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A combination of ab initio molecular dynamics and parameter-free analysis of time-correlation functions
based on the generalized collective mode approach is applied for the study of collective dynamics in a molten
salt NaI beyond the hydrodynamic region and manifestation of collective excitations in dynamic structure
factors. The dispersion and damping of acoustic and optic modes as well as the wave-number dependence of
relaxation processes are discussed. Contributions from opticlike modes to the total and concentration dynamic
structure factors are estimated. Analysis of the inelastic x-ray scattering �IXS�-weighted total dynamic structure
factor at T=953 K is performed in order to verify the possibility of direct observation of optic modes in
molten NaI in the IXS experiments.
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I. INTRODUCTION

Computer simulations of time-dependent correlations in
liquids represent a powerful tool for exploring single-particle
and collective dynamics. The density-density time-
correlation functions obtained directly in molecular-
dynamics �MD� simulations can be compared via the time
Fourier transform with the experimental intensities I�k ,��
�S�k ,�� �k and � are the wave number and frequency, re-
spectively�, measured in quasielastic neutron or x-ray scat-
tering experiments1 and known as the dynamical structure
factors. In order to understand which microscopic processes
are responsible for the shape of S�k ,�� in different regions of
the �k ,�� plane corresponding to distinct spatial and time
scales, one has to perform a theoretical analysis of MD-
derived time-correlation functions Fij�k , t� or their time Fou-
rier transforms by appropriate theoretical models. The sim-
plest theoretical model for analysis is the hydrodynamic one,
which is applicable, however, only for sufficiently small
wave numbers and frequencies, i.e., on the spatial and time
scales, when the atomic structure is indistinguishable and
liquid is treated as continuum. Usually the wave numbers k
accessible in the neutron and x-ray scattering experiments
are located beyond the hydrodynamic region, i.e., in the re-
gion where short-time processes on molecular scale �we will
call them throughout this paper as kinetic processes� play an
important role and hydrodynamic models require a generali-
zation. Without a proper theoretical analysis based on gener-
alized models one can make potentially wrong conclusions
about the dispersion law of collective excitations and their
contributions to the shape of partial dynamic structure fac-
tors Sij�k ,�� of many-component liquids.

The widely used estimation of dispersion law of acoustic
excitations from analysis of peak positions of Fourier-
transformed density-density time-correlation functions, ob-
tained in molecular-dynamics simulations of liquids, itself is
not a unique procedure. The intuitive definition of the fre-
quency of collective excitation via the side peak locations of
Sij�k ,�� or Cij

L�k ,�� is supported by the analytical expres-
sions only in the limit k→0. For wave numbers beyond the
hydrodynamic region the peak positions of dynamical struc-

ture factors Sij�k ,�� and longitudinal current spectral func-
tion,

Cij
L�k,�� =

�2

k2 Sij�k,�� , �1�

are different although it is clear that both spectral functions
reflect the manifestation of the same collective excitations. A
well-defined side peak with location �=�s�k� of the dynami-
cal structure factor is shifted up approximately by �s

2�k� /�s,
when it is estimated from the spectral function Cij

L�k ,��.
Here �s�k� is the half width at half height of the Brillouin
peak and corresponds to the damping coefficient of acoustic
excitations. Hence, the numerical estimation of dispersion
laws from the peak positions of Cij

L�k ,�� does not correspond
to real dispersion law of collective excitations. Only a correct
theoretical analysis of MD-derived time-correlation func-
tions or corresponding spectral functions can result in the
true dispersion of collective excitations. It is obvious from
Eq. �1� that a theoretical scheme, based on the definition of
collective excitations as the poles of spectral functions,
which is the generally accepted definition in statistical phys-
ics, will result in identical dispersion laws from Sij�k ,�� and
Cij

L�k ,��. For the case of binary liquids that definition of
collective excitations was successfully applied within the
viscoelastic approximation of the memory function
formalism.2,3

