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Collective dynamic properties of different kind of binary
liquid mixtures have been investigated by molecular
dynamics simulation. The study includes both the
longitudinal and the transverse current spectra in simple
liquid alloys, 1:1 molten salts and liquid binary mixtures
of neutral particles with an ionic-like structure. These
systems were chosen as representative of binary liquids
with different static structures in order to analyse the
effects of structural ordering on the mechanisms of
dynamic collective properties. The effect of the mass
asymmetry between the two species in the mixture has
been also discussed from the results for two different
mass ratios for each kind of structure. Two length
scales have been considered. On the one hand, the
hydrodynamic scale (low wave numbers), where
the modes for the partial currents of the two species are
characterised by very close frequencies. On the other
hand, the molecular scale (higher wave numbers), where
the characteristic frequencies for the two species show
noticeable differences. Vibrational concentration current
modes (optic modes) have been found in neutral
mixtures though their influence is rather weak, being
the collective dynamic properties of this kind of systems
dominated by the mass current modes (acoustic modes).
On the contrary, in mixtures of charged particles such as
molten salts the contribution of the concentration
(charge) currents to the collective dynamics is important
and optic modes can be characterised by a well-defined
frequency for a wide range of wave numbers. It has been
observed that heavy particles have a more relevant role
on the mass current correlations whereas light particles
play a dominant role on the concentration current
correlations. The overall results for the three kinds of
liquid mixtures analysed in this paper show that both
the longitudinal and transverse current spectra are
little dependent on the static structure of the system
whereas marked differences are revealed when
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the particles in the system are either neutral or carry an
electric charge.
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INTRODUCTION

The progress in the understanding of microscopic
behaviour of liquids has been intimately related to
the development of computer simulation and in the
case of time-dependent properties to that of
Molecular Dynamics (MD) method. MD is especially
useful to analyse the dynamic collective properties of
liquids at the intermediate k—w region, which is the
same that may be explored in neutron-scattering
experiments. The collective dynamic properties of
simple molten salts were studied in the early stages
of computer simulation [1] whereas the interest for
these properties in other binary liquids has more
recently emerged as a result of the observation of
“fast sound” modes associated with the motions of
light particles in the LisPb alloy [2]. Later studies
have shown the existence of “slow sound” modes
associated with the motions of heavy particles [3],
which as the former have a non-hydrodynamic
(kinetic) character. The transverse modes in binary
liquids have been much less studied, which
is probably due to the fact that they cannot
be associated with any measurable magnitude.
This fact turns the MD simulation into the only
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source of “experimental” data for these collective
properties [4,5].

The study of the collective dynamics in unicom-
ponent liquids is normally based on the analysis of
the intermediate scattering functions (F(k,t))-the time
correlations of density fluctuations in the reciprocal
space-and corresponding spectra, the dynamic
structure factors (S(k,w)). These functions, defined
for spontaneous fluctuations in the equilibrium, are
related to the response of the system when it is
perturbed externally. The spectrum is directly related
to measurements of coherent inelastic scattering of
thermal neutrons with wavelengths (A = 2m/k)
around the interatomic distances [1]. At enough
small k and w (large time and space scales) F(k,t)
shows a decaying oscillatory behaviour. Thus, for a
given wave number k, S(k, w) has a relaxation peak
centred at w =0 (Rayleigh peak) that represents a
thermal diffusive (non-vibrational) mode and two
side peaks at w = *ck (Brillouin peaks) that reflect
the oscillatory behaviour of F(k,t). The Brillouin
peaks correspond to vibrational modes related to
acoustic waves propagating with isothermal sound
velocity ¢ [1,6].

In simple binary liquids the partial intermediate
scattering functions F%(kt) at low k-values usually
decay very slowly without any noticeable oscillation
[7] whereas in other systems such as the LisPb alloy
or simple molten salts these functions show a fast
decaying oscillatory behaviour. The peculiar beha-
viour of LiyPb was in principle attributed to the large
mass ratio in this alloy [8,9] but recent MD studies
have shown that this assumption is wrong and the
Li4sPb behaviour should be attributed to its rather
ordered structure at short distances, which is
analogous to the shells structure in 1:1 molten salts
[10,11]. The slow decay of the F (k. t) functions is a
problem for the calculation of the S®(k, ) partial
dynamic structure factors. Besides, the Rayleigh
peak at w =0 can be wide enough to hide the
Brillouin peak at w# 0. Thus, it is useful to
consider the partial longitudinal current correlation
functions (C‘ib(k, w)) [12], which are related to
S%(k, w) through [13]

Co(k, w) = (0/k)*S™ (k, w) 4))

According to this relation, the C{b(k, ) functions
do not show any peak at w = 0 while the peaks at
high frequencies are enhanced and they become
much more marked than the corresponding ones in
S%(k, w). So, the thermal diffusive contribution of
density fluctuations will be removed from C”Lb(k, )
whereas the vibrational modes of density fluctua-
tions will be enhanced.

