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Collective excitations in liquid para-H, observed by neutron inelastic scattering
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Inelastic-neutron-scattering studies of liquig Knriched in para-k molecules show the existence of a
damped mode, interpreted as a phononlike collective excitation whose wave-vector dependence is established
for 0.6 <Q= 2.0 A~1. Our result, in marked disagreement with previous observations in this system, is in
qualitative agreement with theoretical variational calculations. A comparison with liquid norgisl Dade.

The crossover from collective to single molecule response in both the solid and the liquid phases has also been
determined[S0163-18207)04242-7

[. INTRODUCTION which scatters mostly incoherently and thus yields informa-
tion predominantly or5,(Q,E), the self-part of the scatter-
Interest in the observation of collective excitations in mo-ing function. From these measurements information was de-
lecular liquids has been focused in the liquid hydrogens bothived on the generalized density of collective excitations, i.e.,
as a consequence of their significant proximity to the quanthe Fourier transform of the velocity autocorrelation func-
tum limit and of their deviations from the corresponding- tion, dealt with in Ref. 4, for liquid hydrogen. More recent
states laws followed by most liquids formed by few-atomneutron inelastic-scattering experiments in these liquids have
molecules. Neutron-inelastic-scattering studies using a triplefocused on higher incident neutron energies in order to study
axis spectrometer carried out in the early 1970’'s by Carneir¢he single-molecule responseQivalues high enough for the
et all are often quoted as the strongest direct experimentampact approximation to be valid at the molecular le¥/2In
evidence for the existence of well-defined collective excitathese studies, for values =5 A%, the position of the
tions far from the hydrodynamical regime in molecular lig- rotational transitions is consistent with a single-molecule re-
uids. Those studies, complementary to the ones conducted Bponse already in the impact approximation in both para-H
Schotf using neutron time-of-flight spectroscopy, deal with and n-H, and in the liquid and solid phases. From the broad-
the observation of the collective excitations in liquid hydro- ening of the corresponding peaks the mean kinetic energies
gen samples enriched in parg-kholecules. Hydrogen exists are determined for the molecules in both phases. Further
in two modifications: para-fHimolecules have even rotational work at even higher wave vectors has concentrated recently
guantum numberJ, and antisymmetric nuclear molecular on the single-atom response yielding information either in
spin state] =0, while ortho-H molecules have odd values real spac&or in reciprocal spacThis experimental situa-
of J and symmetric nuclear molecular spin states1. Neu- tion contrasts vividly with the availability of a variational
trons with energies lower than the para-ortho conversiorntheoretical estimate for the dispersion relation of the collec-
threshold Ey;=14.7 meV scatter coherently from para,H tive excitations in liquid H, within the single-mode
while for higher neutron energies the incoherent scatteringpproximatior?. This prediction, prompted by the interest in
dominates due to the much larger incoherent cross section. the search for a superfluid phase of, Hears a remarkable
ortho-H,, the incoherent scattering is always dominating.qualitative similarity to the dispersion curve for the collec-
Collective excitations, seen through the coherent scatteringive modes in liquid*He and implies noticeable dispersion
can therefore be observed in para-¢hriched samples using of the collective modes, which should be experimentally ac-
low-energy incident neutrons. On this basis, Carneiral.  cessible in most of the)d range with neutron-inelastic-
reported the observation of well-defined spectral featurescattering measurements. Moreover, a similar set of predic-
near a neutron energy transfer®® 7.5 meV for wave vec- tions for liquid D, in various thermodynamic states in the
tors 1.1 A''<Q=3.1 A%, which they attributed to collec- liquid range have been found to account qualitatively for the
tive excitations of longitudinal-acoustic character. From theirobserved dispersion relations in nyBf*!
published spectra it appears as if these sharp features show aWith these elements in mind, we have performed neutron-
very small degree of dispersion. Additional features at lowelscattering measurements of the inelastic response of liquid
values ofE were attributed to modes of transverse-acoustidH, enriched in para-KH molecules using a triple-axis spec-
character. A more extensive account of their work is contrometer. The collective excitations and their dispersion were
tained in Ref. 3, including a reevaluation of the spectra tgprobed by neutrons with low energiéselow the para-ortho
obtain a revised value for the mean square displacememonversion thresho)d Higher-energy neutrons were used at
(u?), via the Ambegaokar, Conway, and Bay#CB) sum Q=4 A~ to locate the transition from the collective to the
rule. In particular, Ref. 3 contains details of the work on thesingle-molecule response in both the liquid and the solid
normal mixture(n-H, is 75% para-H and 25% ortho-H), phases.
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reduce multiple scattering, the cylindrical cé€ll5 cm diam-
T eter, 5 cm heightwas divided into five sectors of approxi-
©10 hours mately 1 cm height by means of the insertion of Cd spacers
©o +——+26 hours lying parallel to the instrument scattering plane. Monte Carlo
o simulations using theiscus codé? show that combined ab-
2000.0 | o ] sorption and multiple-scattering corrections in our case are
negligible. The ferric oxide catalyst was masked by means of
a Cd strip attached to the bottom of the cell. The scattering
A1) from the empty cell was measured at low temperatures and
006 l subtracted from the data. As the spectrometer was operated
1000.0 [ o with a fixed incident energy, the data were corrected by the
AP °c o© instrumental factor K? cot 6,)~%,** where k; is the final
00600, ° 50 wave vector and, the analyzer Bragg angle. The instru-
WHM mental energy resolution determined from the incoherent
‘ ‘ scattering of vanadium wagGaussian full width at half
%0 10 ‘ 20 30 maximum 0.68 meV atE;= 14.2 meV and 1.92 meV at
Qi E;= 33.4 meV.