Theoretical studies of dispersion curves of collective ex-
citations are strongly dependent on the theoretical model ap-
plied. For the case of molten salts the most simple model is
based on rigid-ion �RI� treatment, which neglects any polar-
ization effects of the ions.4 More correct approach based on
effective pair interactions between ions with a massless shell,
which reflects the polarization effects of localized electron
clouds, was used for studies of collective excitations in mol-
ten NaI in Refs. 5 and 6. Classical molecular-dynamics simu-
lations were performed also on molten NaI using a rigid-ion
potential to which the induced dipole polarization of the an-
ions was added. The polarization was added in such a way
that point dipoles were induced on the anions by both local
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electric field and short-range damping interactions that op-
pose the electrically induced dipole moments.7 Recently it
became possible to apply the ab initio �AI� simulations in the
studies of structural and dynamical properties of molten
salts.8 The advantage of the ab initio simulations over clas-
sical MD of molten salts within the core-shell model is in
more correct reproduction of polarization effects because ab
initio simulations are free of any constraints on ionic charge.
However, there were no attempts to estimate dispersion of
collective excitation in molten NaI even from peak positions
of relevant current spectral functions obtained in the first-
principle simulations. Precise ab initio calculations of the
dispersion curves and damping of collective excitations are
absent in the literature, while for the case of crystals the
precise estimation of dispersion curves from ab initio simu-
lations is actively elaborated.9 For the case of liquids, espe-
cially liquid metals and ionic systems, there is a need in
development of theoretical methods, which in combination
with the ab initio molecular dynamics would provide correct
estimation of the dispersion and the damping of collective
excitations. Therefore, an ab initio study, based on consistent
theoretical approach and focused on collective excitations in
a molten salt is of great interest for understanding general
features of spectra formation in molten salts.

In this paper we report the generalized collective mode
�GCM� study of longitudinal and transverse dynamics of a
molten salt NaI with the main attention focused on the dis-
persion of collective excitations, and opticlike �charge�
waves in particular. We will obtain the dispersion relations
numerically in a general scheme taking into account main
local �with the same wave number� coupling effects between
the slow �hydrodynamic� and faster processes, i.e., we will
take into account all possible damping mechanisms of col-
lective excitations. Recently the interest on the collective dy-
namics in molten salts was revived by the inelastic x-ray
scattering �IXS� experiments performed on molten NaI at
953 K,10 and the reported direct observation of opticlike ex-
citations on the shape of total dynamical structure factor.
These experimental findings are especially interesting be-
cause the opticlike excitations belong to a wide class of non-
hydrodynamic processes in liquids. The general theory of
nonhydrodynamic modes11,12 and of the opticlike excitations
in particular13,14 states that the contributions from nonhydro-
dynamic collective processes to the total dynamical structure
factor vanish in the long-wavelength limit. Therefore, the
parameter-free studies on prediction of frequency window
for observation of opticlike excitations and estimation of
their contributions to the dynamical structure factors are very
important. We aimed to estimate in this study the contribu-
tions from the acoustic and optic excitations to different
spectral functions including the x-ray weighted total dynami-
cal structure factors in molten NaI at 953 K in order to shed
light on the issue of whether it was possible to observe the
long-wavelength opticlike excitations in the IXS
experiments.10 In order to take correctly into account all the
polarization effects in the molten salt and predict the correct
frequency window of frequencies corresponding to opticlike
excitations, we applied in this study the ab initio molecular-
dynamics simulations. The parameter-free GCM
approach,12,15 which to date is the most reliable method of

analysis of time-correlation functions relevant to collective
dynamics in liquids, is applied for estimation of the disper-
sion and the damping of longitudinal and transverse collec-
tive modes in the wide region of wave numbers.

The remaining part of the paper is organized as follows.
In Sec. II we shortly describe the GCM approach for the
study of generalized collective excitations in liquids and give
all the details of MD simulations. Section III contains an
analysis of collective dynamics in molten NaI based on a
six-variable viscoelastic GCM approach. An analysis of the
x-ray weighted dynamic structure factor will be performed
with the purpose of reproducing the experimentally mea-
sured SIXS�k ,��, and Sec. IV contains conclusions of this
study.

II. METHOD

A. Generalized collective modes approach

Within the GCM approach one has to solve the general-
ized Langevin equation in matrix form in terms of dynamical
collective eigenmodes of the liquid system. In fact it is a
parameter-free analysis of MD-derived time-correlation
functions by estimating dynamical collective eigenmodes in
the liquid as the eigensolutions of the generalized hydrody-
namic matrix T�k�, defined in Markovian approximation as
follows;15

T�k� = F�k,t = 0�F̃−1�k,z = 0� , �2�

where F�k , t� is the matrix of time-correlation functions
Fij�k , t�= �Ai�k ,0�Aj

��k , t�� constructed on a chosen basis set

of Nv dynamical variables A�Nv��k , t�, and F̃�k ,z� is its
Laplace transform. The most general basis set of dynamical
variables consists of the hydrodynamic variables and their
time derivatives, which being orthogonal to the hydrody-
namic variables are supposed to describe correctly short-time
processes in liquids. The time evolution of all dynamical
variables can be obtained in MD simulations with the pur-
pose of parameter-free estimation of the elements of matrix
F�k , t�. All the extended �nonhydrodynamic� dynamical vari-
ables usually are generated as the nth time derivative of par-
tial currents, and can be obtained in analytical form and sim-
ply calculated from the MD data. The complex-conjugated
pairs of eigenvalues of T�k�, which correspond to propagat-
ing processes, estimated at different wave numbers formed
the spectra of collective excitations.

