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Propagating particle density fluctuations in molten NacCl
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In this paper we present the observation of acoustic modes in the spectra of molten NaCl measured over a
large momentum transfer range using synchrotron radiation. A surprisingly large positive dispersion was
deduced with a mode velocity exceeding the adiabatic value by nearly 70%. The large effect seems to be
describable as a viscoelastic reaction of the liquid. Additionally, the derived dispersion resembi@sothe
relation of the acoustic modes in liquid sodium. As an explanation for the large positive dispersion we propose
that the density fluctuations in molten NaCl can be interpreted as a decoupled motion of the lighter and smaller
cations on a nearly resting anionic background. These molten alkali halide measurements are the first experi-
mental evidences for the so-called fast sound in a binary ionic liquid.
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After a lot of experimental and theoretical studies in thethe spectrd®’With inclusion of polarization effects, as was
field of collective dynamics of liquids a common understand-shown for molten Nal, indications for propagating density
ing of some effects seems to emerge. A variety of inelasticfluctuations were found as shoulders at the smallest attain-
scattering experiments have been carried out on so-calleable Q vectors'® This result was interpreted as the “liquid
simple liquids, as e.g., liquid {) alkali metal$~*or I-noble  state analogue of the longitudinal acoustic phonon in the
gases, but also on more complex systems like liquid ammo-melt.”
nia or o-therphenyl and in particular on wateBespite the The computer based studies motivated neutron-scattering
diverse nature of these liquids, the measured data revealed @®ups to investigate the ion dynamics in molten sktis a
one common feature a positive dispersion in Qv rela-  review see Ref. 19 However, all the experiments were sub-
tion of the collective modes, i.e., in the lowérrange, the ject to one serious constraint, the energy-momentum relation
frequencies of the short wavelength excitations increasef the neutron, which restricts the allowed regions of mo-
faster with rising momentum transfer than expected from thenentum and energy transfer. Hence most of the available
adiabatic speed of sound. This finding was interpreted as @xperimental data have been taken at momentum transfers
viscoelastic response of the liquid to high-frequencybeyond 10 nmt.2%2° No direct evidence of acousticlike
perturbations:® In I-alkali metals the excitations are clearly modes could be observed in the spectra due to a too short
separated from the quasielastic line and the positive dispelifetime of the modes and/or interference with optic-type
sion is found to be about 20%. In more complex substancesnodes. To avoid the difficulties associated with neutrons we
in particular water, shoulderlike excitations are observed irdecided to use high resolution inelastic x-ray scattering
the spectra and the ratio of the high-frequency mode velocityIXS) for our experiments. IXS has no kinematic restrictions
to the adiabatic speed of sound reaches a factor of more thdrence it allows to measure large energy transfers of the scat-
two.® tered photons even at lo@-values. In molten salts the pre-

Less is known about the dynamics of binary liquids.dicted optic and acoustic modes are well separated in the
Stimulated by molecular dynami¢MD) simulations a pre- low-Q range. For measurements of the microscopic dynam-
diction has been made that in binary liquids a “fast sound”ics in a molten salt this method has not yet been used, which
mode can exist The interpretation of this mode suggests amight be associated to the technical challenges with the de-
decoupled movement of the lighter subsystem on the heavieign of appropriate sample environments. The main problem
background at high frequencies. Neutron-scattering experis to keep the molten salt in a closed container which endures
ments on the simulated I\Pb liquid could not verify the the required high temperatures and resists the corrosive na-
appearance of this mode in a convincing marthéfOn the  ture of the sample. Here we report the direct observation of
other side measurements on noble gas mixtures have beanoustic modes in the dynamic scattering I18(Q, ) of a
interpreted in this view® Particular binary liquids are the molten salt. The measured results can be interpreted as the
molten salts and as prototypes of them the molten alkalfirst experimental evidences for the celebrate fast sound phe-
halides. From the viewpoint of complexity binary ionic lig- homenon in a molten alkali halide.
uids are between alkali metals and molecular liquids and The experiment was carried out at the inelastic beamline
much theoretical effort has been spent in this fiélt¥olten  ID28 of the European Synchrotron Radiation facility ESRF
salts were first investigated by molecular dynamics simulain Grenoble. X-rays were monochromatized to 17.794 keV
tions over 25 years ago by Hansen and McDorfaBesides  using the combination of a cryogenically cooled13il) pre-
the prediction of collective opticlike modes no indications monochromator and a main monochromator in extreme
for acousticlike excitations could be found in the spectrabackscattering geometf\5i(999), #=89.975°]. The energy
Later MD simulations took into account the different massesresolution of the spectrometer was determined from the scat-
but could also not reveal any sign of acousticlike modes irtering of a Plexiglas sample to 3.2 meWll width at half-
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FIG. 2. The fit results from the DHO fit of the spectra are shown
(squaresand the peak positions from the fit of the current functions
(triangles. Furthermore the widthE of the DHO fits are plotted in
the same scale. Results from MD simulations are depicted as circles
and the adiabatic sound velocity of molten NaCl as a line.

