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The collective dynamics of ions in pure LiCl and LiCl-CsCl mixture melts has been investigated by use
of molecular-dynamics calculations. Special attention was focused on the Brillouin peaks in variously
defined dynamic structure factors S(k,w). Phonon propagation was observed both in charge-charge and
mass-mass density fluctuations in the melts, the former showing an optic-type dispersion curve and the
latter an acoustic one. In particular, for the charge-charge density fluctuation, two different types of
phonon modes certainly exist in the pure LiCl melt, and three in the LiCl-CsCl mixture melt; these
modes are presumably based on more than one kind of state of the ionic motion in the melts. This
phenomenon seems to be caused by a combination of the constituent small, light ions with the large,

heavy ones in the melts.

I. INTRODUCTION

Molecular-dynamics (MD) simulation, together with
inelastic-neutron-scattering measurement, has been one
of the most useful tools in the investigation of collective
dynamics in classical liquids. One of the most interesting
findings is that phonon wave propagation, which is wide-
ly observed in crystals, also exists even in the disordered
liquid phase. In these studies, variously defined dynamic
structure factors S (k,w) as well as power spectra of lon-
gitudinal and transverse current fluctuations have been
examined in detail. In particular, interest has been fo-
cused on a Brillouin peak at nonzero frequencies in
S (k,0). For liquids of neutral particles, for example, a
number of MD calculations,!™® inelastic-neutron-
scattering measurements,’” !> and theoretical studies'>!*
have been carried out, in which a Brillouin peak showing
an acoustic dispersion relation was observed in all except
one single case, that of inert-gas-particle liquids.” 12

Ionic liquids are more interesting. After the publica-
tion of the MD work on one-component plasmas by Han-
sen, McDonald, and Pollock!® various investigations have
been performed on molten salts composed of positive and
negative ions, including MD calculations'®~?° and inelas-
tic neutron diffraction.?!”%" Studies on solid electro-
lytes?®?® may properly be considered to belong to the
same category of these investigations. The findings of
these studies on molten salts can be summarized as fol-
lows: (i) MD results of the dynamic structure factors as
defined by the charge-charge and mass-mass density
correlation functions [Sqc(k,w) and Sy (k,w), respec-
tively, the basis functions of the ideal coupled oscilla-
tions] show that Soc(k,w) has a distinct Brillouin peak
with an optic dispersion relation, although the latter does
not present such a peak !¢~ 1520 except for SrCl, in which
an acoustic dispersion curve was observed.' (ii) Total
neutron weighted dynamic structure factors S;(k,w) ob-
tained from the inelastic-neutron-scattering measurement
do not show a Brillouin peak but only one quasielastic
peak at ©=0 cm ! over the k range accessible to the ex-
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periments. (iii) Based on the isotopic substitution
method, the experimental total dynamic structure factors
can be, in principle, decomposed into partial dynamic
structure factors similar to the above Scc(k,w) and
Syum(k,»). Each of the corresponding neutron weighted
power spectra of longitudinal current fluctuation
Ceclk,w) and Cypy,(k,w)—instead of Scc(k,w) and
Sy (k,0)— was examined and found to have a Brillouin
peak, with somewhat complicated dispersion relations.
(iv) All the Brillouin peaks observed so far are single,
which indicates that there is only one single collective
mode in the melts.

However, the total number of these investigations is
rather small: To our knowledge, only four MD investiga-
tions for molten salts, i.e., for Nal, RbBr, NaCl, and
SrCl,, have been reported. Thus, the above summary
may be based on no more than one limited aspect of the
collective dynamics of ionic liquids. Hence, fundamental
studies must be applied to other salts to understand the
collective properties of these liquids.

The most important and basic physical quantity that
affects the ion dynamics is the mass of the ions and the
interionic interaction. In the present study, interest was
focused on the Lit ion, which is the lightest as well as
the smallest metal ion, the smallest dimension causing the
strongest interaction with counter anions. However, the
MD ionic systems reported so far consist of relatively
large, heavy cations and anions, while one of the present
systems (pure LiCl) is composed of small, light Li* ions
and large, heavy Cl~ ions and another (LiCl-CsCl) has
the considerably heavier and larger Cs™ ions in addition
to the other two. In both systems, the Li* ions were
found in the interstitial region between the skeleton
structure formed by the Cl~ ions, the space being larger
in the case of the LiCl-CsCl mixture than in the pure
LiCl melt. In such liquids, the lighter and smaller ions
have shown remarkable one-particle dynamics with oscil-
lating character.’%3! It is thus interesting to study the
collective motions, i.e., propagation of phonons, in
liquids that include small, light cations surrounded by
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large, heavy counteranions.