Within the GCM approach one reconstructs the time-
correlation functions, called as the GCM replica, in separable
form:

Fij
�Nv��k,t� = �

�=1

Nv

Gij
��k�e−z��k�t, �3�

where each term corresponds to a separated contribution
from the collective mode z��k� with a complex weight Gij

��k�.
In this study we use for theoretical analysis of longitudi-

nal dynamics in molten NaI an extended set of six dynamical
variables
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A�6��k,t� = �n��k,t�,n��k,t�,J�
L�k,t�,J�

L�k,t�, J̇�
L�k,t�, J̇�

L�k,t�� ,

�4�

composed of partial densities, partial currents, and their time
derivatives �extended dynamic variables�. The overdots in
Eq. �4� mean the first time derivatives of corresponding dy-
namical variables. One can use here either a “partial” repre-
sentation of the dynamical variables, � ,�=Na, I, or one that
is more correct from the point of view of conserved quanti-
ties of the system—a “mass-concentration” �M-X� represen-
tation � ,�=m ,x,16 where instead of partial dynamical vari-
ables one has to consider their linear combinations, which
represent: the total mass-density nm�k , t�, mass-concentration
density nx�k , t�, corresponding longitudinal components of
the total and mass-concentration currents, and their first time
derivatives.14 It is obvious that the eigenvalues of the gener-
alized hydrodynamic matrix will be identical independently
on the chosen ‘‘partial’’ or ‘‘mass-concentration’’ representa-
tion of the dynamical variables in A�6��k , t� because they are
connected by a linear transformation. The partial densities

n��k,t� =
1

	N
�
i=1

N�

eikri,��t�, � = Na,I, �5�

and partial mass currents

J��k,t� =
1

	N
�
i=1

N�

m�vi,��t�eikri,��t�, � = Na,I, �6�

are the dynamical variables, which are most easily sampled
in MD simulations. In Eqs. �5� and �6� the ri,��t� and vi,��t�
are the position and velocity of particles, and m� and N� are
the mass and number of particles of �th kind.

Since there are some known analytical results for the
long-wavelength limit of the “total number-concentration”
�T-C� Bhatia-Thornton static and dynamic structure
factors,16 below we will use some static structure factors and
time-correlation functions obtained on the �T-C� densities:

nt�k,t� = nNa�k,t� + nI�k,t� ,

nc�k,t� =
1

2

nNa�k,t� − nI�k,t�� �

m̄2

mNamI
nx�k,t� . �7�

Note that the mass-concentration density nx�k , t� is simply
proportional by a constant to the concentration density
nc�k , t�, and the mass concentration is defined as x�

=m�N� /M, where M =mNaNNa+mINI= m̄N.
The transverse dynamics is studied within the same level

of approximation with respect to treatment of short-time pro-
cesses, as it is for the longitudinal dynamics, i.e., restricting
the extended variables by the first time derivatives of rel-
evant currents:

A�4T��k,t� = �J�
T�k,t�,J�

T�k,t�, J̇�
T�k,t�, J̇�

T�k,t�� . �8�

Another dynamical model is closely connected with the
collective propagating excitations described by the viscoelas-
tic dynamical model 
Eq. �4��. Yet in the 1980s it was real-
ized that the dispersion of acoustic and optic excitations in

binary metallic glasses approximately can be obtained from a
diagonalized matrix of the second frequency moments of the
current spectral functions C��

L,T�k ,��.17 This intuitive ap-
proach was supported by recent analytical results for disper-
sion of “bare” collective modes �i

0�k�.18 They were obtained
when in the viscoelastic dynamical model 
Eq. �4�� one ne-
glected the coupling to slow density fluctuations, and re-
maining effective four-variable model,

A�4��k,t� = �J�
L�k,t�,J�

L�k,t�, J̇�
L�k,t�, J̇�

L�k,t�� , �9�

described collective modes without any damping with dis-
persion in complete agreement with the results in Ref. 17.

B. Details of ab initio molecular-dynamics simulations

Time-correlation functions for molten NaI were obtained
from the ab initio molecular dynamics on Born-
Oppenheimer surface �VASP package�. A system of 150 par-
ticles was simulated in constant volume and temperature
�NVT� ensemble using a cubic box under periodic boundary
conditions. Two thermodynamic points were simulated: at
experimental temperature of 953 K �Ref. 10� and at T
=1080 K, which was the subject of the rigid-ion study in
Ref. 19.