The aim of this paper is to achieve a deeper
understanding of the effects of structural ordering on
the mechanisms of the dynamic collective properties

in binary liquids. To this end the longitudinal and
transverse current correlation functions for three
kinds of systems with different structural features
are compared. On the one hand, we considered two
simple 1:1 molten salts (KCI and RbCl) with a regular
alternation of concentric shells of oppositely charged
ions (charge ordering). On the other hand, we chose
liquid alloys (Lig 5Lip s and LipsMgp 5) that shows the
characteristic random structure of simple liquid
mixtures. Finally we simulated, as intermediate
systems, two ideal neutral ionic-like mixtures
(RM1 and RM3) with a short-range structure similar
to that of the molten salts. For each kind of system we
have considered a mixture made up of species with
the same, or very close, mass (LigsLips, RM1 and
KClI), which allow us to study solely the effects of
structural ordering. Moreover, in order to analyse the
influence of the difference of masses between the
species in the mixtures, systems with a mass ratio
about 3 were taken for each kind of structure
(LipsMgps, RM3 and RbCl). The study has been
focussed on two sets of wave vectors that may
be taken as representative of the “hydrodynamic”
(low k) and “molecular” (higher k) length scales.

DESCRIPTION OF THE SIMULATIONS

Computation Details

Three kinds of equimolar (x = 0.5) binary liquids
have been simulated by the ordinary MD method
and considering usual periodic boundary conditions.
In all cases the light particles in the mixture will be
termed species “1” and the heavy particles species
“2”. The main characteristics of the simulated
systems are the following:

(i) Simple liquid alloys: LigsLips at temperature
T = 725K and number density p = 0.04213 A~3
and LipsMgos at temperature T = 887K and
number density p = 0.040408 A~3. The former
system is pure Li but assuming for the
calculation of properties that half of particles
belong to the species 1 and the other half to the
species 2. The total number of particles was
668 in the case of LigsLips and 570 in the case
of LipsMgos. The interparticle forces were
modelled according to the NPA potential [14],
which reproduces the most representative
features of liquid Li and Li-based alloys [6,10].

(if) Simple molten salts: KCl at temperature T =
1173K and ionic density p = 0.0235 A73 and
RbCI at temperature T = 1023K and number
density p = 0.0221 A~3. The systems were made
up of 108 cations and 108 anions. The interionic
forces were calculated using the effective Fumi-
Tosi pair potentials reviewed by Sangster and
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Dixon [15], which provide a realistic approach
to the microscopic behaviour of molten alkali-
halides. The Ewald method was used to
compute the long-range coulomb interactions.

(iii) Neutral ionic-like mixtures: These ideal mixtures
at temperature T = 120K and number density
p = 0.0326 A3 were made up of 432 particles of
each species. In the RM1 system both species
have the same mass, m =my = Margon,
whereas in the RM3 system species 1 have the
same mass 1111 = Margon but the mass of species
2is mp = 3mjy. The interaction potential between
particles of the same species was a repulsive
soft sphere potential V11 = Vo (r) = 4e(o11/1)°,
with &=1198K and oy = 0pn =3405A
whereas the interactions between particles of
different species was a Lennard-Jones potential
Via(r) = def(o12/1)'? = (012/r)°]  with o1 =
0.65071. This relation between o, and o7, was
chosen on purpose to reproduce the local
structure of 1:1 molten salts [11,12].

Structure of the Simulated Systems

The partial radial distribution functions between like
(g (r),g%(r)) and unlike (g'*(r)) particles were
calculated during the MD runs and the results are
gathered in Fig. 1. It should be noted that particles of
species 1 and 2 are identical in RM1 whereas in RM3
the only difference is the atomic mass. Then, the
structure between like particles is the same (g11(r) =
g22(r)). Because of the high symmetry between the
two species in KCl the discrepancies between g ''(r)
and g **(r) are negligible for this system whereas only
small differences may be observed for Liy sMgg 5. The
partial structure factors (S k), where a = 1,2 and
b=1,2) for neutral systems were obtained as the
Fourier transforms of the corresponding g “’(r)’s

50 = &+ (NN 2V | (g~ 1)
0
X (sin(kr) /kr)dmr? dr )

whereas for simple molten salts were directly
calculated during the MD runs

S HR)=(N,Ny) ™12
X <[Zlaexp(—ilz . ?lﬂ)} [Zjbexp(—ilz'?jb)} > 3)

The S “(k) results are plotted in Fig. 2. For the sake
of simplicity, the ¢“’(r) and S“(k) functions for
Lip5Lip5 and RbCl have not been plotted in Figs. 1
and 2 since the structural features of these systems
are analogous to those of LipsMgps and KCI,
respectively.

ab N-X
g g
4 Liy sMegy 5 2 Liy Mg, 5
2_
1_.
0
3 2
; RM1, RM3
i
: 2 —
KCl
3_
2 -
14
0 T

FIGURE 1 Radial distribution functions for different
liquid mixtures. Left side. Partial pair correlation functions: g *(r)
(full line), gzz(r) (dashed line) and glz(r) (dotted line). Right side.
Bathia-Thornton correlation functions obtained from the partial
pair correlations following the definitions give in the text
(Egs. (4)-(6)): gNN(r) (full line), gxx(r) (dashed line) and gNX(r)
(dotted line).