For pure LiCl melt, an inelastic-neutron-scattering
measurement was reported by Pusztai and McGreevy,”’
in which the isotopic substitution method was used to
decompose spectra of the total longitudinal current
correlation function Cg(k,w) to the partial ones,
Ceclk,0) and Cypy(k,w). However, there was little dis-
cussion of the corresponding partial structure factors
Scclk,w) and Sy, (k, ), which are more interesting and
informative. Furthermore, owing to experimental restric-
tions, their (k,w) space is so limited that a clear discus-
sion of the dispersion relation was difficult. In the
present study, very long MD runs for both pure LiCl
melt and LiCl-CsCl mixture melt were performed to ob-
tain sufficient data for greater precision of the calculated
dynamic structure factors. Our (k,w) region was wider
than that used by McGreevy and co-workers; in particu-
lar, S (k,w) at high frequencies @ and at small wave num-
bers k was examined.

After the following brief description of the MD calcu-
lations, definitions of the calculated standard statistical
mechanical functions, which represent dynamics in col-
lective modes, are presented. In Sec. III, one-particle dy-
namics of Li" ions as well as the collective motions of the
melts is reported.

II. CALCULATIONS

Molecular-dynamics simulations were performed for
pure LiCl and LiCl-CsCl mixture melts. There were 256
Li* and 256 Cl1~ ions in the cubic cell for the pure salt
and 26 Li™, 230 Cs™, and 256 Cl~ ions for the mixture,
the concentration of LiCl in the latter being approximate-
ly 10 mol %. In each system, the cell edge length L was
evaluated from the experimental density,” i.e., 23.11 A
and 29.13 A, respectively. The interionic potentials used
were of the usual Born-Huggins-Mayer form. The poten-
tial parameters given by Tosi and Fumi** and by Dixon
and Gillan* were adopted for LiCl and CsCl systems, re-
spectively. The cross parameters for the mixture were
determined using the combining rule proposed by Larsen,
Férland, and Singer.*> Coulombic forces were computed
by the Ewald method. The equation of motion was nu-
merically integrated by the predictor-corrector algorithm
with the NEV ensemble under periodic boundary condi-
tions. The time step was chosen to be 2 fs, which provid-
ed sufficient conservation of the total energy through the
present long MD runs. After the system reached equilib-
rium, runs of 1.4X10° and 2.4%10° MD steps, corre-
sponding to 280 ps and 480 ps, were carried out for the
pure and mixture melts, respectively, which gave satisfac-
tory statistics for evaluation of various collective func-
tions. The mean temperatures of the pure and mixture
melts were 956 K and 963 K, respectively. This enables
us to compare the calculated neutron weighted total stat-
ic structure factor with the experimental one recently
measured by us at 973 K, which will appear in a separate
paper.

As usual, Fourier transformation of the fluctuating
density of ions of species a is given by

t)= 3 explik-r;(1)], (1)
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where r;(¢) denotes the position of the ion j at time 7 and
the summation was performed only over the species a.
The total densities of charge and mass can then be ex-
pressed in terms of the partial density as

pelk,t)= 3 z.pk,t), (2)
wk )= mpk,t), (3)
where z, and m, are the charge and mass of ions of

species a, respectively. The time correlation function of
P k,t) represents an intermediate partial structure fac-
tor F(k,t); for example, for a Li-Li pair

FLiLi(k,t)=Nfil(pLi(k,t)pLi(—k,OH . (4)

In a similar way, autocorrelation functions for the fluc-
tuating charge and mass densities are represented by

k,0)) , (5)
—k,0)) . (6)

FCC(k t l(pc k t)pc(

Fan(k,1)=N " pp (k1 )p

Then partial dynamic structure factors are calculated by
the numerical Fourier transformation of these functions,
for example, as