3000.0

S$(Q,E=0) (neutron counts/30 s)
¢)
)

FIG. 1. Measured5(Q,E=0) at three occasions after sample
condensation. This time evolution is due to ortho-para conversion.
Empty circles corresponatl h after sample condensation, empty ~ Our first study was conducted with an incident energy
diamonds to 10 h after condensation and crosses linked by a cofg;= 14.2 meV. The values of the horizontal in-pile-
tinuous line to 26 h after condensation. No background subtractiomonochromator, monochromator-sample, sample-analyzer,
has been performed as evidenced by th¢1All) Bragg reflection.  and analyzer-detector collimations were, respectively, 25,

30, 60, and 30 arc min. The main experimental problem was
Il. EXPERIMENTAL DETAILS due to the contamination from higher-order harmonics from
the monochromator, which despite the use of a PG filter in

the triple-axis spectrometer DN1 at the Siteactor of CEA/ ﬂq.e incident beam was not sufficiently suppressed. '_I'hese
. cvn higher-order neutrongmostly second orderhave suffi-
Grenoble. The spectrometer was operated in the “W” con- . : . )
; . ciently high energy that they can excite a rotational level,
figuration and constan® scans were performed at constant . : _ -
o . ; hence converting parasHnto ortho-H; (i.e., J=0—J=1).

neutron incident energy using tHe02) reflections from a . . .

. - . The cross section for this process is so strong that a substan-
vertically focused pyrolitic graphitdPG) monochromator fial number of these neutrons cdagain be scattered in
and a flat analyzer. A PG filter was inserted in the incident 9

beam to reduce the higher-order contamination. Two differ-second ordeor highey by the analyzer. This gives a spuri-

o : o "~ ous peak at an apparent energy transfeEbf?=3.7 meV,
eznt3én2'?§g\t/ energies were usefj= 14.2 meV andg; whereE is the real energy transfénereEgy;) andn=2 is the

The H, sample enriched in parasHvas prepared as fol- order of the scattering. This dispersionless peak is clearly

lows. High-purity commercially availabléAlphagaz N99 seen in a_lll spectra shown in Fig. 2. An analysis of these data
. ; is given in Sec. IV A.