The g “(r) functions in Fig. 1 show that the local
structure of RM1 and RM3 is similar to that of molten
salts such as KCI and RbCl. The maximums of the
partial radial distribution functions for the like
species are at the same position as the minimums for
the unlike species and vice versa, which means that
given a particle there is a regular alternation of
concentric shells of different species (species order-
ing). However, this structure is very different from
that of LipsMgps, which corresponds to a random
distribution of the two species in the mixture. The
similarity between the structure of the RM1/RM3
systems and that of molten salts as KCl may be also
clearly observed by comparing the partial structure
factors between unlike species S'*(k) (Fig. 2). For
both RM1/RM3 and KCl, S'(k) shows a very
marked negative minimum whereas for Lip sMg s it
shows a positive maximum at the equivalent
position. Despite the similarity between the local
structures in RM1/RM3 and KCI their origins are
very different. In the former systems it is the result of
the close packing of particles, being strongly
dependent on the adequate choice of oy, [11].
On the contrary, the structure of molten salts is
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basically associated with the screening of electric
charges to produce local neutrality.

The study of the structure of the binary liquids is
frequently based on the Bathia-Thornton structure
factors [16], which for equimolar mixtures can be
written as

SNk = [S™ (k) + S (k) + 25 (k)] /2 4)
SN (k) = [S" (k) — S*(K)] /2 (5)
Sk =[S (k) + SP(k) — 25 (k)] /2 (6)

SNN(k) reflects the averaged structure of the system

and represents the correlations between fluctuations
in number density (irrespective of the species) while
S*X(k) is associated with the correlations between
fluctuations in concentration. In the case of molten
salts the XX correlations are usually termed ZZ since
they are related to the charge density fluctuations.
SNX(k) for RM1/RMS3 is zero (since S (k) = S2(k)
for these systems) whereas for KCl is negligible.
S NX(k) for Lip sMgo s show very small values (Fig. 2).
The radial distribution functions g NN, g NX(r) and
¢ ™*(r) corresponding to the structure factors defined
above were also calculated and the results shown in

k) DR

B e e e R s e e e

1 RM1, RM3 39 RM1, RM3

FIGURE 2  Static structure factors for different liquid mixtures.
Left side. Partial structure factors: S (k) (full line), S (k) (dashed
line) and S '?(k) (dotted line). Right side. Bathia-Thornton structure
factors defined in Eqs (4)-(6): S NN(&) (full line), S**(k) (dashed
line) and S NX(k) (dotted line).

Fig. 1. We notice that Eqs. (4)—(6) are those usually
employed for 1:1 molten salts with X = Z while for
equimolar binary alloys they are usually written as
S<Ck) = SXX(k)/4 and SNC(k) = SNX(k)/2 [1,16].

The results in Fig. 2 confirm that the structure of
simple liquid mixtures of neutral particles such as
LipsLips and LipsMgps is dominated by the NN
(number density) correlations whereas the structure
of systems with species ordering such as KCl and
RbCl or RM1/RM3 is dominated by the XX
correlations. Species ordering is clearly reflected in
the first sharp peak of S*X(k) and the first deep
minimum of S'*(k) at the same wave number.
It should be noted that in the case of molten salts the
values of the partial S “’(k) functions as k — 0 are very
small (and directly related to the isothermal
compressibility [1]). This asymptotic behaviour is
also shown by RM1/RM3 whereas S“’(k) for
LipsLips and LipsMgps goes to values around 0.5
for like particles and around — 0.5 for unlike particles
as k— 0.

Definitions of the Calculated Properties

The study carried out in this paper is _based on
the analysis of the longitudinal (C{b (k, w)) and
transverse (C“Lb(k, w)) partial current spectra (a = 1,2
and b = 1,2; 1 = light particles, 2 = heavy particles),
which are the time Fourier transforms (C(k, w) =
Qm! | C(k, ) exp(iwt) dt) of the time current correla-
tions calculated during the MD runs according to
Refs. [1,13].

Cib(k, 1) = NIN,N,I V2K, 1) - i (=K, 00) (@)
CP(k, t) = NIN.Ny1 ™2 /2( (k,0)- %, (=K, 00y (8)

where jj (k, ) and i (k, t) are, respectively, the parallel
and perpendicular component on the direction of k of
the partial current

Jok,ty =", Bua(Bexp(—ik-Fia(8)) 9)

It should be noted that 7”(%, t) is the space Fourier
transform of the local current of species “a” in the
real space J*(R,t) = >, 01a()8(R — F1o(1)), where 0j,(t)
and 7j,(t) are the velocity and position of the particle
“la” of species “a”. Since we are considering isotropic
fluids, the correlation functions are independent on
the direction of k and they are determined as an
average for different wave vectors with the same
modulus k (wave number). The k-values considered
for each system were chosen among those compa-
tible with the respective periodic boundary
condition i.e. k= (ny,ny,n,)27/Lyox, where ny, n,
and n, are integers and Lyox is the corresponding
cubic box side.

