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bstract

By means of inelastic X-ray scattering we measured the acoustic-type particle fluctuations in the molten alkali halide potassium chloride. From

nelastic excitations in the spectra we derived a dispersion relation, which shows a large positive dispersion effect with a phase velocity exceeding
he adiabatic value by about 50%. This frequency enhancement could be related to a more solid-like behaviour at high frequencies. Surprisingly,
he derived dispersion resembles the acoustic modes of the liquid metal potassium.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Molten salts are applied in many technologically relevant
reas. Traditionally they appear in electrochemical processes
s, e.g. in high temperature fuel cells. Nowadays further appli-
ations are emerging due to their interesting thermophysical
roperties, e.g. large range of the liquid state, high specific heat,
ow vapor pressure and high critical points. One application may
e the use of molten salts as fuel and coolant in a next generation
uclear reactor, the molten salt reactor, or the subsequent fission
roduct recycling [1]. Another use is the heating of molten salts
n solar power plants [2]. Mirrors collect the solar energy to a
eceiver tower where the molten salt stores the energy. The heat
an then be transferred to a water circuit for conventional power
roduction. The use of molten salt as storage medium guarantees
he availability of electrical power further on into times without
unshine. All these applications require as input thermody-
amic parameters, like specific heat and thermal conductivity.
he excitations and hence the density of states are the input
uantities for the specific heat. The lifetime of the excitations

s related to thermal conductivity and viscosity. We are here
oncerned with the microscopic origins of these thermodynamic
uantities.

∗ Corresponding author. Tel.: +44 1235 77 8283; fax: +44 1235 44 5720.
E-mail address: f.demmel@rl.ac.uk (F. Demmel).

w
T
h
m
f
u
m

925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2006.10.167
The study of binary ionic liquids and as prototypes of them,
he molten alkali halides, has a long tradition in theory and
imulation [3]. Molecular dynamics (MD) groups have early
nvestigated ionic liquids due to their simple attractive poten-
ial. From structural point of view coulomb liquids exhibit short
ange order due to the electrical charge, which shows an alter-
ation in charge of the successive coordination shells around a
entral ion. Neutron scattering experiments, applying isotopic
ubstitution, measured the partial structure factors [4] and the
erived pair distribution functions show maxima at changing dis-
ances up to a radius of about 12 Å [5]. This solid-like structural
rrangement is probably responsible for the peculiar dynamic
esponse, which resembles the solid state, too. One prominent
eature in the dynamics is the prediction of optic modes as was
hown in the pioneering computer simulation of a simple molten
alt by Hansen and McDonald more than 30 years ago [6]. On
he other side their data gave no hints for propagating acous-
ic modes, a result which was attained several times later on in

D-simulations [7,8]. With inclusion of ion polarization, as was
hown for NaI, indications for propagating density fluctuations
ere found as shoulders at the smallest attainable Q-vectors [9].
he fact that polarization might play a fundamental role in alkali
alide dynamics was already recognized after the first phonon

easurements with neutrons on alkali halide crystals [10]. The

ailure of the data description with lattice dynamical models
sing rigid-ion potentials has led to the introduction of the shell
odel [11]. In this model an electron cloud is harmonically

mailto:f.demmel@rl.ac.uk
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ound to the core and can be shifted against the core position.
he inclusion of ion polarization improved the lattice dynamical
alculations distinctly.

During the last decades investigations on collective dynamics
f liquids focussed mostly on elements, as, e.g. liquid metals (for
recent review see, e.g. [12]). The detected excitations can be
nderstood as high frequency propagating sound modes, due to
heir linear dispersion at small Q-vectors. The collective dynam-
cs of two component liquids was rarely experimentally studied
ntil now. One reason for this might be the wealth of information
ne gets in a single scattering experiment, which is often diffi-
ult or even impossible to separate into the individual interesting
omponents. The measured intensity of a two component liquid
an be expressed as a combination of three scattering functions.
n appropriate choice for the scattering functions in ionic liq-
ids is based on density and charge fluctuations. In this notation
he measured intensity I(Q, ω) is given in the following form
13]:

(Q, ω) ∝ (f+ + f−)2SNN (Q, ω) + (f 2
+ − f 2

−)SNQ(Q, ω)

+ (f+ − f−)2SQQ(Q, ω) (1)

NN (Q, ω) describes the particle density fluctuations and
QQ(Q, ω) is determined by charge fluctuations. The cross term
NQ(Q, ω) is for small Q-vectors a small quantity and can often
e neglected compared to the other two functions. The scatter-
ng function SNN (Q, ω) denotes the contribution for movements
f the ions in phase and is therefore related to acoustic modes.
QQ(Q, ω) contributes to the measured intensity, if the different
harged ions move out of phase and the excitations are called
ptic modes.