H, gas was condensed over ferric oxide powder at a tem-

perature of 15 K in a sample container designed for these _

experiments. The catalyst accelerates the conversion process ~ B- Study above the conversion energy threshold

of the initially normal mixture of H to a composition close A second study was performed using a higher incident

to the equilibrium concentration at the experimental temperaenergy €;= 33.4 me\}, horizontal collimations of 25, 30,

ture (99.98 % para-K). This process was monitored regu- 30, and 30 arc min, and a PG filter in the incident beam. Due

larly by measuring the elastic structure fac®(Q,E=0). to the characteristics of the energy spectra of the neutrons

Figure 1 shows the temporal evolution of this magnitude forfrom the radial beam tube at the Silaeactor, the amount of

one of the two samples in our study. As can be seen in thaigher-order contamination is considerably lower at this en-

figure, 26 h after condensation the shapeS$§),E=0)  ergy, and no spurious peaks were observed. Da@-=a#.0

clearly resembles what is expected for a molecular liquidA ! were taken for both the liquid phase at=T15 K and in

scattering mostly coherently. Repeated checks for changes tfe solid at T= 6 K (fully corrected spectra fo@=2.0 and

S(Q,E=0) over the available range @ were performed 4.0 A~! are shown in Fig. B The S(Q,0) measurement in

throughout the duration of the experiments. These were pathe solid phase is consistent with an hcp structure, with pa-

ticularly relevant in establishing the absence of any afterrameters compatible with those reported by Ishmeteal 1°

condensation effects which could temporarily alter the com-

position of the liquid mixture being examined and thus Il THEORETICAL BACKGROUND AND MODELS

increase the proportion of molecules contributing to the in- FOR DATA ANALYSIS

coherent scattering. This was detected at one occasion during

the low-energy experiment and the data for that time period The neutron incident wavelengths employed in our stud-

were not used. All measurements were performed at a temes are sufficiently close to the value of the internuclear dis-

perature of 15 K under saturated vapor pressure, and thance in the H molecule,d=0.74 A, to require a theoretical

corresponding density was 0.0377 molf&M In order to  treatment that takes into account the phase differences in the

A. Study below the conversion energy threshold

The experiments reported in this paper were performed o
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4000.0 molecular potential in K depend strongly on the complete
molecular wave function, which, restricting ourselves to the
Q=18A . . . . .
fundamental electronic and vibrational states, implies a
2000.0 |- strong dependence on the rotational-nuclear quantum num-
bers and more specifically on the ortho-para ratio. For solids,
the coupling of the libron and phonon bands in orthpridh
0.0 mixtures has been treated by Bickermaetral!’ Since we
7 20000 | are dealing with a mixture poor id=1 molecules, we as-
5 sume that the collective modes are totally decoupled from
g the molecular states. Therefore, we consider that the scatter-
g 10000 ing described by the formulas developed in Ref. 16, strictly
% - valid only for a low pressure gas, will be weighted by the
0.0 fey collective contributions in the liquid phase in each point of
8000 | (Q,E) space. For ease of reference, we summarize here the
results of Young and Koppel treatment specialized to our
case,
400.0 |
L Spara(QiE):Cpario'cohj (Z)(lez)scof{Q’E)
0.0 e -
-25 oo 28 80 75 +30incon 1 (Qd/2) Sinco Q. E—Eop], (1)

. . 2

FIG. 2. Representative spectra at three wave vectors Hith — .
=14.2 meV. Filled diamonds are fully corrected experimental data. Sorind Q. E) Cortm’( TeonSeorl Q/E) + 3 Tincotrincor( Q)
The continuous line represents the best fit to these data, consisting
of the convolution with the instrumental resolution of the following
model components: a central Lorentziaiotted ling, a Gaussian
near 3.7 meV representing the second-order contamindtion

X[i5(Qd2)+2j3(Qd/2)]. (2)
In the above formulas;y,,andc, o are the fractional com-

dashed ling a damped harmonic oscillat@hick dashed lingrep- position of those types of molecules,oi= 2.05 b and

resenting the collective mode, and an additional damped harmoni€ incoh™ 78.7'b, andj,(x) are spherical Bessel functions of
oscillator (dot-dashed lingfor 0=1.6 AL, orderl. It should be remembered that, in terms of the self-

and distinct-scattering functions,

scattering amplitudes corresponding to the two protons in the _

; = +
molecule. One treatment is due to Young and Kopbehd Seol Q. B)=Su(Q.B) +S(Q.B), ©)
is based on the assumption that collective modes are n@fhile
coupled to the molecular nuclear-spin states. This assump-
tion is quite severe since the anisotropy terms in the inter- Sincorl @.E) =S,(Q,E). (4)