We calculated also the longitudinal and
transverse time correlations associated with
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the mass (71\{(?, H = mlfi(?, )+ me(?, )) and con-
centration (JX(7,t) = xoJ'(7,t) — x1J?(F,1)) currents
and corresponding spectra according to the defi-
nitions given in Ref. [16] (except normalising factors)
with number fractions x; = x, = 0.5,

CoM(k, w) = [miCh (k, w) + m3CH(k, w)

+ 2mym,Cii(k, )] /2 (10)

CyX(k, w) = [mCp (k, w) — myCh(k, w)

+ (my — my)Cp (k, 0)1/2 (11)

CX(k,w)= [Cp (k, w) + CF (k, w) — 2CF (k, )] /2 (12)

where D={L,T} indicates the longitudinal (L) or
transverse (T) directions of the currents. The MM
correlations reflect the averaged behaviour of the
system so that in the limiting case of a mixture of two
identical species they are equal to the correlation
functions for the one-component liquid. The XX
correlations (the charge current in molten salts) are
associated with the relative motions of particles of
different species. The longitudinal MM currents are
related to the mass density fluctuations while the
longitudinal XX currents are related to the concen-
tration (charge density) fluctuations. It follows from
Egs. (10)-(12)

Cp (k, ) = [CYM(k, w) + m2CF¥ (k, w)

(13)
+2myCY X (k, )] /(277%)
Chk, 0= [CYM(k, w) — mimyCF* (k, )
(14)
+2(my — my)CY X (k, w)] /(2177)
CH(k, ) = [CYM(k, w) + m3CF (k, w)
(15)

—2m; Cy X (k, w)]/(277%)

where 171 = (17 +my)/2 is the mean mass of particles
for equimolar binary mixtures. Thus, the collective
dynamics may be described by considering the mass
and concentration currents instead of the partial
currents.

It can be shown for both the longitudinal and the
transverse currents that the initial values of the partial
cross-correlations (a # b) are equal to zero and the
initial values of the partial autocorrelations (a # b) are
equal to kgT/m,, ie. [ CP(k, wydw = CL(k,t = 0) =
SuwksT /m, (Where kg is the Boltzmann's constant) [13].
Thus, the area under a current autocorrelation
spectrum does not change with k. For the sake of
comparison the time correlation functions shown in

this paper were normalised according to Ref. [17]
Ck, 1)
Ck,t = 0)-CP(k,t = 0)

Cok,t) = (16)

1/2

where the C“DB (k, t) functions refers to both the partial
“ab” correlations defined in Egs. (7) and (8) and the
“MX” correlations defined in Egs. (10)-(12). This
normalisation factor was chosen so that
JCH(k, w)dw = 1.

RESULTS

In order to analyse the influence of the structure on
the dynamic collective properties it is useful to
remove the effects of other factors as the mass
differences between particles of distinct species.
Thus, the results for mixtures of species with the
same or very close masses are presented (“Mixtures
with Similar Masses (my/m; = 1)” Section) sepa-
rately from those for systems with different masses
(“Mixtures with Different Masses (my/m; = 3)”
Section). For each system we discuss the results for
two length scales. At the hydrodynamic regime (low
wave numbers) the modes for the partial currents of
the two species are characterised by very close
frequencies. At the molecular regime (higher wave
numbers) the characteristic features of the distinct
species would become apparent when m1; # m,. The
wave numbers for the discussion of the results at
each regime were chosen so that the normalised
value k = k/kmax is similar for the three systems. kmax
is the wave number corresponding to the first
maximum of the static structure factor between like
particles (see Table I and Fig. 2). Though the
discussions in this paper are only based on the
findings at two wave numbers for each system we
have obtained also results at other wave numbers.
So, it has been checked that according to earlier
studies [10—12] the transition between the hydro-
dynamic and molecular regimes is continuous and
strongly dependent on the mass differences between
the two species in the mixture.

Mixtures with Similar Masses (m,/m; = 1)

In this section, we discuss the influence of the
structural order on the current correlations from

TABLE I MD simulation parameters and wave numbers
corresponding to the S(k) first maximums for the studied systems

LigsLips  LigsMgos ~RMI/RM3  KCI RbCI
p(part./A%) 004213  0.040408 0.0326 00235  0.0221
T(K) 725 887 120 1173 1023

Kinax(A 1) 244 245 1.76 1.6 1.6
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FIGURE 3 Normalised longitudinal current spectra at hydrodynamic scale (k = k/kmax = 0.15) for liquid mixtures W1At/lk;\l/151mllar masses
(my/my = 1). Above: Partial spectra for like (CL (k, w), full line) and unlike (CL (k, ), dotted line) particles. Below: Mass (C; "~ (k, w), full line)

and concentration (CL (k, w), dashed line) spectra.

the results for mixtures where the two species do not
show significant differences. In LipsLips the two
species are identical, being a tag in a half part of the
particles the only difference between them. In RM1 the
two species are also identical and the interactions
between like particles are the same though different
from those between unlike particles. Because of the
symmetry between the two species in these mixtures,
C,ljl(k, w) = Céz(k, o) and then C],i-,/lx(k7 w) =0 (see
Eq. (11)). In KCl the mass of anions and cations is
very close though not exactly the same, being the only

= ab
Cr (ko)

03 0,10

0,08 —
0,06 —
0,04 —

0,02 - *

0,00~ °

0,08 0,03

0,06 —

0,04 <

0,01 o
0,02 —

0,00 — 0,00

ops")

FIGURE 4 Normalised partial transverse current spectra for
liquid mlxtures with similar masses (1m2/m; = 1): Cy (k, w) (full
line) and C (k w) (dotted line). Above: Hydrodynamic scale
(K= K/Kmax =~ 0.15). Below: Molecular scale (k = k/kmax = 0.45).

significant difference the sign of their electric charges.
Thus, the discrepancies between the current corre-
lation functions between the like particles (11 and 22)
are very small and the MX correlations almost
negligible. For the sake of clarity the 22 and the MX
correlations have not been plotted in Figs. 3-6.