The prefactors in Eq. (1) are sums or differences of atomic
orm factors or in the neutron case the coherent scattering
engths. All three scattering functions normally contribute to the

easured signal. In neutron scattering one can choose different
sotopes in certain cases and change the prefactors to select a
articular scattering function. This method has been applied to
et partial structure factors and later also in the inelastic case
o search for optic or acoustic modes in molten salts [4,5]. For
nelastic X-ray scattering this possibility does not exist in gen-
ral, however, for alkali halides one can choose compositions
ike potassium chloride or sodium fluoride – neighboring ele-

ents – which have the same number of electrons per ion. Then
he second and third term in Eq. (1) cancel out and one mea-
ures the particle density fluctuations without disturbance of the
ther contributions over the whole momentum transfer range.
ue to the different size of the ions the atomic form factors
ecrease in a different way. For KCl the difference between the
+ and the Cl− form factors is less than 1.5 electron charges

or higher Q-vectors [14]. For inelastic measurements this dif-
erence can surely be neglected, because only the squared form
actors contribute to the intensity.

Neutron scattering groups have intensively investigated the

on dynamics in molten salts and searched for the expected
ptic modes (for a review see, e.g. [5]). However, inelastic
eutron scattering experiments are always restricted in the
inematic accessible range. Therefore, most of the available
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xperimental data were obtained at momentum transfers
eyond 10 nm−1[5,15]. No evidence of propagating acoustic-
ike modes could be observed in the spectra directly, because at
hese relatively large Q-values the lifetime of an acoustic mode

ight be already too short. However, at quite small momentum
ransfers Brillouin light scattering showed propagating acoustic

odes in the GHz regime with a sound velocity of 1600 m/s in
olten KCl [16]. This velocity is nearly unchanged compared to

he results of ultra sound methods [17]. Recently, we measured
olten NaCl with inelastic X-ray scattering and observed

coustic-like excitations directly in the spectra [18]. Inelastic
-ray scattering has no kinematic restrictions, hence it allows

o measure large energy transfers of the scattered photons
ven at small Q-values. Surprisingly, the derived dispersion of
olten NaCl resembled the dispersion of liquid sodium. The

uzzling question emerged whether there is a decoupling of ion
ynamics at high frequency. According to Eq. (1) in NaCl not
nly the acoustic-like fluctuations contribute to the signal but
lso the charge fluctuations, which complicates the assignment
f the different modes. Therefore, we chose a compound, where
ostly the acoustic-like term appears in the scattered intensity,

amely KCl.

. Experiment

The experiment was carried out at the inelastic beamline ID28 of the Euro-
ean Synchrotron Radiation Facility, ESRF, in Grenoble. X-rays were highly
onochromatized to 21.747 keV using the Si (11 11 11) reflection in near back

cattering. The incoming energy is changed by a thermal change of the lattice
arameter, which has to be achieved within a mK stability range. Five silicon
rystal assembles, using the same back scattering conditions, analyzed the scat-
ered radiation. The energy resolution of the spectrometer was determined from
he scattering of a Plexiglas sample to about 1.7 meV (full width at half height).
he sample was contained in a single crystal sapphire cell with a wall thick-
ess of 0.25 mm and a sample thickness of 0.5 mm was chosen. The sample
nvironment consisted of an internally heated vessel equipped with Be win-
ows. High temperatures were generated with a molybdenum resistance heater
ounted around the sample volume [19]. The construction has the inherent

