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Recent findings of pressure-induced emergence of unusual high-frequency contribution
to transverse current spectral functions in several simple liquid metals at high pressures
raised a question whether similar features can be observed in liquid metals at ambient
conditions. We report here analysis of ab initio molecular dynamics-derived longitudinal
and transverse current spectral functions and corresponding dispersions of collective
excitations in liquid polyvalent metals Al, Tl, Ni. We have not found evidences of the
second branch of high-frequency transverse modes in liquid Al and Ni, while in the case
of liquid Tl they were clearly present in transverse dynamics. The vibrational density of
states for liquid Tl has a pronounced high-frequency shoulder, which is located right in the
frequency range of the second high-frequency transverse branch, while for liquid Al and
Ni the vibrational density of states has only a weak indication of possible high-frequency
shoulder. The origin of specific behavior of transverse excitations in liquid Tl is discussed.

Keywords: liquid metals, collective excitations, transverse dynamics, ab initio molecular dynamics, current

spectral functions

1. INTRODUCTION

Collective dynamics in simple liquidmetals is well understood onmacroscopic spatial and temporal
scales only, where all the contributions from relaxation and propagating collective modes to the
measured in Brillouin light scattering experiments dynamic structure factors are well known.
Hydrodynamic theory being in fact a set of local conservation laws provides perfect description
of collective dynamics in fluids treated as continuum [1, 2]. On microscopic scale with atomic
resolution, the collective dynamics in liquids can be studied by inelastic X-ray or neutron scattering
experiments, as well as by molecular dynamics simulations (MD). Many new features appear on
the atomic scales in dynamics of liquids and also in liquid metals, which are not described by
hydrodynamic theory. They can be represented as effects of non-hydrodynamic collective modes
like structural relaxation, shear waves, stress relaxation, heat waves, etc.[3].

Recent findings of pressure-induced emergence of unusual high-frequency contribution to
transverse current spectral functions in liquid Li [4], Na [5], and Fe [6] at high pressures opened
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a new discussion on possible two types of transverse
propagating modes coexisting on the spatial scale of the
cage of nearest neighbors. The cage of nearest neighbors means
the configuration of nearest atoms in the first coordination
shell, which for dense liquids (especially in supercooled state)
can be stable over some period of time, while diffusion of
particles destroy the instantaneous cages. All these simulation
results raise naturally the question whether similar features in
transverse dynamics can be observed in liquid metals at ambient
conditions. Another important and so far unclear issue is the
range of wave numbers where the manifestation of the second
branch of transverse excitations can be observed. As a matter of
fact, analysis of inelastic X-ray scattering experiments indicated
a possible coupling between longitudinal (L) and transverse (T)
collective excitations and consequently two contributions of
coupled propagating modes at relatively small wave numbers [7].
In contrast, ab initio MD (AIMD) simulations [4] clearly
indicated the emergence of the second transverse branch only for
wave numbers outside the first pseudo-Brillouin zone. Moreover,
it has been reported earlier for polyvalent liquid metals such
as Ga [7] and Sn [8] the existence of two contributions from
propagating modes as measured by IXS experiments. Recent ab
initio simulations of liquid Tl [9] near melting and Ni [10] at
T = 1773 K showed a possibility to observe a small shoulder in
the shape of dynamic structure factor S(k,ω) at wave numbers k
within the first pseudo-Brillouin zone and frequencies ω below
the L-acoustic mode, ascribed to a contribution from transverse
excitations. Another liquid metal, liquid Zn at T=723 K, revealed
a strongly smeared two-peak shape of L- and T- current spectral
functions from ab initio simulations [11], and an attempt was
made to explain this feature by mode-coupling effects. It will
therefore be interesting to study collective dynamics in several
other polyvalent and transition metals as well as different
temperatures by means of computer simulations to clarify the
issue with the possibility of emergence of two contributions from
L- and T-collective excitations to different spectral functions.