Hydrodynamic Regime

The partial longitudinal current spectra (Cfb(k, w)) for
the three analysed systems show two relevant

M-X
C; (ko)
05
o RMI  [M6 Kl

k=0.14 k=0.11

0.12

03 ]

— MM 008

02 X%
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FIGURE 5 Normalised mass (C?M(k,w), full line) and
concentration (C}” (k, w), dotted line) transverse current spectra
for liquid mixtures with similar masses (m,/my = 1). Above:
Hydrodynamic scale (k = k/kmax = 0.15). Below: Molecular scale
(k = k/kmax = 0.45).
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FIGURE 6 Normalised longitudinal current spectra at molecular scale k k/kmax = 0.45). for liquid mixtures w1t}]\}[ ﬁlmllar masses
(my/my = 1). Above: Partial spectra for like (CL (k, w), full line) and unlike (CL (k, w), dotted line) particles. Below: Mass (C;  (k, w),full line)

and concentration (C;~ (k, ), dashed line) spectra.

frequencies (see the upper frames of Fig. 3). The
lower frequency may be identified through a sharp
peak that is also present in the corresponding

MMk, ) functions. As with unicomponent liquids
[1,6], the presence of the MM peak denotes a
vibrational mode usually termed longitudinal
acoustic (LA) mode since it is associated
with propagating sound waves. The frequency
corresponding to this peak, which we refer as
wpa(k), decreases linearly with the wave number
and the ratio wpa(k)/k yields the velocity of
propagation of sound through the system. The
higher frequency in the partial current spectra for
like particles appears as a pronounced peak in
CE (k, w) for KCl and a slight shoulder in Cil (k, w) for
both LigsLigs and RM1. These features should be
attributed to concentration current modes as shown
by the corresponding C;{*(k,w) functions, which
present a marked peak for KCl and a broad
maximum for LigsLigs and RM1 at the same
positions as those in Cil(k7 ). Moreover, Ciz(k, )
presents a minimum (much more marked for KCI)
with negative values at the same interval of
frequencies. This indicates that these high frequency
modes should be associated with vibrational
motions in opposite directions of particles of
different species. In the case of charged particles
these modes are usually termed longitudinal optic
(LO) modes, and we refer as wy o(k) the frequencies of
the corresponding peaks.

It should be emphasized that results in Fig. 3
show that the LO modes have a relevant contri-
bution to the collective dynamic properties of KCl,
whereas in the case of LigsLips and RM1 the
contribution of these modes is significantly lower

and hardly visible in the partial longitudinal current
spectra. These differences indicate that the role
played by the concentration fluctuations become
much more important when the particles are
charged. It is well known that neutral binary
mixtures cannot support the propagation of
concentration fluctuations at the hydrodynamic
limit k=0 [1,18] whereas theoretical studies of
charged liquid mixtures within the framework
of generalised hydrodynamics have proved the
existence of charge-density fluctuations of high
frequency at long length scales [1]. This has been
corroborated by experimental infrared reflectivity
data for molten LiF [19]. These findings suggest that
the characteristics of longitudinal modes at high
frequencies are mainly determined by the electrical
nature of particles. This may be attributed to the
fact that in coulomb systems the concentration
fluctuations and corresponding longitudinal cur-
rents arise from the tendency to produce local
neutrality, which is absent in non-charged systems.
Thus, although the structure of both RM1 and KCl
present a very similar species ordering their
collective dynamic properties show marked quali-
tative differences.

It has been corroborated that the changes of

MMk w) with k are analogous to those of Cy(k, w) for
unicomponent liquids. So, for the three systems
studied the main peak of C}"(k, w) become sharper
as k— 0 and wpa(k) decreases linearly with k.
Moreover, it has been checked that Cfx(k, w) for the
non-charged mixtures becomes markedly lower and
wider as k decreases, which is consistent with the
absence of LO modes at the hydrodynamic limit [18].
On the contrary, the width and height of the C}"* (k, w)
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peak for molten KCl remains almost constant as k
goes to zero and wip(k) increases slightly up to
a finite value as k — 0. This confirms that molten salt
supports LO modes at the hydrodynamic limit [1].

We turn next to transverse currents that, unlike
longitudinal currents, are not related to the density
fluctuations. Moreover the initial values of their
spectra are not zero. The results for Lij sLip 5 have not
been represented in Figs. 4 and 5 since they do not
show significant differences in relation to those for
RM1. The partial transverse current spectra for RM1
and KCl at wave numbers corresponding to the
hydrodynamic regime are plotted in the upper frames
of Fig. 4. Unlike with the longitudinal spectra, the
shapes of the transverse spectra for neutral and
charged systems look quite similar. It may be noticed in
Fig. 4 that both C%l(k7 w) and C%z(k7 w) decay mono-
tonically at low frequencies, as typical of diffusive
processes. However, C}'(k, w) shows a slight shoulder
around the same frequency interval for which C{*(k, w)
has a minimum with negative values. This fact reveals
that, as with longitudinal modes, there are transverse
modes associated with vibrational motions in opposite
directions of particles of distinct species. Moreover
C>T(X(k, ) shows a broad maximum about the same
interval of frequencies (see the upper frames of Fig. 5).
This shows that the shoulders in C%l(k7 ) should be
attributed to vibrational transverse concentration
current modes that according to the usual nomen-
clature for molten salts are termed transverse optic
(TO) modes.