dvantage that the salt is stored in a reservoir and can be kept solid during
he high temperature empty cell measurements. Upon melting the salt will be
ressed into the sample area with helium gas. No new installation and possible
hange in the position of the cell is necessary. A constant helium pressure of
bout 1–2 bar inside the autoclave is necessary during the measurements against
he vapor pressure of the molten salt. Empty cell measurements were carried out
eparately using the same cell at the same temperature T = 1070 K. For nine
ifferent Q-values between 2.6 and 14.4 nm−1S(Q, ω) spectra were measured
t 1070 K (melting temperature of KCl: Tmelt = 1049 K). In the interesting low
omentum transfer region, up to five scans with about 1 min per scan point

ave been performed. The typical energy step size was about 0.25 meV and the
overed energy transfers ranged from −40 to +40 meV. In Fig. 1 four spectra
re shown. In the plot with Q = 4 nm−1 the resolution function is included as
dashed line. The acoustic-like collective excitations are visible as shoulders

n the spectra. In the picture for the smallest Q-vector the sapphire phonons
rom the container contribution appear at large energy transfer. However, due
o the high sound velocity in sapphire (c ≈ 11, 000 m/s) these modes lie far
utside the analyzed energy range and do not influence the reported results.
he data have been symmetrized by multiplication with exp(−h̄ω/2kBT ). To
xtract the properties of the collective excitations from the measured intensity
he data were fitted to a model function. To describe the line shape of the liquid

e apply the so called viscoelastic model, which was already used in the early
D-simulations to describe the line shape [6]. The model can be derived from a

eneralized Langevin equation, where a constant friction coefficient is replaced
y a time dependent memory function. With the assumption of an exponen-
ial decay of the memory function one eventually gets the following functional
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solid-like. The acoustic modes propagate with a high frequency
velocity c∞(Q).

For monatomic systems the following ratio of the high fre-
quency sound velocity c∞ to the isothermal sound velocity cT
ig. 1. S(Q, ω) spectra of molten KCl are shown in a linear scale. The thick
easured resolution function is included as a dashed line. In addition, the fit mo

orm [20]:

(Q, ω) = S(Q)

π

(ω2
l − ω2

0)τ(Q)ω2
0

ω2τ2(Q)(ω2 − ω2
l )

2 + (ω2 − ω2
0)

2
(2)

Besides the structure factor S(Q) and the relaxation time τ(Q) there appear
wo further parameters: ω2

0(Q) and ω2
l (Q), which are both related to the fre-

uency moments of the dynamic structure factor. From this equation one can
educe: if high frequencies are probed compared to the inverse relaxation time
hen the poles of the denominator are given by ω2

l , which then defines the
ispersion relation. The fitting procedure included a convolution with the spec-
rometer resolution function which was represented by a PseudoVoigt-function.

constant background of 0.8 in the scale of Fig. 1, deduced from the empty
ell measurements, has been included into the fit procedure. The fit range was
estricted to energy values without disturbance by the acoustic sapphire phonons.

. Results and discussion

Results of the fits are shown in Fig. 2 for the frequencies
l(Q) (squares) and for the relaxation time τ(Q) (triangles).
he slope of the line in Fig. 2 represents the expected hydro-
ynamic dispersion of sound modes with the adiabatic sound
elocity cad(KCl) = 1600 m/s [17]. The derived ωl(Q) values
ie clearly above this line. We obtain a maximum of the phase
elocity c = ωlQ of 2350 m/s at Q = 4.0 nm−1, which corre-
ponds to an increase of the velocity of 50%. There is a strong
nhancement of the frequencies which indicates a more solid-
ike behavior in the probed THz range. From light Brillouin

cattering measurements one can conclude that up to GHz fre-
uencies no enhancement has occurred [16].

A higher propagation velocity with rising momentum
ransfers was observed in many liquids and is called positive

F
T
v

the fit of the model function to the data. In the spectrum of Q = 4 nm−1the
unctions convoluted with the spectrometer resolution are plotted.

ispersion. For example, in liquid alkali metals a positive
ispersion of about 15–20% was observed. This enhancement
n frequency has been related to a viscoelastic reaction of the
iquid [20]. A transition from low frequency dynamics with
iscous relaxation of the liquid to a high frequency elastic
esponse describes the dynamics. At low frequencies the
elaxations in the liquid can follow the density fluctuations
nd the sound waves propagate with the adiabatic sound
elocity. For high frequencies the liquid can no more relax
hen the excitations pass by and the liquid response becomes
ig. 2. Fit results are shown as squares for the excitation frequencies ωl(Q).
he relaxation time τ(Q) is plotted in addition (triangles). The adiabatic sound
elocity of molten KCl is shown as a line.