In the present work we aim to perform ab initio simulations
in order to derive L and T current spectral functions and well as
dispersion of L- and T-collective excitations in liquid polyvalent

FIGURE 1 | Structure factor of liquid Al at 1000 K.

metals Al, Tl as well as in transition liquid metal Ni at ambient
pressure. The remaining part of paper has the following structure:
next section contains information on the ab initio simulations
that have been carried out for the studied liquidmetals. In section
3 we report the spectra calculations and supply discussion on the
obtained results. Finally, conclusions of this study are presented
in the last section.

2. SIMULATION BACKGROUND

The AIMD simulations for Al, Ni and Tl were performed
in the present work within the framework of the density-
functional theory (DFT) by the Vienna ab initio simulation
package (VASP) [12]. A plane-wave basis set with a specific cut-
off energy is used for each element, namely 241 eV for Al, 270
eV for Ni, and 90.14 eV for Tl. The cut-off energies were taken as
VASP default values for corresponding electron-ion interactions
represented by the projected augmented-wave potentials, which
provide correct nodal structure of wave functions in the core
regions [13, 14]. Specific exchange-correlation energy was used
depending on the element considered, i.e., the local-density
approximation (LDA) [15] for Al, and the generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
form [16, 17] for Ni and Tl. It appeared that for the case of liquid
Tl at 577 K the agreement with experimental structure factor is
worse, than from simulations with local density approximation.
Therefore we additionally performed AIMD for liquid Tl at the
same temperature using LDA.

All the simulations were carried out in the canonical
ensemble (NVT), namely constant number of atoms, volume,
and temperature, by applying the Nosé thermostat [18, 19].
Newton’s equations of motion were integrated using Verlet’s
algorithm in the velocity form with a time step of 1 fs for Al,
1.5 fs for Ni, and 2 fs for Tl. The time steps were taken small
enough in order to converge the DFT total energy within 4–
5 iterations of wave functions. A cubic MD box with periodic
boundary conditions containing 256 atoms for Al, 108 for Ni and

FIGURE 2 | Fourier spectrum of velocity autocorrelation function for liquid Al.
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FIGURE 3 | Longitudinal and transverse current spectral functions for liquid Al
for three wave numbers in the second pseudo-Brillouin zone.

300 for Tl was used in the simulations, and only the Ŵ-point was
considered to sample the supercell Brillouin zone.

The liquid systems for Al and Ni were initially prepared and
equilibrated at some temperature well above the studied one.
Then we cooled the samples to the lower desired temperatures
for the given element with a rate of 1013 K/s followed by another
equilibration for 3 ps. At the studied temperature, namely 1000
K for Al, 1735 K for Ni and 577 K for Tl, the volume V of cell
was chosen to reproduce the experimental densities [20, 21]. The
production runs were performed for 80 ps for Al and Ni. The
initial configuration for liquid Tl was taken from classical MD
simulations [22] and upon equilibration of 3 ps the production
run of 126 ps was performed for liquid Tl.

All the time correlation functions and static wave-number
dependent correlators were averaged over all possible directions
of wave vectors corresponding to the same absolute value. The
time correlation functions and static correlators were averaged
over 80,000 configurations for Al and Ni, and for 40,000 ones

FIGURE 4 | Dispersion of logitudinal (L) and transverse (T) collective
excitations for liquid Al at 1000 K estimated from peak positions of the L/T
current spectral functions. The vertical dashed line at k = 1.345Å−1

corresponds to the boundary of the first pseudo-Brillouin zone.

FIGURE 5 | Structure factor of liquid Ni at 1735 K.

in case of Tl. Note that the smallest accessible wave number for
which the time correlation functions can be calculated in our
simulations is 0.371Å−1 for Al, 0.569Å−1 for Ni and 0.301 Å−1

for Tl. It is worth mentioning that the AIMD simulations for Al
and Ni used here were performed in our previous works [23–26].