Sptk,@)=m) ! [ Fry(k,texp(—iot)dt , ()

and the charge-charge and mass-mass dynamic structure
factors are given by

Scelk,0)= v)'lfFCC(k,t)exp(-iwt dt (8)

Sumk,o) f wm (K, texp(—iwt)dt . 9
Since, for isotropic liquids, these functions are indepen-
dent of the direction of wave vector k and depend only on
the magnitude, they were averaged over all wave vectors
having the same |k| value. In the calculation, the wave
number k = |k| was given the discrete values,

k=2m(n,,n,,n,)/L , (10)

where n,, n,, and n, are integers in accordance with the
periodic nature of our MD systems. The selected k
values were 0.3845, 0.6079, 0.8156, 1.0173, 1.1851,
1.4127, 1.6085, 1.9979, 2.1920, 2.9907, and 5.9814 A !
for LiCl pure melt and 0.3736, 0.6101, 0.8071, 0.9884,
1.1814, 1.3979, 1.6141, 1.8046, 1.9886, 2.1997, 2.9965,
and 5.9931 A ! for LiCl-CsCl mixture melt.

Trajectory data were divided into 10 and 17 subsets
without any overlap along time for pure and mixture
melts, respectively, each of which consisted of 7 000 steps
of ion trajectories at every 4 fs. Collective autocorrela-
tion functions such as intermediate structure factors were
calculated for each subset by taking each step as the time
origin. The functions were averaged over all the time ori-
gins and all the wave vectors k with the same wave num-
ber k =|k|. The fluctuation of the calculated functions
among these subsets was small. Each subset must be long
enough to be statistically independent of each other be-
cause the duration time of the subset (28 ps) was so long
that the correlation functions well converged to zero.
The functions which appear in the following figures are
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averaged over these subsets and presented only for the
first 0.8 or 3.0 ps. One subset was long enough to obtain
also the single-particle autocorrelation functions with
sufficient statistics because these were averaged over hun-
dreds of particles. Thus, velocity autocorrelation func-
tions and mean-square displacements were evaluated
from only one arbitrarily chosen subset of trajectories for
pure and mixture melt. The sampling number was, for
example, 701250 for F (k,t) of mixture melt at t =0.5 ps
and at k~0.4 A ~!, and 1600000 for [Ar(t)]* of CI~
ions at ¢t =3 ps.

III. RESULTS AND DISCUSSION

A. Single-particle motions

The mean-square displacement of the ions as a function
of time is shown in Fig. 1(a) and 1(b) for pure LiCl and
LiCl-CsCl mixture melts, respectively. The resulting
self-diffusion coefficients Dg are 9.39X107° and
6.52X107° m?s ™! for Li* and Cl™ ions in the pure melt,
respectively, and 2.33X107°% 2.83X107° and
3.07%107° m?s™! for Li*, Cs*, and Cl1™ ions in the
mixture melt, respectively. It is clear that, in the pure
salt, the Dg value of the Li* ion is larger than that of the
Cl™ ion. This can be easily understood as the mass
difference of the ions, i.e., 1.15X1072% and 5.89 X 10726
kg for Li* and CI-, respectively. In the mixture melt,
however, the order is reversed. The Dg value of the Lit
ion in the mixture is considerably smaller than that of
Li* in the pure melt and still smaller than that of Cs™ in
the mixture, which is the heaviest ion among the constit-
uents, i.e., 22.07X1072% kg. It is interesting that the
translational motion of the Li™ ion is much less diffuse in
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FIG. 1. Mean-square displacement [Ar(¢)]? for Li* ( ),
Cl (———),and Cs* (—-—-—- ) ions in (a) pure LiCl melt
and (b) LiCl-CsCl mixture melt.
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the mixture than in the pure melt. In fact, the first peak
height of the partial radial distribution functions g ;¢ (7)
from the present MD calculations in the mixture was 8.8,
which is much higher than the value, 3.8, in the pure
melt. This clearly reveals, from a structural point of
view, that the Li* ion is strongly localized around the
counteranion, which supports the less-diffuse behavior of
the Li* ion. These suggestions correspond well with the
ionic mobilities in the melts.>¢