The electron-ion interactions were represented by the
Kresse-Hafner ultrasoft pseudopotentials20 and the highest
default cutoff energy for them of 122.17 eV was used. Ad-
ditional tests of total-energy convergence with cutoff of 165
and 190 eV were performed in order to check the reliability
of the chosen cutoff energy. We have used the generalized
gradient approximation for energy functional in Perdew-
Wang-91 formulation.21 In the actual simulations the elec-
tronic density was constructed using a single � point in the
Brillouin zone and the time step was 1.5 fs.

For each thermodynamic point the length of production
run was of 50 000 time steps in order to obtain reliable con-
vergence of static and time-correlation functions needed for
the subsequent GCM analysis. Thirty k points were sampled
with the smallest wave numbers of kmin=0.329 Å−1 for T
=953 K and kmin=0.326 Å−1 for T=1080 K. For each k
point we analyzed the MD-derived time-correlation func-
tions by the GCM approach, calculated the spectra of longi-
tudinal and transverse collective excitations, and estimated
mode contributions to the shape of dynamic structure factors
using the well tested dynamic models.13,14

Since to date there does not exist a scheme for sampling
of the heat fluctuations in ab initio molecular dynamics of
liquids, we performed additional classical molecular-
dynamics calculations for the molten NaI in order to make
estimates for the ratio of the specific heats, which according
to hydrodynamics defines the coupling between density and
heat fluctuations. We have performed classical MD simula-
tions of molten NaI in microcanonical ensemble with 1000
particles over 300 000 time steps of 2 fs in order to obtain
well-converged generalized thermodynamic quantities, in-
cluding the generalized ratio of specific heats. Each sixth
configuration was taken for calculations of corresponding
static averages and time-correlation functions. The param-
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eters of Tosi-Fumi potentials for rigid-ion classical simula-
tions of NaI were taken from the Ref. 22.

In order to check whether there is sense in using some
information about heat fluctuations sampled in classical MD
simulations, and whether the periodic boundary conditions
for two different in size systems studied by ab initio and
classical molecular dynamics affected the obtained results,
we have compared some quantities from both simulations.
We have calculated the diagonalized second frequency mo-
ments of the current-current spectral functions Cij�k ,�� fol-
lowing Ref. 17, which have the sense of square of “bare”
frequencies. The second frequency moments essentially de-
pend on the forces acting on ions. In Fig. 1 we show the bare
frequencies ��

0�k�, obtained from the RI classical simulations
and from ab initio molecular dynamics �AI MD�. A striking
agreement for bare modes from both simulations is observed
for low-frequency modes. A “softening” of the high-
frequency modes in the long-wavelength region, obtained
from the ab initio simulations, is the consequence of polar-
ization of electron density, similar as it was estimated in the
ab initio study of collective dynamics of molten NaCl.18 In
general, the good correspondence of bare frequencies from
classical and ab initio simulations can be an evidence of
negligible size effects.

The static averages in the classical and ab initio simula-
tions were well converged due to large number of configu-
rations taken in calculations of the averages. The uncertainty
of the static quantities was not larger than 3–4 %. Dynamic
quantities, needed for the GCM analysis, such as correlation
times15 were estimated from the corresponding time-
correlation functions and their uncertainty was not larger
than 7%. The eigenvalues obtained numerically in the GCM
approach are very sensitive to uncertainties in static and dy-
namic quantities—in case of poorly converged static or dy-
namic input quantities, one would obtain negative real parts
of eigenvalues, i.e., nonphysical result. For both tempera-
tures studied here we have obtained smooth wave-number
dependence of the eigenvalues of generalized hydrodynamic
matrix, reported below, which is another evidence of the high
precision of performed calculations.

III. RESULTS AND DISCUSSION

A. Static quantities

Static properties of molten NaI have been studied already
in the ab initio molecular dynamics;8 therefore here we