3. RESULTS AND DISCUSSION

For each of the three studied liquid polyvalent and transition
metals we calculated directly the static structure factor via static
density-density correlators

S(k) = 〈n(−k)n(k)〉 ,

where n(k) are spatial-Fourier components of particle density and
brackets denote ensemble average. The velocity autocorrelation
functions ψ(t) were calculated with the purpose to analyze their
time-Fourier transform Z̃(ω), which outside the small-frequency
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FIGURE 6 | Fourier spectrum of velocity autocorrelation function for liquid Ni.

region reflects the vibrational density of states in the simulated
system. The collective dynamics was analyzed from the calculated
L- and T-current spectral functions CL/T(k,ω), peaks of which
are connected with the frequencies of corresponding collective
propagating modes.

3.1. Liquid Al
Structure factor for liquid Al at temperature 1000 K is shown in
Figure 1. A high number of configurations taken for calculations
of the structure factor S(k) allowed to obtain very smooth
k-dependence with a peak located at Kp = 2.69Å−1. The
location of the first sharp diffraction peak in structure factors of
liquid defines the region of de Gennes slowing down of density
fluctuations, as well as the approximate location of the first
pseudo-Brillouin zone boundary (Kp/2 ∼ 1.345Å−1), where one
usually for dense liquids observes the maximum of the dispersion
curve for longitudinal collective excitations.

The velocity autocorrelation function (VACF) characterizes
single-particle motion of atoms in liquids, although it can be
used also for extracting some information about the vibrational
density of states (VDOS) for high-frequency excitations, because
in the low-frequency region in liquids the vibrational density of
states is hidden under the relaxing contribution which defines
the diffusivity of particles. By date there is no unique theory-
based scheme of how one can separate different contributions
to the VACF in order to calculate the vibrational density of
states, although several different approaches were suggested
like 2PT-model [27]. Such a scheme for separation of relaxing
and vibrational contributions to VACF should be based on the
knowledge of the dispersion law of collective excitations and their
damping - it is highly desirable because it would allow to study
deviations from the Debye law (low frequency region of VDOS∼
ω2) due to existing “positive" or “negative" sound dispersion [28].

In Figure 2 the frequency spectrum of VACF is shown, and
one can observe a single peak at ω ∼ 20ps−1 and a tiny shoulder
in the region of frequencies∼40–50ps−1.

Dispersion of L- and T-collective excitations can be roughly
obtained from the location of peak position in corresponding

FIGURE 7 | Longitudinal and transverse current spectral functions for liquid Ni
for three wave numbers in the second pseudo-Brillouin zone.

L/T current spectral functions CL/T(k,ω), calculated for each
available wave number as numerical time-Fourier transformation
of the L/T current autocorrelation functions F

L/T
JJ (k, t). In

Figure 3 we show the shape of CL/T(k,ω) spectral functions for
three wave numbers. One can see that for the wave numbers from
the second pseudo-Brillouin zone only one peak is observed in
the shape of CL(k,ω) and CT(k,ω), although a shoulder exists on
the high-frequency side ω ∼ 45ps−1 of CT(k,ω) close to wave
number ∼ 2Å−1. More precise schemes to analysis of different
contributions to time correlation functions or to corresponding
spectral functions is needed in order to find the possibility
of emergence of another branch of collective excitations and
estimate its origin.

The peak position of L/T-current spectral functions as a
function of wave number are shown in Figure 4. The linear
dispersion by dashed line is just a guide for eye drawn through
the frequency of longitudinal excitation at the smallest available
wave number in order to show the existence of the “positive”
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sound dispersion in liquid Al, which is an evidence of strong
viscoelastic crossover from hydrodynamic region with smaller
adiabatic speed of sound to the elastic regime with the high-
frequency apparent speed of sound. The transverse (T) branch of
collective excitations has quite small propagation gap (the long-
wavelength region where the transverse sound is absent), smaller
than ∼0.4Å−1. In the short-wavelength region the T-branch
corresponds to very short-wavelength correlated oscillating
motion of atoms in the cage of nearest neighbors. In the case of
liquid Al the frequency of short-wavelength T-modes is located
at 20–23 ps−1, that practically coincides with the peak location
of the VACF frequency spectrum. We note, that the peak of the
VACF frequency spectrum does not correspond to the maximum
of frequencies of the L-branch of collective excitations which
should be observed in case of the pure Debye model of the
vibrational density of states. However, the roton-like minimum
on the dispersion curve is located very close to the peak of the
VACF frequency spectrum. Another finding is, that for liquid

FIGURE 8 | Dispersion of longitudinal (L) and transverse (T) collective
excitations for liquid Ni at 1735 K estimated from peak positions of the L/T
current spectral functions. The vertical dashed line at k = 1.55Å−1

corresponds to the boundary of the first pseudo-Brillouin zone.