Q=40A"
2500.0 |
)
E
g 0.0 t
8 Q=20A"
& 5000.0 had
g
& M4
*
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*
o
‘.0‘000 * ¢
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00 —* : : ’
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FIG. 3. Fully corrected spectra takenFt= 33.4 meV. Filled diamonds are the data for the liquid at15 K. At Q=4.0 A~ 1, the empty
squares joined by a dotted line correspond to the solid sample studied GiK.
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S4(Q,E) can be adequately modeled by a sum of damped
harmonic oscillatordho) terms, each corresponding to the

individual collective modes presumed to contribute to the 6.0
spectra:

(c),

4EE ol o
(E2-Q2Q)2+4E7T?,
(5)

where E; o stands for the bare energy of oscillatorl’; o .
stands for the damping parameter in energy units, the renor- hd o8
malized energy is given by o=(E’o+170)* Z(Q)
is an intensity parameter and[n(E)+1]=[1 0.0 ‘ ’

—exp(—E/(kgT))]" ! is the Bose occupation factor. T (b)
S.(Q,E) requires at least two contributions that have differ- AN
ent relative weights depending on tie value. For lowQ 6.0 } AN |

N
sd<Q,E>=[n<E>+1]§1 Zi(Q)

Ty (MmeV)

values, the classical interaction time of the neutron and the
system is sufficiently long to allow the observation of the
diffusive motion of the molecules ang,(Q,E) can be ad-
equately described by a Lorentzian component of intensity . - 7
H(Q) whose width,I' | , depends on the translational dif- -+ }

Q, (meV)

fusion coefficient,

Elq. 0.0 : :
S(Q.E)=[n(E) +1]H(Q) —.——. (6)
E2+T3, (a)
20000.0 | 1
For intermediate values @ the situation is more complex
sinceS(Q, E) will contain a projection of the collective mo-
tions on the single-particlémoleculg dynamics in addition
to a contribution from the broadened rotational modes. As-
suming that there is no coupling between the two sets of
modes,Siq.on(Q,E) can be related to the density of states,
G(E). To obtain an estimate of the density of states from e o
Sincol(@,E) in the liquid phase we assume that the expres- o
sion for a polycrystalline sample can be used without further 0.0 Y
justification. Thus, 0.0 1.0 2.0

Q(A™h
ESHCOF{Q!E)
n(e)+1 °

10000.0 | 1

Z(Q) (arb. units)

G(E)« (7)

FIG. 4. Q dependence of the best-fit model parameters. Filled

. ) o circles refer to the first damped harmonic oscillator and empty
For sufficiently highQ values, however, the possibility of jrcles to the second one. TEZQ) intensity parameters are shown

the neutron creating multiple excitations has to be taken intg, (z). Renormalized energies are shown(i where the continu-
account in the corresponding evaluations. In this circumyys Jine represents the extrapolation of the hydrodynamic sound
stance, the simple proportionality does not hold un{éég)  regime, and the dashed line the results from the variational corre-
is replaced by an effective multiexcitation expansion, similanated density-matrix calculation. The damping coefficients are
to what is done in periodic med?ﬁFinaIIy, we mention here  shown in(c).

that in order to compare the model predictions with the ob-

served intensities, it is necessary to convolve the former wittF = 4 meV_) for the spurio_us peak_ due to higher-order scat-
the known Gaussian instrumental resolution function. tering. This model describes satisfactorily the observations