present only some calculated static properties needed in the
subsequent analysis of collective excitations and their contri-
butions to the dynamical structure factors. The most correct
representation of atomic collective dynamics in molten salts
from ab initio molecular dynamics is in terms of T-C or M-X
sets of dynamical variables because in contrast to classical
rigid-ion models the explicit treatment of charge fluctuations
in the ab initio approach is too complicated. In Fig. 2 three
main Bhatia-Thornton static structure factors are shown for
molten NaI at 1080 K: Stt�k�, Stc�k�, and Scc�k� correspond to
the “total density-total density,” “total density-concentration
density,” and “concentration density-concentration density”
structure factors, respectively. The structure factors at 953 K
are very similar to the ones at 1080 K. For the analysis of
dispersion of collective excitations the following features of
the static structure factors are rather important: very sharp
first peak of the concentration-concentration structure factor
is located at k�1.51 Å−1 and there is the absence of the
pronounced first peak on the shape of Stt�k� �Fig. 2�. Con-
cerning the long-wavelength region, we are mainly interested
in the long-wavelength asymptote of Scc�k� that should be
proportional to k2.23 Comparing the long-wavelength asymp-
totes of Scc�k� obtained within the classical rigid-ion simula-
tions and from ab initio MD, one can estimate the value of
high-frequency dielectric permittivity �, which describes ef-
fects of bare charge screening due to electron shell deform-
ability. The estimated value of �=3.59 for molten NaI is in
agreement with the high-frequency dielectric permittivity of
NaI crystals ��=3.01.4 One can expect to obtain closer
agreement with the experimental value of �� by using larger
number of particles in the simulations of molten NaI because
as it was shown in Ref. 24 the region of wave numbers with
the hydrodynamic asymptotes of static and dynamic quanti-
ties reduces with increasing the mass ratio of components
mheavy /mlight in binary melts.

Other important static quantities, which can be used for
analysis of collective dynamics in molten salts, are the gen-
eralized wave-number-dependent thermodynamic quantities
such as the generalized ratio of specific heats ��k� or the
generalized linear thermal-expansion coefficient �T�k�. Since
huge efforts are needed for calculations of energy fluctua-
tions in ab initio molecular dynamics, we report here the
generalized thermodynamic quantities obtained in classical
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molecular-dynamics simulations. The most interesting is the
behavior of ��k�, especially its long-wavelength asymptote,
which reflects the strength of coupling between thermal and
viscous processes. From Fig. 3 one can estimate that the
macroscopic value for the ratio of specific heats is �
1.25,
which is reasonable because for molten salts the values of �
are quite close to unity like in liquid metals. Also in general
the wave-number dependence of the ��k� is similar as for the
case of liquid metals. However, the behavior of the general-
ized linear thermal-expansion coefficient �T�k� essentially
differs from the case of liquid metals. The pronounced nega-
tive peak of �T�k� is an evidence of prevailed contraction in
molten salt on some specific spatial scales. One should note
that the pronounced negative and positive peaks in the wave-
number dependence of �T�k� are located on different sides of
the position of the main peak of static structure factor Scc�k�,
which implies the leading role of charge fluctuations in be-
havior of the generalized linear thermal-expansion coeffi-
cient �T�k� on the length scales compared with the nearest-
neighbor distance.

B. Time-correlation functions

Time-correlation functions, derived in molecular-
dynamics simulations, are the main quantities that are needed
for the subsequent GCM analysis and which contain infor-
mation on the wave-number dependence of different specific
correlation times of the system. For the chosen basis set of
six dynamical variables, which actually corresponds to the
viscoelastic dynamical model, our main focus is on three
partial density-density time-correlation functions. The basis
set A�6��k , t� of the viscoelastic dynamical model provides
within the GCM approach a correct reproduction of the first
five frequency moments of partial dynamical structure fac-

tors for each function Fij�k , t� , i=Na, I, as well as additional
sum rules for the correlation times of MD-derived functions
and their GCM replicas. The GCM replicas are the solutions
of generalized Langevin equation, represented in six-
exponential form �3�, where each term corresponds to a con-
tribution from collective eigenmode z��k�, and complex
weight coefficients Gij

��k� are represented via the eigenvec-
tors associated with �th eigenmode. As it was suggested in
Ref. 25 for the analysis of mode contributions it is most
convenient to mark purely real eigenvalues as d��k� and
switch to purely real weight coefficients instead of the com-
plex ones. One obtains

Fij
�6��k,t�
Fij�k�

= �
�=1

2

Aij
��k�e−d��k�t + �

�=1

2

�Bij
��k�cos
���k�t�

+ Dij
��k�sin
���k�t��e−	��k�t, �10�

with the real k-dependent amplitudes of mode contributions:
from relaxation processes Aij

��k�, symmetric Bij
��k� and asym-

metric Dij
��k� contributions from the �th collective propagat-

ing excitation with the frequency ���k�, and the damping
	��k�. The quality of the GCM replicas can be seen from
Fig. 4, where the MD-derived partial density-density time-
correlation functions are well reproduced by six-term expres-
sion �10� and amplitudes of mode contributions from the
corresponding eigenvalues are estimated without any fitting.
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C. Transverse and longitudinal propagating collective
excitations