Figure 2 presents the velocity autocorrelation func-
tions z(¢). In each system, the value for Li" ions exhibit
marked oscillations in time, which must originate from
the small mass of Li* ions in combination with the large
mass of Cl~ ions. Furthermore, the oscillation in the
mixture possesses a larger amplitude and persists for a
longer time than in the pure salt. This reveals that the
translational motions of Li* and C1™ ions show a more
oscillatory character, which may be closely related to the
result that the self-diffusion coefficients of Li™ and C1~
ions in the mixture are smaller than in the pure salt. The
power spectra z(w) of the velocity autocorrelation func-
tion z (¢) are presented in Fig. 3. In the pure salt, the fre-
quency for the Li* ion is distributed over a wide range,
where two peaks appeared at about w=252 and 409
cm™!. These two peaks represent two vibrational modes
of the translational motion of Lit ion, whose origin,
however, is not clear in the present stage of this analysis.
The function of the Cl™ ion consists of a prominent peak
at ®=64 cm !, which is considerably lower than those of
the Li* ion. The behavior of the spectra of these two
ions is very different from each other, which implies that
the libration of C1™~ ions of this frequency is not particu-
larly correlated with that of Li™ ions. However, it must
be noted that the long tail of the spectrum for the Cl1™
ion is found in the higher-frequency region, i.e., 300-500
cm ™!, which represents some, although very small, corre-
lation with the motion of the Li* ion.

With regard to z (w) of the Li" ion in the mixture, the

distribution at the lower frequencies, i.e., 0-200 cm™ !,
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FIG. 2. Velocity autocorrelation function z(¢) for Li*
( ), CI~ (—— —), and Cs* (—.—.—. ) ions in (a) pure
LiCl melt and (b) LiCl-CsCl mixture melt.
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FIG. 3. Power spectrum z(w) of velocity autocorrelation
function for Li* (——), CI” (— — —), and Cs* (—-—-—. )
ions in (a) pure LiCl melt and (b) LiCI-CsCl mixture melt.

decreases compared with that in the pure salt, while the
distribution at higher frequencies, i.e., 200-450 cm ! in-
creases, resulting in the more pronounced peaks at
©=276 and 353 cm~!. The difference in the two peak
positions is smaller in the mixture. The high-frequency
tail for the C1~ ion diminishes to some extent in the mix-
ture, where the concentration of Lit ions is small. This
suggests that the tail represents the correlated motion of
Cl~ ions with Li* ions.

B. Intermediate structure factors

The intermediate structure factors F-(k,t) and
Fy(k,t) of the pure LiCl melt are presented in Fig. 4 for
selected k values. Remarkable oscillation is found for
Fcc(k,t) at small k, the period of which becomes longer
with increasing k. This implies the presence of a longitu-
dinal optic (LO) mode in this melt. LO modes in charge-
charge density fluctuation have already been found wide-
ly in other systems mainly by MD calculations'®~2° and
will be discussed in detail in the following subsection.
The oscillatory character diminishes with increasing k
values and entirely disappears when k =1.6 A7 fol-
lowed by a smooth exponential-like decay whose rate de-
creases as k increases to 2.0 A ~!, and then increases.
The minimum rate corresponds to the first peak position
in the static structure factor S (k). This phenomenon in
the time domain corresponds to the de Gennes narrowing
found in the frequency domain.’

On the other hand, Fy,,(k,t) shows considerably
different behavior. It decays smoothly and the rate as a
function of k clearly shows the same de Gennes narrow-
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FIG. 4. Charge-charge ( ) and mass-mass (— — —) in-
termediate structure factors Fcc(k,t) and Fyy,(k,t), respective-
ly, as a function of ¢ at selected wave numbers k for pure LiCl
melt.