below Q= 1.6 A™! but it is not adequate for spectra at
higher Q values. ForQ=1.6 A1, the fits improve signifi-
IV. RESULTS AND DISCUSSION cantly by using two dho termsN(=2), the second being
A. Dispersion relation of the collective modes necessary to desc_ribe a fr_action of the observed intensity at
i o ] _higher energies. Figure 2 illustrates the good agreement be-
A first approach to the low incident energy spectra is theifyeen observed and calculated spectra in I@tranges ob-
evaluation in terms of a single-mode mod&l=1 in EQ. tained after least-squares fitting of the parameters contained
(5)], suggested by results in similar systems and theoreticah the corresponding model. THg dependence of the ex-
prediction§ The collective contribution, emerging through tracted parameters is shown in Fig. 4. Due to the broad in-
Sq¢(Q.E), is described by a damped harmonic oscillator termstrumental resolution, thE=0 part of the spectra cannot be
This contribution is supplemented by a quasielastic Lorentzused to obtain information on diffusion processes.
ian centered aE=0 meV to account for the diffusionlike The interpretation of th€ dependence shown by the pa-
motions observed i8(Q,E) and a Gaussiaftentered near rameters corresponding to the single— and the two-mode
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models is by no means unique. In fact, Fig. 4 has been drawQ values Q<1.2 A1), although corresponding to a
under the assumption that f@=1.6 A%, the dho term  damped collective mode are not in the overdamped regime
yielding the lower renormalized energy=1 with N=2) (Fé>Qé)_21

represents a continuation of the Single mode identified in the The above Comparison with measured sound velocities in
lower Q region (=1 with N=1). This interpretation is sug- the hypersonic and ultrasonic regimes indicates negative dis-
gested by the dispersion relation obtained from variationapersion. This is at a striking difference with the observations
calculations and further reinforced by the obtait@dlepen- made in liquid n-0;,'%* where strong positive dispersion is
dence for the dho intensity parametet;(Q), which re- observed. This difference is clearly not related to any cou-
sembles the static structure factor for the center-of-mass of pling with the rotational level, since this level is much closer
classical diatomic liquid exhibiting a first peak ne@e= 2  to the collective mode in liquid B than in liquid H. The
A1, This mode would then correspond to collective excita-most likely origin for the effect is in terms of the intermo-
tions of longitudinal-acoustic character. The nature of thdecular potential, which could favor anomalous dispersion in
second mode at higher energies apd/alues is more diffi-  liquid D». In fact, the measurements on liquic; ere made
cult to interpret. We note the smal) dependence of the ON samples of n-IQ. These mlxtures- contain one out of every
renormalized energy and the low values for the intensity pathré€ molecules in para-Dstates with)=1. The molecules
rameter,Z,(Q). These characteristics are compatible with D this excited state c'ontrlbl'Jte_ with anisotropic t'erms to thg
two possible origins for the observed scattering. First, collecintermolecular potential. This is also seen as differences in

tive modes of optical character cannot be excluded in viev&he position of the first maximum of the single differential

. . ._neutron cross sections of liquid mixtures enriched in ortho-
of the presence of several of these branches in the solid Iylngnd ara-D, as reported by Talhouket al,?2 and can be
particularly low towards the center of the Brillouin zotte. b ' b y ’

Molecular-dynamics simulation of other molecular liquids r_elated o (_:hanges in the nearest-neigh_b_ordistance and effec-
. I ) . tive coordination number, probably arising from the better

have identified these optical modes as responsible for thﬁacking of theJ=1 molecules. The data reported in this

observed neutron-scattering spectraavalues close to the paper can only point out to this anomalous comparative be-

first maximum in the static structure factdrSecond, the havior of para-H and n-D, in the liquid state near their

scattering could also be due to the density of states or seljple points, but given the readiness with which liquid

part of S(Q,E), whose contribution will increase with in- samples enriched in orthd- can be prepared, an experi-

creasingQ due to thej; Bessel function. Without recourse to mental approach to the dynamics of this liquid is perhaps in

polarization analysis, there is no way to circumvent this in-order.

herent limitation of our experimental approach.