Transverse collective dynamics in liquids is not as com-
plex as the longitudinal one because of absence of its cou-
pling to thermal fluctuations and many important relaxation
processes. Therefore for the estimation of transverse collec-
tive excitations one can restrict the treatment by the four-
variable dynamic model A�4T��k , t�. When the transverse cor-
relation times


ii
T�k� =

1

Cii
T�k,0�

�
0

�

Cii
T�k,t�dt, i = t,x , �11�

are taken into account within the GCM scheme, the trans-
verse eigenmodes are complex numbers with nonzero real
part that corresponds to particular wave-number-dependent
damping coefficients, which in their turn renormalize the dis-
persion of propagating modes. In Eq. �11� the Ctt

T�k , t� and
Cxx

T �k , t� are the transverse total and mass-concentration cur-
rent autocorrelation functions, respectively. The relaxation
processes that are reflected by the transverse correlation
times 
Eq. �11�� are the ones connected with shear viscosity
and conductivity 
for i= t and x in Eq. �11�, respectively�. In
general, there are two branches of transverse collective exci-
tations in molten NaI: the low- and high-frequency branches
correspond in the region k�1 Å−1 to the shear waves and
transverse optic modes, respectively. For larger wave num-
bers there exists a crossover to a partial type of collective
dynamics,13 and both branches describe collective excita-
tions mainly connected with dynamics of light �Na� and
heavy �I� particles in the melt on short-range scale. In the
limit k→0 according to hydrodynamics the shear waves can-
not propagate in the liquid, which can be seen in Fig. 5 as a
clear tendency for the low-frequency branch to reach the
zero frequency approximately at k�0.25 Å−1.

The dispersion ���k�=Im
z��k�� and damping 	��k�
=Re
z��k�� of longitudinal collective modes obtained within
the viscoelastic model A�6��k , t� for the temperatures of 953
and 1080 K are shown in Fig. 6. In the long-wavelength
region there exists almost linear dispersion law shown by
dashed lines although the damping �real parts of complex
eigenvalues� is essentially different from the hydrodynamic

wave-number dependence proportional to k2. The observed
tendency in k dependence of damping is close to linear in
that region, which usually is observed in liquid metals be-
yond the hydrodynamic regime. To reach the wave numbers,
where hydrodynamic behavior of damping is �k2, much
larger systems with the number of particles N�103 must be
simulated. Even in classical simulations with 1000 particles
we were not able to reach the hydrodynamic asymptote of
sound damping. We would like to remind here that the hy-
drodynamic regime �hydrodynamic asymptotes of main col-
lective processes� appears only on the large spatial scales,
where the liquid system is treated as continuum �no fine
atomic structure�. In that sense the molten salts due to
screening effects have more nonuniform structure than
simple liquid mixtures that is reflected in more narrow hy-
drodynamic region.

For longitudinal opticlike excitations the frequency and
damping tend in the long-wavelength limit to nonzero val-
ues. This means that, on large spatial scales due to quite large
damping of optic modes �in comparison with the damping of
acoustic excitations �k2 in this limit�, they will not survive
and therefore their contribution to the long-wavelength col-
lective dynamics is negligible, as it must be for kinetic col-
lective modes. From Fig. 6 one can estimate that the damp-
ing of acoustic and optic excitations increases with
temperature, which is reasonable. Only for the region close
to the main peak position of the concentration-concentration
static structure factor Scc�k� the damping of low-frequency
excitations shows a pronounced peak, which corresponds to
a strong scattering of these excitations on long-lived cages of
positive and negative ions. The dispersion of optic modes
almost does not change with temperature. We obtained the
frequency of longitudinal-optic modes at k→0 to be about
29 ps−1 while the transverse long-wavelength optic modes
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FIG. 5. Spectrum of transverse collective excitations for a liquid
NaI at 1080 K, obtained within the four-variable dynamical model
A�4T��k , t�. The high- and low-frequency branches of collective ex-
citations, shown by symbols plus and cross, correspond to the op-
ticlike modes and shear waves, respectively.
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FIG. 6. Spectrum of collective excitations for a liquid NaI at
953 �right frames� and 1080 K �left frames�, obtained for the dy-
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have the frequency �20.5 ps−1, which means the width of
propagation gap between LO and TO excitations is 8.5 ps−1.
In comparison with the rigid-ion simulations, where the gap
between the LO and TO excitations was about 15 ps−1, we
obtained essential reduction in the width of the propagation
gap due to electronic polarization effects.