Al at ambient pressure the high-frequency branch of transverse
excitations is not observed.

3.2. Liquid Ni
The structure factor of transition liquid metal Ni at 1735 K
shown in Figure 5 does not show any specific features. Only the
amplitude of the oscillations for wave numbers higher than the
location of the first diffraction peak (Kp = 3.1Å−1) is smaller
than for other studied here polyvalent metals.

The spectrum of the VACF for liquid Ni (Figure 6) contains
a single peak at ω ∼ 25 − 27ps−1 and just a small change in
the slope on the high-frequency side close to the frequency of ∼
45ps−1, which is much smaller than the small shoulder observed
nearly at the same frequency for liquid Al (see Figure 2). We will
check below at the analysis of the dispersion curves how the peak
location of the VACF frequency spectrum correlates with the flat
regions of L- or T-dispersions.

The current spectral functions CL/T(k,ω) for liquid Ni at
1735 K are shown in Figure 7. The L and T current spectral
functions have just a single-peak form, although for the wave
numbers k > 2Å−1 one may observe an emerging shoulder at
frequency∼ 40ps−1.

The dispersion of L and T collective excitations for liquid Ni
at 1735 K (Figure 8) have quite small error bars because of very
long AIMD runs and well defined peaks of corresponding current
spectral functions. Again, as for the case of liquid Al we do not
see a correlation in the peak location of the VACF-spectrum
and the highest longitudinal frequency, which is located at
ω ∼ 48ps−1, while the maximum of the Fourier-spectrum
of VACF corresponds rather to the flat region of the short-
wavelength region of T-dispersion at ω ∼ 27 − 30ps−1. Again,
for the liquid Ni we did not observe the second high-frequency
branch of collective excitations, that correlates well with the
absence of the high-frequency peak in the Fourier-spectrum of
VACF.

3.3. Liquid Tl
The structure factors S(k) of liquid Tl at 577 K calculated with
LDA and GGA are shown in Figures 9A,B. A comparison with
the experimental S(k) gives evidence that LDA reproduces the

FIGURE 9 | Structure factor of liquid Tl at 577 K from simulations in LDA (A) and GGA (B).
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FIGURE 10 | Fourier spectrum of velocity autocorrelation function for liquid Tl
with LDA (red symbols and solid line) and GGA (green symbols and dashed
line).

experimental data much better than the GGA. The amplitide
of the first sharp diffraction peak within LDA is Smax =

2.78 located at Kp ∼ 2.25Å−1 which is in reasonable
agreement with experimental S(k), while GGA results in
much higher ampliture Smax = 3.3 at the same location
Kp ∼ 2.25Å−1. This is consistent with the fact that GGA
generally gives rise to more compact and structured local
environments, as it was shown in Jakse and Pasturel [23] for
liquid Al.

In contrast to the Fourier-spectrum of VACF of liquid Al
and liquid Ni discussed above, the frequency spectrum of VACF
for liquid Tl in LDA and GGA, shown in Figure 10, contains
the well-pronounced high-frequency peak at frequency∼12ps−1

(LDA) and∼14ps−1 (GGA), while the main peak of the Fourier-
spectrum of VACF is located at ω ∼ 6ps−1 (LDA) and ω ∼

7ps−1 (GGA). Note, that the zero-frequency value of VACF is
directly connected to diffusion coefficient, which is nearly twice
higher in LDA simulations, than with the GGA. Again, the
more compact local structures obtained with GGA lead to a
more pronouneced cage effect and hence to a lower diffusion
[23].