It may be observed in the upper frames of Fig. 5
that CY™(k, ) decays monotonically without any
shoulder at high frequencies. In agreement with
hydrodynamic predictions for simple liquids, these
results corroborate that transverse sound waves
cannot propagate through liquid mixtures since
these systems are not able to support shear stress at
macroscopic scales. It has been verified that molten
KCI support TO modes as k— 0 and the limiting
values of wio(k) and wro(k) satisfy the Lyddane-
Sachs-Teller relation wi(0) — wio(0) = w7, where ,
is the plasma frequency [1].

Molecular Regime

The results for the longitudinal current spectra at wave
numbers that are expected to correspond to the
molecular regime are shown in Fig. 6. It should be
noted that the peaks of Cil(k, w), Ciz(k, ) and
CII\H/HVI(k7 w) for both LigslLips and RMI1 are lower
and wider than those at the hydrodynamic region in
Fig. 3 (notice that the scales of these figures are
different). On the contrary, for KCI the height and
width of these functions are similar at the two regions.
The molecular regime has been defined as that for
which the distinctive features of the two species
become relevant. However, because of the great

symmetry between the two species in the systems
considered in this section the 11 spectra are very close
(or identical) to the 22 spectra and the differences
expected at molecular scales only will be noticeable for
systems with m, > m; discussed in the next section.
The results in the lower frames of Fig. 6 show that the
differences between C]]Y[M(k, o) and Ci(x(k, w) for a
given system are smaller than those in Fig. 3, which
suggest that the frequencies for the mass and
concentration longitudinal modes tend to be closer at
shorter length scales. Nevertheless, clear differences
between these modes can be noticed in Ciz(k, w) for
LigpsLips and KCl that shows a minimum and a
maximum, which correspond to LO and LA modes,
respectively. These modes are also present but hardly
visible in Cj'(k, ). Since for RM1 the frequencies
associated with the LA and LO modes are practically
equal (wpa(k) = wio(k)) the corresponding maximum
and minimum in C{*(k, ®) overlap and only a low
resulting maximum may be distinguished.

The resulting transverse current correlation func-
tions for k-values representative of molecular scales
are displayed in the lower frames of Figs. 4 and 5.
It should be noted the similarity between the results
for neutral systems and molten salts. Both C%l (k, w)
and CP(k, w) in Fig. 4 show a side peak that is also
present in CYM(k, ) of Fig. 5. Besides, it has been
verified that the frequency corresponding to this
peak (wra(k)) decreases linearly with k. The
C¥M(k, ) results are consistent with those Cr(k, )
in dense unicomponent liquids, where the existence
of vibrational transverse modes was also observed at
the molecular regime. These modes, which are
usually termed “shear” modes, are attributed
to viscoelastic effects [1]. It may be also observed in
Fig. 5 that C{*(k,w) shows a slight shoulder at a
frequency wro(k) somewhat higher than wya(k)
(wro(k) = 10ps™! for RM1 and wro(k) = 25ps™! for
KCI). It is interesting to note that the presence of a
shoulder in C)T(X(k, w) is corroborated by C%z(k, w),
which shows a minimum with negative values at
wro(k). As could be expected from the results for
longitudinal modes, the Ci*(k,w) functions have
also a maximum at wra(k). The partial transverse
spectra in the free particle limit (k— o) show a
Gaussian shape centred at w =0 [13] that corre-
sponds to a single-particle diffusive dynamics
without vibrational transverse modes. Thus, the TA
modes only occur at molecular scales. The TO modes
for mixtures of non-charged particles are also
restricted to molecular scales whereas for ionic
systems the TO modes also are present at the
hydrodynamic regime.

Mixtures with Different Masses (m,/m; = 3)

In this section, we discuss the effects on the dynamic
collective properties induced by the difference of
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mass between the particles of distinct species. To this
end we have considered three systems of similar
characteristics to those analysed in the previous
section but with a larger mass ratio, i.e. LipsMgps
with my/my = 3.5, RM3 with my/m; = 3 and RbCl
with my/m; = 2.4 (it should be noted that Li is
species 1 in LipsMggs whereas Rb* is species 2 in
RbCl).

Hydrodynamic Regime

According to earlier findings [12], the higher is the
ratio of the masses of species in the mixture the lower
are the values of k for which the transition between
hydrodynamic and molecular regimes is observed.
Thus the wave numbers chosen to characterise the
hydrodynamic regime in Figs. 7-9 are lower
than those in Figs. 3-5. Unlike for systems with
my/my =1, for the systems analysed in this section
Cg(k, w) is in general different of CZDZ(k7 w) and
Cglx(k, ) can show noticeable deviations from zero.
However, at the hydrodynamic regime the coupling
between the mass and concentration currents is very
weak (C%/[X(k, w) = 0). This corroborates the suit-
ability of the M—X set of functions to analyse these
length scales (it should be noticed that within the set
of partial functions the cross correlations Cj2(k, w) are
always important).