In the context of the first interpretation, the renormalized
energies for thdirst dho (i=1 with N=1,2) should be com- B. Crossover to the single-molecule response regime

pared both with the results from Carneiet al. and with Instead of attempting an independent analysis of the spec-
those from variational calculatiorisee Fig. 4b)]. Our spec-  tra in the liquid and solid phases f@r=4 A~ with incident

tra show a clear discrepancy with those reported by Carneirgnergy above the conversion threshold, we have followed an
et al’® More specifically, our measurements do not showalternative procedure for a comparative analysis of both
any trace of the strong nearly dispersionless spectral featugghases. We start by noting that in the solid phase a narrow
reported by those authors ndge 7 meV. It should be noted spectral feature appears centeredcat14.7 meV(see Fig.
that the extrapolation of the hydrodynamic limit reported in 3). Given the value of energy transfer at which it appears and
Fig. 2 of Ref. 1 and in Fig. 6 of Ref. 3 does not correspondthe fact that it is only broadened by the instrumental resolu-
to the normally quoted values for the speed of sound in ligtion, it can be easily assigned as thé=1 transition corre-

uid para-H. At the lowerQ values covered in our experi- sponding to the para-ortho conversion and we can safely es-
ment, the renormalized energies are lower than the extrapdablish that the system response is far from the domain of
lation of the hydrodynamic limit with an isothermal speed of validity of the impact approximation. In the impact approxi-
sound ofvr= 1029 m/s(derived from the adiabatic speed of Mation, a Gaussian centeredijy +E, (=30.7 meV atQ
sound of vo= 1235 m/s usingur=vq/\y, where y =4 A1) with a width of og=3E,Ex should have been
=C,/Cy is the ratio of the specific heats at constant pressurebserved, whereée, = 72Q2%/2M o is the recoil energy at
and constant volume and has been taken as 1.44 at the exomentum transfe@ of a free molecule of magl,, and
perimental temperatut®. Our results are also consistently Ex is the kinetic energy of the molecule. An alternative as-
lower than those from the variational calculatiditidowever, — signment of the spectral feature as arising from nearly-free
a quantitative comparison between our experimental result®olecule recoil-shifteddJ=0 transitions can be dismissed
and the calculations is particularly unfair to the latter since apn the basis of the expected line broadenionging for E¢

the present time many known ingredients of the sysisimh  the value of 6.5:0.8 meV obtained for solid para,tt 10 K

as backflow effects and the finite lifetime of the excitatjons by Langelet al,® we should obtain fotM =2 a.m.u. a

are not included in the theoretical approach. In particular, ibroadening much in excess of that obsejvédso, in thisQ

is recognized that neglecting backflow overestimates the exange,AJ=0 transitions possess considerably less intensity
citation energies by a factor of 2-3 ne@= 2 A1, As  than AJ=1 transitions, since the intramolecular structure
shown in Fig. 4c), the damping coefficient for thierst dho  factor for the former is small for this value j, while that

is not greater than the renormalized energy exceptQor for AJ=1 is close to its maximum valugee Fig. 5. Addi-
=1.6 A~1. This implies that the observed excitations at lowtional support for that the impact approximation is not
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: : : lational energy with respect to the thermal mean value which

— Qw2 enables them to move freely out of their equilibrium position

- Hlfgggg}ﬁzuz(od/z)f in the lattice. The corrt_espondmg image in the liquid phase is
much harder to establish.

A more quantitative approach to our spectra can be tried
under two strong hypotheses. First, we assume that mul-
tiphonon contributions will affect with equal weight the ob-
served spectra in the two phases and that they can be can-
celed by considering relative quantities. Second, we assume
that the ACB sum rule can be applied to the liquid phase.
Since the instrumental setup is the same, and only the sample
thermodynamic conditions change we can express the ratio
of the observed integrated intensities néag;, |,
= S(solid), L(liquid) in the two phases as a function of their
corresponding Debye-Waller factors, €x2W,], a=S,L
20 5.0 50  and mean-square displacements as

08

06 |

0.4

02|

-
P
—
-
-
-
-
-
-
—
——

0.0 ==L

3.0
Q@i

s 2
=5 — exf — 2(Ws— WL)]ELJZ;?