1 s and Compounds 452 (2008) 143–148

w

T
r
i
σ

a
a
i
i
2
ω

m
t
o
i
R
o
i
w
c

i
t
n
m
i
b
f
m
a
c

l
t
f
o
d
t

τ

F
W
v
o
T
η

H
t
f
t
i
r
l

F
t

a
a

t
a
m
b
[
t
o
a
2
o
a
t
r
c
c
r
r

(
fl
i
c
p
n
d
s
w
s
c
a
b
e
t

46 F. Demmel et al. / Journal of Alloy

as derived for the limit of small Q-vectors [20]:

c2∞
c2

T

= 0.3 nm KTω2
Eσ2 (3)

his ratio describes the enhancement of the frequencies and
elates them to a macroscopic quantity, the isothermal compress-
bility KT, and microscopic quantities, the hard core parameter

and the Einstein frequency ωE. We apply this equation to
binary liquid assuming that the similarity in masses will

llow us to describe the particle density fluctuations alike as
n a monatomic liquid. In Eq. (3) the isothermal compress-
bility KT = 38.4 × 10−11 m2/N [17], the particle density n =
.4 × 1022 cm−3, the particle mass m, the Einstein frequency
E and the hard sphere parameter σ = 3.1 Å [17] appear. As the
asses are very similar we use the average mass of both par-

icles. The Einstein frequency is a mean oscillation frequency
f a particle in its potential, which is nearly the center of grav-
ty of the density of states. From a normal mode analysis of
ibeiro and Madden on molten alkali halides we deduce a value
f ωE ≈ 10 meV for KCl [21]. From the adiabatic sound veloc-
ty we calculate the isothermal velocity cT = cad/γ = 1350 m/s
ith the specific heat ratio γ = Cp/CV = 1.4 [17] for KCl. For

∞ = 2350 m/s we choose the largest measured phase veloc-
ty. Then, for the ratio of the velocities we get 3.03 and for
he RHS of Eq. (3) we obtain 3.7. Although the agreement is
ot good, there is a trend that the frequency enhancement in
olten salts could be understood as a viscoelastic reaction, as

t was shown for many other liquids. This result was obtained
y applying the formalism for the monatomic case. A more pro-
ound calculation for binary liquids using the fourth frequency
oments, which are based on partial pair distribution functions

nd derivatives of the potential, is necessary to substantiate this
onclusion.

From the fitted relaxation times τ(Q) we are able to extrapo-
ate the viscosity. The damping of the sound modes is related to
he quantity (ω2

l − ω2
0)τ in the limit of small momentum trans-

ers in the viscoelastic model. In hydrodynamics the damping
f excitations is determined by the viscosity and thermal con-
uctivity. Combining both under the assumption of negligible
emperature fluctuations delivers the following relation [20]:

= 1

ρ

(4/3)ηS + ηB

c2∞ − c2
T

(4)

rom Fig. 2 we extrapolate τ = 0.2 ps in the limit Q → 0.
ith the mass density ρ, the measured high frequency sound

elocity c∞ = 2350 m/s and the isothermal velocity cT we
btain a longitudinal viscosity ηl = (4/3)ηS + ηB = 1.2 mPa s.
he shear viscosity, obtained from macroscopic methods, is
S = 1.38 mPa s and the bulk viscosity is ηB = 24.0 mPa s [17].
ence, this extrapolation fails by more than one order of magni-

ude to deliver the macroscopic viscosity value. To explain this
ailure, one could conclude that either the extrapolation from

his microscopic model is not applicable or the bulk viscos-
ty vanishes with rising Q-vector and only the shear viscosity
emains for relaxation and damping of the modes on microscopic
ength scales. A similar large disagreement between microscopic

o
s
N
t

ig. 3. The dispersion of molten KCl is plotted (squares) in combination with
he dispersion of liquid potassium (circles) [23].

nd macroscopic viscosities was obtained by analyzing molten
luminium oxide data [22].