D. Wave-number-dependent relaxation processes

Within the six-variable viscoelastic model there are two
purely real eigenvalues d��k�, which correspond to wave-
number-dependent relaxation processes in molten NaI. In
fact, there should be at least three relaxation processes af-
fecting propagating processes in binary liquid melts: con-
nected with heat diffusion, ionic conductivity, and structural
relaxation. First two processes are the hydrodynamic ones
while the structural relaxation is a nonhydrodynamic relax-
ation process and is important only beyond hydrodynamic
regime. However, in the six-variable viscoelastic treatment
the heat fluctuations are not considered in the model; hence,
only two relaxation processes connected with ionic conduc-
tivity and structural relaxation represent the two real eigen-
values of the present GCM analysis. The estimated value in
classical MD simulations of the ratio of specific heats means
that one can expect the mode strength of thermal relaxation
process in the limit k→0 to be Ath
��−1� /��0.2. How-
ever, our current and previous results for molten salts19,26

point out that with increasing wave number the contribution
from the thermal processes to the partial density-density
time-correlation functions rapidly decays and becomes very
small for k
0.4 Å−1, which actually justifies the applicabil-
ity of the viscoelastic approximation for wave numbers
larger than 0.4 Å−1.

A specific feature of the molten salts is the finite lifetime
of the relaxation process, connected with ionic conductivity

cond=dcond

−1 �k=0� in the long-wavelength limit, which is
completely different from the well-known asymptotes for hy-
drodynamic relaxation processes of nonionic liquids with
d��k��k2.27 The hydrodynamic expression for the relaxation
process connected with ionic conductivity 	 �Ref. 28�,

dcond�k� =
4�	

�
+ O�k2� , �12�

permits estimation of the conductivity from the long-
wavelength limit of the relevant purely real eigenvalue. In
Fig. 7 the wave-number dependence of two real eigenvalues
for each temperature is shown. More short-time processes in
long-wavelength region correspond to relaxation process Eq.
�12�, while in the region of sharp first peak of Scc�k� it has
pronounced minimum and becomes the slowest relaxation
process in the system on specific spatial scale. One can see
that the behavior of dcond�k� fits very well to a quadratic k
dependence according to Eq. �12�. From such a fit one can
estimate the values of ionic conductivity, which are:
1.05 ohm−1 /cm for 953 K and 1.29 ohm−1 /cm for 1080 K.
This reflects the correct tendency of increasing conductivity
with temperature; however one should note that these results
were obtained within the viscoelastic treatment, which pro-
duces underestimated values of transport coefficients because

of the neglect of thermal processes in the model. Therefore
for quantitative comparison of the obtained estimates for the
ionic conductivity with experimental data, one would have to
take into account corrections due to processes connected
with thermal conductivity and cross correlations in the mol-
ten salts.

E. Mode contributions to the time-correlation functions

The GCM analysis of the MD-derived time-correlation
functions is very useful for understanding the main contribu-
tions to different time-correlation functions in a wide region
of wave numbers ranging from the hydrodynamic region up
to the kinetic regime. It is very important because such an
analysis can shed light on the problem of nonhydrodynamic
collective processes and their manifestation in the shape of
time-correlation functions and corresponding spectral func-
tions.

The amplitudes of mode contributions Aij
��k� and Bij

��k�
�sometimes called mode strengths� correspond to relaxation
and propagating processes, respectively, according to Eq.
�10�. In Fig. 8 the total density autocorrelation functions are
shown for two wave numbers in order to see the tendency in
damping the oscillatory behavior in the shape of the density-
density time-correlation function. It is similar to other molten
salts that the contribution from acoustic propagation excita-
tions is quite small even in the long-wavelength region al-
though according to hydrodynamics in the long-wavelength
limit their mode strength in NaI must be ��−1=0.8, i.e., four
times larger contribution than the one from the thermal re-
laxation process. It is a long-standing issue why, in the mol-
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ten salts with � values similar as in liquid metals, the sound
excitations are not well pronounced on the shape of total
dynamical structure factor29 like in liquid metals. From the
right frame of Fig. 8, where the leading contributions to the
total density autocorrelation functions in wide region of
wave numbers are shown, one can judge that the nonhydro-
dynamic process of structural relaxation plays a very impor-
tant role. It seems that the hydrodynamic region for molten
salts is much smaller because of structural features of molten
salts, where long-living cages of opposite charged ions exist,
and this affects the width of the region with true hydrody-
namic asymptotes. The upper bound of the hydrodynamic
regime can be obtained when the relaxation times of ther-
modiffusive and structural modes coincide. A detailed study
of wave-number dependence of structural relaxation and its
contribution to collective dynamics of liquids is presented in
Ref. 30.