For (u?)g, it is possible to get an independent estimate of
0.46 = 0.02 A from the evaluations made by Niel$émnd
Bickermannet al?* In computingl ¢ in the two phases, after
reached foQ=4 A1 in solid para-H comes from the ob- correcting for the two different temperature factors, we have
servation of inelastic scattering at higher value€pfremi-  subtracted the rotational contribution: in the solid we have
niscent of a fairly structured density of states. We concludditted and subtracted the clearly defined peak. In the liquid,
that at thisQ value we are well into the domain of validity of We have subtracted a Gaussian feature of the same integrated
the incoherent approximation but far from realizing the im-intensity and center as in the solid phase but with a width
pact approximation. adjusted to account for the observed slope Eorvalues

We turn now our attention to the liquid sample, where thesmaller thanE,,. With these approximations we obtain an
most striking difference found with respect to the solid is theestimate, after linearizing, qi?), =0.58 A%. A consistency
absence of any narrow rotational contribution. Presumablytest for this value can be performed by translating this mean
this contribution is smeared out by Doppler broadening inamplitude into the mean quantity for the corresponding mo-
the liquid and gives rise to the broad spectral feature arounthentum distributiorf® po= 3/(u?2. From this quantity,
E= 15 meV, which overlaps substantially with the more we can estimate the mean kinetic energy for a single mol-
intense feature found at higher energies. The latter is rathesculeE, = %2p3/2M ,, of 60 K, which agrees well with the
similar to the density-of-states contribution in the solid. It isvalue reported in Ref. 6 of 686 K. Consequently, the
clear that the observed spectrum deviates strongly from thBebye-Waller factors for the two phases@t4 A~ are
Gaussian line-shape characteristic of the impact approximasoth smaller than unity and, as in the case of sdlite2®
tion, and as the intramolecular form factor argument menseem to offer a more stringent criteria than the recoil energy
tioned above for the solid is equally applicable to the liquid,for the crossover to the single-molecule response.
we conclude that the spectrum actually corresponds to the
observation of rotational and collective modes of the liquid
phase through the incoherent scattering arising frodn= 1
transitions. Hence, for both studied phaseQat4 A~* we Our experimental study on parasténriched samples in
find that the response is not yet in the single-partio®l-  the liquid phase based on conventional triple-axis neutron
ecule regime. By contrast, both triple-axis and time-of-flight spectrometry and a partition of the observed scattering into
spectrometry results =5 A1 signify the validity of the  model contributions has revealed the existence of spectral
impact approximation, at the single-molecule level, forfeatures which are consistent with collective excitations of
samples under similar thermodynamic conditidfi§Ve con-  longitudinal-acoustic character. These excitations are
clude that in both phases, the crossover from the collective tdamped up to wave vectors of about 1.2*A and over-
the single-molecule response to neutrons seems to be localamped at higher wave vectors. The dispersion seems to fol-
ized betweerQ=4 andQ=5 A~'. The values of the free low the qualitative trend of variational calculations, although
molecule recoil energ\g, = #2Q?/2M o, corresponding to the energies are considerably lower than the extrapolation of
theseQ values, 16 and 25 meV, can then be employed tdhe hydrodynamic sound velocity. This situation is in con-
locate the effective binding energies of the molecules in eacltrast to the observations made in liquid n;Qvhere a strong
of the two phases. In the solid phase, it is noteworthy that thanomalougupward dispersion is observed at lo@ values.
value for the activation energy of the thermally induced dif-We suggest that this may be due to the difference in the
fusion coefficient is 16.97 me¥? reinforcing the classical degree of anisotropy of the intermolecular potential in the
image in which neutron scattering with wave-vector transfeistudied samples. At higher wave vectors, near the maximum
of Q>4 A~! leaves the molecules with an excess of transin S(Q,E=0), additional scattered intensity is found whose

FIG. 5. Spherical Bessel functions entering the neutron- 8
scattering cross sections fop fih our experimental range of energy
and wave-vector transfers. The internuclear distance in the mol

ecule is taken to bd=0.74 A.

s

V. CONCLUSIONS
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origin cannot be definitively established, but which maytion analysis can offer an experimental separation of the scat-
point to low-lying collective excitations of optical character tering into coherent and incoherent nuclear-scattering com-
or to a density-of-states contribution. From a comparison oponents, from which a direct validation of our present
spectra at relatively high wave vecto®=4 A%, in the models can be performed.

solid and liquid phase with those of earlier work, we have

established that the crossover from cqllecuve_ to single- ACKNOWLEDGMENTS
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