ing. However, it is noteworthy that some oscillation with
very small amplitude 1is superimposed on the
exponential-like decay, being clearly observed for k =0.4,
0.6 and 0.8 A ™! with the frequency becoming larger with
increasing k. This indicates an acoustic-type dispersion,
a longitudinal acoustic (LA) mode in the mass-mass den-
sity fluctuation. A phonon of this type has not hitherto
been reported in other molten alkali halide systems. This
may arise because the mass as well as the size of the Li*
ion is considerably smaller than the other ions studied so
far. The oscillation is, however, no longer detecotable
even at k>1.0 A 1, long before reaching 2.0 A ~ 1,
which corresponds to the nearest-neighbor distance. This
contrasts with LA mode in one-component plasmas.'*
The number density fluctuation of the Li* ion,
Fyii(k,t), presented in Fig. 5, shows a qualitatively simi-
lar behavior to that of Fyy,(k,t). A very small oscillation
was found on the exponential-like decay when k =1.2
A1, although it disappeared for larger k values. The
period of the oscillation, however, is considerably shorter
than that of F,,,(k,?) and almost the same as Fqc(k,1).
For the LiCl-CsCl melt, the number density autocorre-
lation functions of the Li* ion Fy;;;(k,?) are also shown
in Fig. 5, and the charge-charge and mass-mass density
autocorrelation functions Fc(k,t) and F),,(k,t), respec-
tively, in Fig. 6. These functions for the mixture are
similar to those for the pure melt, but with two remark-
able differences in the Fc(k,t)’s at small k. The first is
concerned with the oscillatory character, for which a
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much longer period and a smaller amplitude were ob-
served. The other is the slowly converging smooth decay
which forms a baseline of the oscillation. The function
for the mixture possesses a long tail even at small k
values, while that for the pure melt converges strongly,
oscillating around the zero value, and are discussed later.

With regard to the number density autocorrelation
functions, both F(k,t) and Fe(k,t) show a similar
behavior to Fy;;;(k,?) in the pure salt and in the mixture:
a steady decay with a small amplitude oscillation on it,
the decay rate and oscillation frequency differing with the
mass.

C. Dynamic structure factors

The dynamic structure factors S (k,w) were evaluated
from the numerical Fourier transformation of F(k,t).
Since the Riemann window was used to avoid a large
truncation ripple caused by the slow convergence of
F(k,t), some artificial broadening of the peaks could
have occurred. However, it would not influence the peak
positions of the spectra, presented in Figs. 7-9. In the
pure LiCl salt (Fig. 7), when k=~0.4 A ~', only one in-
tense peak was observed at ® =467 cm~'. With increas-
ing k, this peaks shifts toward the lower w and becomes
broader, and merges into the quasielastic peak when

FIG. 5. Intermediate partial structure factor Fy;;(k,t) asa  k=~1.8 A~'. The peak position is plotted in Fig. 10,
function of ¢ at selected wave numbers k for pure LiCl melt which clearly shows a negative odispersion, having a finite
( ) and LiCl-CsCl mixture melt (— — —). frequency of the limit k—0 A~!. Such an optic-type
dispersion as this has been often reported in other papers
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FIG. 6. Charge-charge ( ) and mass-mass (— — —) in-
termediate structure factors Fcc(k,t) and Fyy,(k,t), respective- FIG. 7. Charge-charge (——) and mass-mass (— — —)
ly, as a function of ¢ at selected wave numbers k for LiCl-CsCl structure factors Scc(k,w) and Sy (k,), respectively, as a

mixture melt. function of w at selected wave numbers k for pure LiCl melt.
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FIG. 8. Partial structure factor Sy;.i(k,w) as a function of w
at selected wave numbers k for pure LiCl melt (——) and
LiCl-CsCl mixture melt (— — —).

S(k,0) (ps)

FIG. 9. Charge-charge (——) and mass-mass (— — —)
structure factors Scc(k,w) and Sy, (k,0), respectively, as a
function of w at selected wave numbers k for LiCl-CsCl mixture
melt.
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FIG. 10. Dispersion curve for (a) charge-charge density fluc-
tuation and (b) number density fluctuations in pure LiCl melt.
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on MD simulations of molten salts.’®"2° However, it is
remarkable that two distinct peaks were found at © =225
and 313 cm ! when k=~1.0 A ~! as shown in Fig. 7 and
that, at the same time, two lines can be drawn for the
dispersion plot of S¢-(k,) in Fig. 10. These reveal that
two different types of LO modes coexist in the pure melt,
one of which propagates over the range of small wave
numbers, i.e., 0<k <1.0 A ! and the other over larger
wave numbers, i.e., kK = 1.0 A~ To our knowledge, no
such observation has been previously reported either for
neutral or charged particles. Furthermore, it is
noteworthy that the frequency regions occupied by the
two types of LO modes in Scc(k,w) seem roughly to
coincide with those of the two broad peaks in the spec-
trum z () of the velocity autocorrelation function of the
Li* ion. The collective motions represented by the two
types of LO modes thus closely correlate with the single-
particle motions of the Li* ion. Li' ions may, thus, be-
long to two different kinds of states in the liquid, in each
of which the ions take both particular single-particle and
collective motions.