Although the acoustic-type dispersion in molten KCL seems
o be describable within the viscoelastic model, in Fig. 3 we show

surprising experimental fact. The dispersion of the acoustic
odes of molten KCl from the ωl(Q) values is plotted com-

ined with the dispersion of the liquid alkali metal potassium
23]. The liquid potassium data have been measured by neu-
ron scattering and have been analyzed with a damped harmonic
scillator model. The agreement between both dispersions is
stonishing. For liquid potassium a maximum phase velocity of
360 ± 80 m/s was reported, a value which is within error bars of
ur results for molten KCl. A similar agreement we observed in
study on molten NaCl, where the dispersion of the salt is near

o the dispersion of liquid sodium [18]. In NaCl the scattered
adiation is also sensitive to charge density fluctuations, which
an influence the dispersion at large Q-vectors. In KCl the syn-
hrotron radiation is only sensitive to density fluctuations and
ules out influences of high frequency optic-type modes as a
eason for the shift to higher frequencies.

To get more insight we calculate current spectra j(Q, ω) =
ω2/Q2)I(Q, ω) from intensity spectra. Currents describe the
ow of the particles and show always an inelastic peak, which

s not necessarily related to a propagating mode. In Fig. 4 four
urrent spectra are depicted. Clearly visible is the main inelastic
eak which disperses with rising momentum transfer. This one is
ear to the observed ωl dispersion in the spectra of I(Q, ω) and
ue to the multiplication with ω2 shifted to larger frequencies. At
mall frequencies a second shoulder is observable, which shifts
ith rising Q, but less. Abramo et al. calculated partial dynamic

tructure factors within a memory function approach [24]. The
alculations have been performed only for quite large Q-vectors
nd as input, data from a rigid-ion potential simulation have
een used. They obtained partial current spectra for the differ-
nt ions which look very similar to our measurements. Herein
he low frequency shoulder already appears for a single ion and

ne would assign the two contributions in our measured current
pectra always to both ion. A more recent MD-simulation on
aCl, based once more on a rigid-ion model and analyzed by

he socalled generalized collective modes approach, concluded
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ig. 4. Current spectra of four momentum transfers are shown. The thick arrows
ndicate the main inelastic peak and the thin arrows the shoulder at smaller
requencies.

hat a separation of ion dynamics occurs for momentum transfers
nly beyond Q = 17 nm−1[25]. With a larger mass difference
his value moved to much smaller momentum transfers. These
esults indicate that a separation in ion dynamics at high frequen-
ies does not occur at the exploited small momentum transfers.

All these simulation results have been obtained applying
igid-ion models. It has been demonstrated, that the polarizabil-
ty of the ions influences the diffusive motion by an enhanced
iffusivity of the cations [26], hence, one could suppose a dis-
inct effect on the collective particle motion, too. The influence
f polarization was already recognized long time ago in phonon
tudies on alkali halide crystals [10]. To explain the similarity
n the dispersion relation between liquid KCl and liquid K one
ould speculate about a plasmon-type mode of the cations on
uniform anion background mediated by the polarized elec-

ron clouds of the anions. Whether inclusion of polarization
ould deliver a new picture on the high frequency collective

on dynamics is a question to MD-simulations with advanced
otentials.
. Conclusion

We measured the collective particle dynamics of molten
otassium chloride with inelastic X-ray scattering. This com-

[

[
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osition is only sensitive to particle density fluctuations, which
acilitates the analysis of the obtained spectra. We observed
coustic-type modes directly visible in the intensity spectra. A
arge positive dispersion was deduced from the data. The amount
f frequency enhancement above the hydrodynamic expected
alues could be related within generalized hydrodynamics to
viscoelastic and therefore more solid-like behaviour of the
olten salt at high frequencies. The extrapolated viscosity value

s an order of magnitude smaller than the macroscopic value,
hich indicates a failure in the applicability of this model to

xtract macroscopic transport parameters. Surprisingly, the dis-
ersion of the acoustic modes shows a strong similarity with the
orresponding excitations in liquid potassium at high frequen-
ies. This unexplained fact could suggest, that the high frequency
ound mode might be understood as a plasmon-like motion of
he cations on an anion background interfered by ion polarizabil-
ty. A test from the experimental point of view could be to study
composition with strongly reduced influences of polarization,
.g. sodium fluoride.