N == these modes lie far outside the interesting energy range and
-40 -20 0 20 40 do not influence the reported results. To extract the properties
energy transfer (meV) of the collective excitations the data were fitted to a model
function. We chose a Lorentzian for the quasielastic line and

F'.G' 1 S(Q, ) spectra normalized tG(.Q) are shown na g damped harmonic oscillatddHO) model for the inelastic
logarithmic scale. Experimental data are given by dots with error

bars, solid lines represent fits of the DHO model convoluted withexcmjltlons

the resolution function. The resolution function is shown as a
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maxima. Four analyzers were used simultaneously. The
I-NaCl sample was contained in a single crystal sapphire cefho andI'y are amplitude and half-widtthalf-width at half
with a wall thickness of 0.25 mm. The sample thickness wagnaxima of the central line and\, I', andw, are amplitude,
adjusted to about 1 mm, corresponding to the optimum ratiavidth, and frequency of the inelastic excitatidd.is related
of absorption to transmission for the used x-ray energy. Thavith w, by Q= \/wzp—l“z. The fitting procedure also in-
sample environment consisted of an internally heated vesseluded a convolution with the spectrometer resolution func-
equipped with Be windows which cover a scattering angletion which was represented by a Voigt function. For the fit
range up to 25°. High temperatures were generated with the Matlab based program packageriT” was used(ILL,
tungsten resistance heatéEmpty cell measurements were Grenoblg. The fitted DHO functions convoluted with the
carried out separately using the same cell at the same temesolution are included in Fig. 1. Clearly visible is the dis-
peraturg1170 K). S(Q,w) was measured at 1170(helting  persing character of the inelastic excitations. Furthermore
temperature of NaGt 1070 K) for 20 differentQ values be-  current spectra(Q, ») = »?l(Q, ) were calculated and the
tween 2 nm! and 29 nm!. In the interesting low- inelastic peak positions were determined. The results of both
momentum transfer region up to ten scans were performed it procedures are shown in Fig. 2. The error bars represent
obtain data with high statistical quality. three standard deviations of the respective fit error. Also
The empty cell contribution was subtracted from the datsshown are the widths of the inelastic excitatiofis The
using an appropriate absorption factor, which was calculatedidths are at least two to three times smaller than the exci-
from the sample thickness and which agrees well with thdation frequencies. This fact can be interpreted that propagat-
measured transmission of the sample. Data were normalizédg modes exist up to about 9 nrh At larger momentum
to the integrated intensity and a detailed balance correctiotransfer values the modes are overdampped and are probably
was carried out. As an example, four spectra are shown inverlaped by optic modes. For comparison the peak positions
Fig. 1 on a base 10 logarithmic scale. The acousticlike colfrom the current correlation functions are included. These
lective excitations are visible as shoulders. At larger energyalues are naturally shifted to slightly larger energy values
transfer some statistical noise remains, in particular, in theompared to the correspondiigfQ,») data. Also given in
spectra aR=4.68 nm ! andQ=5.85 nm ! resulting from  the figure are peak positions from current spectra of two MD
the sapphire phonons subtraction of the container. Howevesimulations:®'’ The agreement between our experimental
due to the high sound velocity in sapphire<{11000 m/s) data and the simulation results is surprisingly excellent, al-
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though no acousticlike excitations could be found directly in = molten NaCl
the S(Q,w) spectra of the MD simulations. The slope of the 32004 v liquid Na
line in Fig. 2 is given by the adiabatic sound velocity of 1 - - —c_ad of -NaCl
I-NaCl [c,q(NaCl)=1750 m/§ and represents the expected ] v 7 cinf of -NaCl
hydrodynamic dispersion of sound modé&.he peak posi- 2800 | " iv  § .
tions of the measured inelastic excitations lie clearly above
this line. Forl-NaCl our data indicate a positive dispersion of :
up to 70% compared to the adiabatic value.
The large value for the positive dispersion and the damp-g
ing of the modes seem to fit quite reasonably between the3 ] v
above mentioned results for the alkali metals with distinct * 20004 v &
inelastic modes and water with damped shoulderlike modes
and larger positive dispersion. For these liquids the upward F-----------
bending of the dispersion was explained within the frame- 1600 ; r
work of generalized hydrodynamics. In this theoretical ap- 0 2 4 6 8 10 12 1"
proach a transition from low-frequency dynamics with vis- Q (@m")
cous relaxation of the liquid to a high-frequency elastic _ -
response describes the positive dispersion. To test Whethﬁr CF::G 3|' ;hs _phaseb\{elci_clty fr_t:r:n ﬂ?e peafkl_poijltllgns_m mollt%n
the particle dynamics irNaCl can be understood within this i a1 1s plotied in combination with vaiues ot fiquid fva. he Sofl
view we have calculated the upper limit for the high- |_ne shows the calculgted hugh-frequen_cy S(.)und velome
frequency sound velocity.,(Q), which is related to the nor- —Ol) an’(\all t2|e dashed line shows the adiabatic sound velocity for
malized fourth frequency momehtn Ref. 16 a formula for moiten Nact
the fourth frequency moment of a binary ionic liquid is ties suggests that in the acousticlike excitationd-bdfaCl
given. We expanded this formula to te—0 limit and then  only the motion of the sodium subsystem is visible in the