In the dynamic structure factor Sy, (k,) for the pure
melt, only one quasielastic peak at =0 cm ' was clear
for all k values, de Gennes narrowing being found with a
minimum width at k~2.0 A ~'. In the frequency
domain, however, the Brillouin peak, which corresponds
to the very small oscillation in Fy,(k,t) in Fig. 4, was
not distinct, though a very small shoulder was just detect-
ed, at several tens cm ™~ !, when k =0.4 AL

The partial dynamic structure factor Sy;;;(k, ), shown
in Fig. 8, has a strong quasielastic peak at ®=0 cm ' as
well as a very weak Brillouin peak at several hundred
cm ™! in accord with the intermediate structure factor



45 MOLECULAR-DYNAMICS STUDY OF THE DYNAMIC . ..

Fy;1:(k, 1), the intensity of the Brillouin peak being one
order of magnitude smaller than that of Scc(k,w). As
shown in Fig. 10(b), the Brillouin peak in Sp;;(k,w)
shows a negative dispersion, which is also the case with
the S¢q(k,w). It should be pointed out that the disper-
sion relation of Sy;;;(k,») and S (k,w) resembles that
of Scclk,w) rather than that of Sy, (k,w). However, the
physical reason for this is not clear at present, although
the difference in the phonon phase may be related.

On the other hand, in the mixture, Sc-(k,w) shows a
more complicated behavior than in the pure melt, as
shown in Fig. 9. For small wave numbers k, there exist
three distinct Brillouin peaks in addition to a compara-
tively intense quasielastic peak at ©=0 cm . At k=0.4
Afl, of the three modes, the lowest and highest are con-
siderably weaker than the intermediate one. As shown in
Fig. 11(a), the highest-frequency peak shows a slightly
negative dispersion, the intermediate a relatively strong
negative one, and the lowest an apparent maximum. The
first mode persists over a wide range of k, while the
second disappears when k > 1.0 A !, and the last is ab-
sorbed by the large quasielastic peak when k ~1.2 A ~L.
In contrast to the case of the pure melt, the frequency re-
gions of these three modes are not exactly the same as the
three peaks in the power spectrum of velocity autocorre-
lation function of Lit. However, the behavior of
Suumlk,w) of the mixture is almost the same as the pure
melt except for a more distinct shoulder in the former
representing the longitudinal acoustic mode. The very
weak Brillouin peak of Sy ;;;(k,w) for the mixture, in Fig.
8, is interesting, since the dispersion curve shows a nearly
zero slope line persisting over all the k regions examined,
as shown in Fig. 11(b). The frequency is nearly the same
with that of the highest-frequency peak in Scq(k, ).
This suggests that at least one of the LO modes in the
charge-charge density fluctuation may be caused by the
collective motion of Li™ ions. The frequencies also coin-
cide with that of the most intense peak in the spectrum of
the velocity autocorrelation function of the Li™ ion,
which reveals a close correlation between the collective
motion of the liquid and the single-particle motion in it.

IV. CONCLUSION

Phonon propagation was found both in charge-charge
and mass-mass density fluctuations in ionic melts which
consist of light, small ions and heavy, large ions. The
former phonon mode showed an optic-type dispersion re-
lation, and the latter, an acoustic type. The presence of
an acoustic mode in Sy, (k, ) in alkali halide melts has
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been successfully demonstrated by MD calculations; this
mode may be related to the presence of small, light Li*
ions. A more remarkable finding is that two different
phonon modes certainly exist in Sqc(k,®) in the pure
LiCl melt and three in the LiCl-CsCl melt. Such phonons
have not been found in the other ionic systems studied to
date. This phenomenon seems to be caused by the com-
bination of small, light ions with large, heavy ions. The
collective motions of the melts were found to correlate
closely with the single-particle motions, in particular,
those of Li* ions in the melts.
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