As with systems where m; = mj,, the partial
longitudinal spectra show a sharp peak at the same
frequency as that of CY™(k, w) (Fig. 7) that may
be associated with propagating acoustic modes.

These findings reflect a strong coupling between the
dynamics of the two species at hydrodynamic scales.
The existence of high frequency modes associated
with concentration fluctuations (optic modes) may
be noticed also in Fig. 7. Ci(x(k, w) for both LiysMgp 5
and RM3 shows a broad maximum that produces a
slight shoulder in the corresponding ClLl(k7 w) and
C% (k, w) functions. Although the shoulder is almost
imperceptible in the second function the effect of
these modes on the partial currents is confirmed by
the negative minimum of Cj*(k,w) at the same
frequencies. In the case of RbCl the optic modes are
more significant and the peaks of Cil (k, w), Ciz(k7 w)
and C>L(X(k, w) as well as the minimum of Ciz(k, ) are
much more marked. These results suggest the
suitability of using the acoustic and optic modes to
describe the collective dynamics of liquid mixtures at
low wave numbers. Nevertheless it should be noted
that in the case of mixtures of neutral particles the
optic modes vanishes at the hydrodynamic limit
being the collective dynamic of these systems
dominated by the acoustic modes.

The partial transverse current spectra for like
particles (C%l(k, ) and C%Z(k, w)) show a slight
shoulder at high frequencies (see the upper frames
of Fig. 8). Both the shallow minimum in C{*(k, w) and
the broad maximum in C>T(X(k, w) at the same
w-interval (upper frames of Fig. 9) allow us to
associate these features with transverse optic modes.
As with the longitudinal currents these modes
should be mainly attributed to light species.
According to the results in Figs. 8 and 9 the larger
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contribution to CI}/IM(k, w) come from the functions
related to the heavy particles and this contribution is
purely diffusive.

Molecular Regime

The longitudinal current spectra plotted in Fig. 10
show a noticeable decoupling between the dynamics
of the two species at molecular scale, which can be
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FIGURE 9 Normalized mass-concentration transverse current
s_RAeA%tra for liquid mi_)g(t}l{nes with different masses X(mz /my = 3):
Cr (k, w) (full line), C;" (k, w) (dashed line) and Cy " (k, ) (dotted
line). Above: Hydrodynamic scale (k= k/knax = 0.15). Below:
Molecular scale (k = k/kmax = 0.45).

characterised by two different frequencies for a given
wave number. The frequency corresponding to the
maximum for light particles, w{'(k) is higher than
that for heavy particles, wf?(k). In the case of neutral
liquids the ratios wpa(k)/k for light and heavy
particles are higher and lower, respectively, than the
sound velocity given by wpa(k)/k at the hydro-
dynamic region. For this reason these modes were
termed “fast sound” and “slow sound”, respectively.
Nevertheless, such modes cannot be considered as
propagating sound modes since they are local modes
(with rather short range) of kinetic character [10-12].
It should be pointed out that the values of w!!(k)/k
and w?*(k)/k become the same and equal to wpa(k)/k
at hydrodynamic length scales.

The partial current spectra for like particles
(Cil(k7 ) and C%z(k7 )) show a marked maximum
and a slight shoulder at about the same w-intervals as
the maximum and minimum of C{*(k, w), respectively.
According to the findings discussed in earlier
paragraphs one could associate them with LA and
LO modes. However, now the mass asymmetry
reveals that the set of mass and concentration currents
is not a very suitable set of functions to analyse the
molecular regime. At molecular scale C%/Ix(k, ) does
not vanishes, which reflects that the mass and
concentration currents are correlated. Moreover, in
general CMM(k, w) and C;*(k,w) do not present a
single well-defined peak so that the frequencies wy A (k)
and wpo(k) cannot be unambiguously determined.
This is clearly illustrated by Ci"(k, w) for RM3 that
shows two noticeable maximums (Fig. 10). Thus the
set of partial currents seems to be more suitable to
analyse the molecular regime since both Cj'(k, w) and
Ciz(k7 ) show a characteristic vibrational mode
and C/*(k,w) practically vanishes. Although the
mass and concentration currents for RbCl at k = 0.44
show well defined acoustic and optic modes we have
checked that the results at k > 0.5 resemble to those
for RM3 and Liy sMgy s, which suggests that for simple
molten salts the molecular regime is not fully achieved
atk = 0.42.

The results for the transverse currents (lower
frames of Figs. 8 and 9) are quite similar to those for
mixtures with my/m; =1, except that the low-
frequency side peak attributed to shear modes is
not at the same position for C%l (k, w) and C%Z(k, ). As
for longitudinal currents, the frequency correspond-
ing to the maximum for light particles is higher than
that for heavy particles. Moreover, the current spectra
for heavy and light particles are quite similar to the
mass and concentration current spectra, respectively.