The L/T current spectral functions CL/T(k,ω) for the case
of liquid Tl in contrast to liquid Al and liquid Ni contain well
defined two-peak structure in T-spectral functions as shown
in Figure 11. These features are observed only in the second
pseudo-Brillouin zone, i.e., for wave numbers k > Kp/2.
The second, high-frequency, peak of CT(k,ω) emerges at the
frequency ∼ 14ps−1, that coincides with the location of the
high-frequency peak of the Fourier-spectrum of VACF.

In Figure 12 we report the longitudinal and transverse
dispersions of collective excitations, with the L-branch reaching
its maximum of ∼16 ps−1 at Kp/2. The dispersion of T-
excitations for the case of liquid Tl contains two transverse
branches for wave numbers higher than the boundary of the
first pseudo-Brillouin zone. The low-frequency T-branch in the
short-wavelength region practically overlaps with the roton-
like minimum of the L-dispersion, that is treated sometimes

FIGURE 11 | Longitudinal and transverse current spectral functions for liquid
Tl for three wave numbers in the second pseudo-Brillouin zone from
simulations with GGA.

as a possible effect of emerging L-T coupling in atomic
scale dynamics. On the other hand for liquid Al and Ni
we did not observe the overlap of the short-wavelength
regions of L- and T-dispersions. Hence, the dispersion of
collective excitations in liquid Tl gives clear evidence of
the correlation between the peaks of the Fourier-spectrum
of VACF with the frequencies of the two types of T-
excitations in the short-wavelength region (which practically
corresponds to strong single-particle correlations in the collective
quantities).

4. CONCLUSION

We studied by ab initio molecular dynamics simulations
collective dynamics of three liquid polyvalent metals at ambient
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FIGURE 12 | Dispersion of logitudinal (L) and transverse (T) collective excitations for liquid Tl at 577 K estimated from peak positions of the L/T current spectral
functions in LDA (A) and GGA (B). The vertical dashed line at k = 1.125Å−1 corresponds to the boundary of the first pseudo-Brillouin zone.

pressure - Al, Tl, Ni, with a main focus on a possibility
to observe directly from transverse current spectral functions
CT(k,ω) unusually high-frequency short-wavelength transverse
excitations previously found only in liquid metals at high
pressures. The most original result is the existence of the two
types of transverse excitations in liquid Tl close to the melting
point from both LDA and GGA ab initio simulations. Our
findings are as follows:

i. Comparing three different liquid polyvalent metals - only
in the case of liquid Tl we observed two pronounced peaks
of CT(k,ω) corresponding to two types of short-wavelength
transverse excitations;

ii. The second high-frequency branch of transverse excitations
in liquid Tl becomes visible only for wave numbers higher
than the first pseudo-Brillouin zone boundary, i.e., for
k > Kp/2, where Kp is the position of the main peak
of static structure factor S(k). For smaller wave numbers
the high-frequency transverse excitations were not found,
in total agreement with the case of liquid Li [4] at high
pressure;

iii. For the case of liquid Tl we observed a pronounced high-
frequency shoulder and a small peak on the high-frequency
side of the spectrum of velocity autocorrelation function.
There exists a clear correlation between the existence of the
high-frequency peak and emergence of the high-frequency
transverse excitations with practically the same frequency
as this is for liquid Tl. For liquid Al at 1000 K and liquid
Ni at 1735 K only a tiny shoulder (and no peak) can
be resolved in the high-frequency side of the spectrum of
velocity autocorrelation functions in corresponding liquid
metals;

iv. We observed shoulders on the high-frequency side CT(k,ω)
for liquid Al close to k ∼ 2Å−1. We refrain here to
attribute this feature to the correlation between the high
frequency-peak of the VDOS and the emergence of a
high frequency transverse branch. However, this implies
a possibility for liquid Al to have the short-wavelength

high-frequency excitations that would be better revealed by
applying relatively small pressure. This should be studied in
more detail and will be reported elsewhere;

v. The flat dispersion of the high-frequency transverse branch
implies localization of this mode. In general the existence
of two transverse branches - low- and high-frequency ones
on the spatial scale of the cage of nearest neighbors can be
considered as some analogy of coexisting types of normal
modes of stable over some period of time clusters of several
atoms.
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