we got the following expression, which is quite similar to the spectra. Such a phenomenon that one component is moving
one for monoatomic liquids: decoupled from the other component in a binary liquid was
already deduced from MD simulations on moltenRb and

Vmyame) 3kgT 3 )1’2 . called “fast sound.® It should be noted that the liquid

(m/s)
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4
4
|
——
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+ —wéoz Li,Pb was described in the simulations by a potential with an
Myat M p 10 ionic contribution. From the remarkable agreement between
the two dispersion relations we suppose that the fast sound
phenomenon is a possible explanation for our results. It
approximated by the mean nearest-neighbor distance b§€€MS 10 be that the mass difference between the ions cannot
e the essential part for this effect in molten alkali halides.

tween the ions in molten NaGt=0.28 nm?? For the Ein- Which orveical hanism behind this collect ;
stein frequencywg we used the results of an instantaneous Ich physical mechanism behind this collective movemen

normal mode analysis foNaCl2® The maximum of the may be and which role the necessity of ion polarization plays
derived frequency distribution is a reliable estimate for the!S @n open field fqr speculation, €.g., one can suppose that. the
Einstein frequency, as it was shown, e.g., for liquid®tas _Na ions are moving betv_veen I_areathmg shells_of the chlorine
an approximation we took the mean value of the two iong NS The necessity of mclusu_)n of ion polarization to de-
we=90+15 cm '=17+3x 10 s L. Using these values scribe the acigusuch!(e dyr_wam|c§ was already shown in the
case ofl-NaJ.® MD simulations with more advanced poten-

Eq. (2) gives a high-frequency mode velocity of, : ; : .
=2720 m/s, surprisingly near to our findings despite all thetlals than in the past could be quite helpful to unravel this

approximationgsee Fig. 3. Hence the observed positive dis- question.

persion inl-NaCl seems to be understandable as a viscoelas- "? conclus_lon we ha_ve shown that ifNaCl pro_pagatlng
tic effect of the liquid. This explanation has been appliedpartlcle density fluctuations could be observed directly in the

successfully to alkali metals and in particular to watén spectra. This result rules out the formerly often used rigid ion

this sense molten NaCl appears to be a typical liquid with mpote'ntlals for MD S|mu_lat|qns to describe appusﬂphke (.jy'
surprises. namics of molten alkali halides. A large positive dispersion

But we would like to point out a surprising feature of the was measured, which seems to be understandable in the con-

collective particle dynamics in molten NaCl. Figure 3 showsteXt of viscoelastic theory. _\_(et the col[eptlve dynamics of
the phase velocities of the acoustic modes calculated frorg‘mten NaCl shows an additional surprising feature that the

C.(Q—0)=

where u is the reduced masgg is the Boltzmann constant,
and T is the temperature. The hard sphere paraneetgas

the peak positions of our spectra. Also included is the phas isp_ersion_ is quite ;imilar to the c_orresponding excitatic+>ns in
velocity of the collective acoustic modes biNa close to lquid sod|u_m. An_ Interpretation Is proposec_j that the"Na
melting obtained from IXS measuremeft3he Q depen- subsystem IS moving independent on the anionic bfickgrounq
dence of both is surprisingly similar. At the lowe3tvalues at high frequencies. Our measurements are the first experi-

they depart and each one seems to converge towards ililgental evidences for the so-called fast sound in a binary

corresponding hydrodynamic sound velocityc,4(Na) ionic liquid.
=2500 m/s andc,4(NaCl)=1750 m/s. On the other hand,  This work was supported by the Deutsche Forschungsge-
the agreement between th&laCl and thd-Na phase veloci- meinschaftDFG).
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