CONCLUDING REMARKS

According to the findings discussed along this paper
the current spectra for different kind of binary liquid
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mixtures show some common qualitative trends.
Both the longitudinal and transverse partial current
spectra at hydrodynamic scales (low wave numbers
k) present two characteristic frequencies. The lower
is associated with mass current modes (acoustic)
while the higher is associated with concentration
current modes (optic). The transverse mass current
spectra at low k only show a maximum at w =0
(diffusive mode) whereas at molecular scales (higher
k) they present a side peak, which reflects the
existence of vibrational transverse acoustic modes
(shear modes) that vanishes as k approaches to the
free particle regime (k— o0). It has been observed
that the currents for the heavier particles have a
prominent role on the mass current correlations
while the currents for the light particles have a
prominent role on the concentration currents
correlations.

Besides the resemblances, significant discrepancies
have been found between the results for the mixtures
of different kinds. At low wave numbers, the
contribution of the concentration current modes to
the dynamics of binary liquid mixtures of neutral
particles, such as simple Li-based alloys or
RM1/RM3 ideal mixtures, is rather weak. Thus the
collective dynamic properties of these systems at
large length scales are dominated by the mass
(acoustic) modes and these systems do not support
concentration fluctuations in the hydrodynamic limit
(k = 0). On the contrary, in liquid mixtures of charged
particles, such as simple molten salts, the contribution
of the concentration fluctuations (actually charge
density fluctuations) is relevant and the optic modes
can be characterised by a well-defined frequency for
a wide range of wave numbers including k= 0.

At higher wave numbers (molecular regime) the
peaks of both the partial and the mass longitudinal
current spectra for non-charged systems are much
lower and wider than those at the hydrodynamic
region but the height and width of these functions for
simple molten salts are similar at the two wave
numbers presented in this work. This indicates that
the transition between the hydrodynamic and
molecular regimes for molten salts occurs at shorter
length scales than for non-charged mixtures.

The asymmetry between the masses of species in
the mixture has a more significant influence on the
current spectra at short length scales since at long
length scales the partial current modes of the two
species are characterised by the same two frequen-
cies, which are associated with mass and concen-
tration modes, respectively. At molecular scales the
partial currents may be characterised by a simple
vibrational mode with a frequency that is higher for
light particles than for the heavy. The mass and
concentration currents are a very suitable set of
functions to analyse the collective particle dynamics
of liquid mixtures at the hydrodynamic regime but
not at the molecular regime since, in general, the
spectra of these functions do not present a well-
defined single peak at short length scales. At the
molecular regime the frequency corresponding to the
maximum of the mass current spectra, if it can be
identified, is lower than that of the concentration
current spectra. These frequencies are quite close to
the characteristic frequencies from the partial
currents corresponding to the heavy and light
particles, respectively.

We want to emphasize that the collective dynamics
properties, as characterized by the current spectra, of
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KCI/RbCl are markedly different from those of
RM1/RM3 despite their structures are very similar,
showing a noticeable species ordering. On the
contrary, the results for LiysLigs/LipsMgos and
RM1/RM3 show a high resemblance despite the
large differences in their structures. This indicates
that the collective dynamics of liquid mixtures is
weakly influenced by the static structure of the
systems whereas marked differences are revealed
when the particles in the system are either neutral or
carry an electric charge. This fact is somewhat
surprising since recent MD studies [11] suggested
that the characteristics of collective properties could
be significantly influenced by the structure of the
mixture. It was shown that the slow decay of
the partial intermediate scattering functions F “’(k, t)
in simple liquid mixtures such as Li sLig 5/ Lig sMgo 5
becomes markedly damped in mixtures as
RM1/RMS3, which have a shells structure resembling
that of 1:1 molten salts. Nevertheless, according to
the present findings the influence of the structure on
the density fluctuations is not transferred to the
current spectra. It should be noted that the Rayleigh
peakof S “b(k,w) at = 0, which reflects the long time
decay of the F %(k,f) functions, is not present in the
partial longitudinal current spectra (see Eq. (1)).
Then, the static structure play an important role on
the relaxation of the partial density fluctuations
related to thermal diffusive processes but not on the
vibrational modes. The partial S “b(k) structure
factors at k— 0 go to very small values for liquid
mixtures with species ordering but to relatively high
values for mixtures with random distribution of the
two species. Taking into account that S%(k) =
F(k,t = 0), the F(k,t) functions with a slow time
decay that hides the vibrational modes correspond to
systems with high S“’(k) initial values whereas the
damped oscillations of F“(k,t) are only observable
for systems with very small S “(k) initial values.
The discrepancies between the collective dynamics
of liquids made up of neutral and charged particles
may be related to the different microscopic mechan-
isms that determine their structural and time
dependent properties. It should be remembered
that the shells distribution in 1:1 molten salts is the
result of the screening of electric charges to produce
local neutrality, while in RM1/RM3 is only the result
of close packing and strongly dependent on the
adequate choice of the parameter oy, for the
interaction potential between particles of different
species. The time evolution of concentration fluctua-
tions in molten salts should be mainly attributed to
relatively large “restoring forces” to produce local
neutrality, which are the result of strong electric
fields induced by charge fluctuations. However, in
neutral liquids the time evolution of concentration

fluctuations is due to diffusion processes which
effects have a much lower intensity. The findings
discussed in this paper suggest that the mechanisms
associated with the acoustic modes in both neutral
mixtures and molten salts within the hydrodynamic
region are quite similar and essentially related to
packing effects.
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