It follows from the wave-number dependence of the mode
strengths of propagating processes in Fig. 8 that the contri-
bution from the opticlike mode vanishes toward smaller
wave numbers that is the correct tendency for the kinetic
collective modes. However, the contribution from the high-
frequency branch to Ftt�k , t� becomes larger than the one
from the low-frequency excitations, for k
0.8 Å−1. This
corresponds to the atomic-scale region, where the contribu-
tion of light particles to the collective dynamics prevails.

At small wave numbers the mass-concentration density
autocorrelation functions also display oscillatory behavior
�Fig. 9�. However, the oscillations on the shape of Fxx�k , t�
are due to the high-frequency opticlike modes, which accord-
ing to results of analytical treatment26 have nonzero contri-
butions to the normalized function Fxx�k , t� /Fxx�k ,0� in long-
wavelength limit. For wave numbers k
0.7 Å−1 both types
of collective excitations contribute to Fxx�k , t� although the
leading contribution comes from the relaxation process con-
nected with ionic conductivity.

F. X-ray weighted total dynamical structure factors

In order to compare our calculations with experimental
dynamical structure factors, we analyze the shape of the IXS-
weighted total dynamical structure factor

SIXS�k,�� = bNa
�2 �k�cNaSNaNa�k,��

+ 2bNa
� �k�bI

��k�	cNacISNaI�k,��

+ bI
�2�k�cISII�k,�� , �13�

where Sij�k ,�� are the partial dynamic structure factors,

bi
��k� =

f i�k�
	cNafNa

2 �k� + cIf I
2�k�

, i = Na,I,

and f i�k� are the wave-number-dependent IXS-scattering am-
plitudes for Na and I ions, and ci are the concentrations,
which for the NaI both are equal 0.5.

The linear combination of partial dynamic structure fac-
tors 
Eq. �13�� can be used for calculations of the IXS-
weighted amplitudes of mode contributions, which follow
from the GCM analysis of each partial function, as it was
done in Ref. 31. In Fig. 10 one can see that the contribution
from the high-frequency branch in the long-wavelength re-
gion almost vanishes, and the only propagating modes con-
tributing to the SIXS�k ,�� are the acoustic excitations al-
though even they are not seen on its shape in the wave-
number range studied experimentally in Ref. 10 as it is
shown in Fig. 11.
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Another expression for IXS-weighted scattering intensity,
used in Ref. 10,

IIXS�k,�� � 
fNa�k� + f I�k��2Stt�k,��

+ 
fNa
2 �k� − f I

2�k��Stq�k,��

+ 
fNa�k� − f I�k��2Sqq�k,�� , �14�

can be analyzed from the point of view of wave-number-
dependent amplitudes shown in Figs. 8 and 9. One of the
arguments of expectation to observe optic modes in Ref. 10
was a suggestion that there can be quite strong contribution
from the charge-charge dynamic structure factor Sqq�k ,�� to
the total IXS-weighted intensity. However, Fig. 9 makes evi-
dence that the optic modes really have nonvanishing contri-
bution to the normalized dynamic structure factor

Sqq�k,��/Sqq�k� � Sxx�k,��/Sxx�k� ,

while the static structure factor Sxx�k� vanishes as k2 in the
long-wavelength region and therefore the contribution from
optic modes to the shape of Sqq�k ,�� and IIXS�k ,�� vanishes
also as k2. This excludes practically the possibility of obser-
vation of optic modes in molten salts for small wave num-
bers k�0.8 Å−1 in the scattering experiments.

IV. CONCLUSIONS

We performed an ab initio study of dispersion and damp-
ing of collective modes in molten NaI at two temperatures.
The theoretical approach used in this study consists in esti-
mation of dynamical eigenmodes, which contribute with dif-
ferent weights to the time-correlation functions, obtained in
ab initio molecular dynamics. These weights �or mode

strengths� clearly reflect the contributions of acoustic and
optic collective excitations to different spectral functions as
well as to the experimental IXS intensities. The two main
messages of our study are:

�i� Our ab initio simulations in combination with the
parameter-free GCM approach predict the frequency window
25–35 ps−1 for the high-frequency branch of collective ex-
citations in molten NaI in a temperature range up to 1080 K.
The long-wavelength longitudinal-optic modes have the fre-
quency 29 ps−1 while the transverse optic modes at k→0 are
separated from the longitudinal modes by a gap of 8.5 ps−1.

�ii� The analysis of mode contributions reveals the ab-
sence of contribution from opticlike excitations to the total
dynamical structure factor in the long-wavelength region that
is in complete agreement with the theory of nonhydrody-
namic optic modes in liquids.13,14 The calculated IXS-
weighted dynamical structure factor of molten NaI at 953 K
shows no side peak due to the optic modes in the region k
�0.8 Å−1 that does not support the reported possible obser-
vation of optic modes in molten NaI.10
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