cknowledgments

This work was supported by the Deutsche Forschungsge-
einschaft (DFG). We gratefully acknowledge L. Bove for

roviding us with the liquid potassium dispersion. H. Requardt
nd R. Verbeni we thank for the help during the course of the
xperiment at the ESRF.

eferences

[1] T.R. Griffiths, V.A. Volkovich, S.M. Yakimov, I. May, C.A. Sharrad, J.M.
Charnock, J. Alloys Compd. 418 (2006) 116.

[2] www.solarpaces.org/solar tower.pdf.
[3] M. Rovere, M.P. Tosi, Rep. Prog. Phys. 49 (1986) 1001.
[4] F.G. Edwards, J.E. Enderby, R.A. Howe, D.I. Page, J. Phys. C8 (1975)

3483;
J.Y. Derrien, J. Dupuy, J. Phys. 36 (1975) 191.

[5] R.L. McGreevy, Solid State Phys. 40 (1987) 247.
[6] J.P. Hansen, I.R. McDonald, Phys. Rev. A 11 (1975) 2111.
[7] E.M. Adams, I.R. McDonald, K. Singer, Proc. R. Soc. London A 357 (1977)

37.
[8] G. Ciccotti, G. Jacucci, I.R. McDonald, Phys. Rev. A 13 (1976) 426.
[9] M. Dixon, Philos. Mag. B 47 (1983) 531.
10] R.A. Cowley, W. Cochran, B.N. Brockhouse, A.D.B. Woods, Phys. Rev.

131 (1963) 1030.
11] B.G. Dick, A.W. Overhauser, Phys. Rev. 112 (1958) 90.
12] T. Scopigno, G. Ruocco, F. Sette, Rev. Mod. Phys. 77 (2005) 881.
13] J.P. Hansen, I. McDonald, Theory of Simple Liquids, Academic Press,

London, 1986.
14] A.J.C. Wilson (Ed.), International Tables for Crystallography, vol. C,

Kluwer Academic Publishers, Dordrecht, 1999.
15] D.L. Price, J.R.D. Copley, Phys. Rev. A 11 (1975) 2124.
16] S.L. Qiu, R.A.J. Bunten, M. Dutta, E.W.J. Mitchell, H.Z. Cummins, Phys.

Rev. B 31 (1985) 2456.
17] G.J. Janz, Molten Salt Handbook, Academic Press, New York,

1967.
18] F. Demmel, S. Hosokawa, M. Lorenzen, W.C. Pilgrim, Phys. Rev. B 69
19] K. Tamura, M. Inui, S. Hosokawa, Rev. Sci. Instrum. 70 (1999)
144.

20] U. Balucani, M. Zoppi, Dynamics of the Liquid State, Clarendon Press,
Oxford, 1994.

http://www.solarpaces.org/solar_tower.pdf


1 s and

[
[

[

48 F. Demmel et al. / Journal of Alloy
21] M.C. Ribeiro, P.A. Madden, J. Chem. Phys. 106 (1997) 8616.
22] H. Sinn, B. Glorieux, L. Hennet, A. Alatas, M. Hu, E.E. Alp, F.J. Bermejo,

D.L. Price, M.L. Saboungi, Science 299 (2003) 2047.
23] L.E. Bove, B. Dorner, C. Petrillo, F. Sacchetti, J.B. Suck, Phys. Rev. B 68

(2003) 024208.

[
[
[

Compounds 452 (2008) 143–148
24] M.C. Abramo, M. Parrinello, M.P. Tosi, J. Phys. C 7 (1974) 4201.
25] T. Bryk, I. Mryglod, Phys. Rev. B 71 (2005) 132202.
26] G. Jacucci, I.R. McDonald, A. Rahman, Phys. Rev. A 13 (1976)

1581.


	Collective particle motions in molten KCl
	Introduction
	Experiment
	Results and discussion
	Conclusion
	Acknowledgments
	References


