonon. In other words, an excitation with velocity
tions are displayed a82Sq;(Q, ). The corresponding wave vec- well abovecy (i.e. corresponding t@~0.5-0.6 A~1) can
tors are given as insets. The frequencies shown in Fig. 5 corresporgkcay into two excitations with velocities closerdp. Such

to the maxima of spectra such as those displayed in the figure. a decay will yield two excitations propagating with angles

;-1 with respect to the direction of propagation of the

their triple points and arises from the relatively hard andoriginal phonon. A rough estimate of such angles is given
steep interaction potentiafscharacteristic of these liquids. by*®

Since the employed potential is known to be adequate for

crystalline hydrogen, the appearance in the real liquid of ex- 0~ \[6yQ;=40° (6)

citations rather well defined at least up @~0.8 A~*

should then be taken as an indication of the nonclassicdbr a phonon with velocity close to the maximum ofy,

character of the dynamics of the fluid. which decays into particles with velocities closedp and
The departure from hydrodynamics, usually referred to a®),;=0.2 A ~!. This estimate compares with~10° found

anomalous dispersion, is a known experimental fact sinceor liquid *He (Ref. 19 and thus serves to understand the

work on superfluid*He,* liquid *He,® or liquid 0-D,.2°In microscopic origin of the far shorter mean-free paths charac-

fact, the phenomenon is also exhibited by a weakly interactteristic of liquid p-H,.

ing Bose gag! A convenient way to parameterize such a  The rather weak anomalous dispersion found in the simu-

deviation was given by Mari§, and follows an equation lation data can be understood as a direct consequence of the

aimed to reproduce the dispersion curve ugig2, viz. inability of the model fluid to support finite-frequency den-
sity oscillations since all motions within the explored scales
Qqo=cr[Q+A(Q)] are already overdamped.
= Q+ yQ3(1— Q%Q2)/(1+Q2/Q3)], (5) The importance of kinetic processes between excitations

provides a hint to understanding some of the macroscopic
where y controls the strength of the deviation from hydro- thermal phenomena. In fact, it points towards the fact that
dynamics. Such a departure, given in terms of the excitatiotthe transport coefficients such as thermal conductivity and
phase velocityc,n(Q)=o/Q is thus maximal forQ  viscosity feel the effects of collisions between excitations
=Qg, WhereaxQ, marks the crossover af,, to velocities  with well defined moment& far more strongly than the lig-
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uified heavier rare gases, which serves to rationalize the orin terms of the isothermal and adiabatic sound velocitigs (
gin of the deviation of the transport coefficients, such as th@andcg, respectively, the density p), and the specific heat
macroscopic shear viscosity from the master curve calculatefC,), and is inversely proportional to the coefficient of ther-
under the principle of “corresponding states” referred tomal conductivity x. This contrasts with the standard form
above® An estimate of the ratio between the effective timesI'« (w2, k, ) Where u stands for the longitudinal viscosity.
associated with the viscosity and thermal conductivity,Consequently, sound damping at meV frequencies should be
Tt Tatf» 1S given by the Prandtl number which for the ther- far weaker than that of a fluid with lower conductivity such

modynamic state under consideration becomes, as the rare-gas liquids.
nCp s
Pr= = ~13 () V. CONCLUSIONS
My 7y

In summary, unusually well defined excitations exist in
the high-temperature gases and compares with that of thléﬂu'd. p-Hy up to wave vectors of the.order_ of 0'7.'&
showing a steep, strong anomalous dispersion. This takes

34 characteristic of normal-phase liquitie.** Such de- lace in a liquid composed by particles which are effectivel
viations are usually attributed to noticeable quantum effectd . q P y parti y
Spherical so that only the translational degrees of freedom

which are expected for a liquid where the de Broglie wave-

lengthA~3.1 A becomes comparable with the equilibrium Z[Seorzltte;;gt(i ;heih(ieg?rtgr\e/al;lrj%rr}c:‘srl]l dC:%?Stlﬁgl n?ggr?}/sm;:re
interparticle separation. As a matter of fact, the intermolecu- y 9 d

lar interaction timé&:'*a quantity which governs the width of displacgment, _since a Ia_rgg portion of it is attributaple to
the depolarized Raman spectrum, was shown to deviate Suggro-pomt m°“°r?s- The finding of strong an'omalous disper-
stantially from the alluded master curves and a rather Iargﬁ'o.n contrasts with phenomena ol%served In more co_mplex
guantum correction was required to account for such a de-UIdS such as T”O'te” alloys or wa rwhere the dlspe_rsmn
parture. is known to arise from an admixture pf modes (_)f dlffere_nt
As shown in Fig. 5, results derived by recourse to theqharac;]ter. The_é)resenc_e of suc_h relaltlvely Ionfg—ll\fqed excita-
CDM approach are also unable to account for the anomaltonst us provides a microscopic explanation for the anoma-

just discussed. This shortcoming may be originated by Jous behavior observed in its heat and momentum-transport

L . ; roperties.
number of approximations introduced in the calculafiby- P : o .
pernetted chaifHNC) integral equation for the calculation Note added in proofAfter submission of the manuscript,

X . . we became aware of a recent path-integral-molecular-
of S(Q) plus a somewhat unrefined form of the interaction : . .
. . dynamics calculation by Kinugawf&.The reported results
potential which assumes a 6-12 Lennard-Jones ghape

Finally, our finding can also be understood on phenom_are in at least semiquantitative agreement with our experi-

enological grounds. In fact, the high-frequency limit of the ments.
sound absorption coefficient for a medium with high thermal This work was supported in part by DGICY{Spain,
conductivity is given byl'=cpC,(ci—c%)/«c5 (Ref. 25  Grant No. PB95-0072-C03-01.
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