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Abstract
There are two ways to proceed with nanoscience: so-called top-down and bottom-up methods.
Usually, the former methods are thought of as in the province of physicists and the latter in that
of chemists. However, this is not entirely true because the physics of disordered matter,
especially liquid metals, is well-developed bottom-up science and it has indeed provided
nanoscience with basic ideas and theoretical tools such as ab initio molecular dynamics (MD)
simulations.

Here we wish to present experimental studies on such phenomena that originate from
quantum mechanical properties and subsequently lead to classical non-equilibrium processes:
among these are slow dynamics due to metal–nonmetal transitions in liquids, and wetting and
dewetting transitions of liquid semiconductors. Since all these phenomena are related to a
spatiotemporal range far wider than that treated by the present ab initio MD simulations, it is
desirable that new progress in theoretical physics be stimulated, resulting in further
developments in nanoscience.

1. Introduction

It is widely accepted that the notions of nanoscience and
nanotechnology were first suggested in a celebrated lecture by
Feynman in 1959 [1]. Since then, the notions have spread from
physics to chemistry, engineering, medicine and pharmacy [2].
One might think that such developments have nothing to do
with studies of liquid metals, but there is a close relation
between nanoscience and the physics of disordered matter:
the Bloch theorem cannot be applied to either system. This
is why basic ideas and theoretical tools developed in the
fields of liquid metals, which are represented by ab initio
molecular dynamics (MD) simulations, have been applied to
nanostructured materials recently.

In 1985, Car and Parrinello [3] devised a new simulation
method by combining a classical MD simulation with the
Kohn–Sham density functional theory, and succeeded in
explaining why liquid silicon is metallic in contrast to
crystalline and amorphous silicon. It was at the seventh
conference in the International Conferences on Liquid and
Amorphous Metals (LAM) series in 1989, organized by
Endo [4], that ab initio MD was adopted as one of the main
topics for the first time. The relation between the topology
of atomic arrangements and the electronic properties of liquid
selenium was lectured on by Hohl [5], and the electronic states

localized in molten salts by Selloni [6]. Later, ab initio MD
was extended to study metal–nonmetal (M–NM) transitions in
fluid mercury [7] and selenium [8] near the liquid–gas critical
point.

The purpose of the present presentation, however, is
not to give a review of theoretical or computer simulation
studies, but to report such experimental results as cannot be
reproduced by the present ab initio MD simulations. We
are hoping that new progress in theoretical physics will be
stimulated by these experimental works, which may result in
further developments in nanoscience. For more than ten years,
our research has engaged with slow dynamics and interfacial
properties, which are less studied in the field of liquid metals.
On the other hand, although the phase transition dynamics and
the interfacial properties attract considerable interest in soft
matter physics [9], they are treated only in phenomenological
manners and the quantum degrees of freedom behind these
phenomena are usually left untouched.

In the next section we present experimental evidence
for slow dynamics due to the metal–nonmetal (M–NM)
transitions, especially for liquid Se. In section 3, wetting
phenomena and interface dynamics are elucidated for the liquid
Se–Tl system. In section 4, we discuss the possibility of three-
dimensional structural analysis by utilizing a free electron
laser. All these topics are related to a spatiotemporal range far
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Figure 1. Sound velocity vs in liquid Se at various pressures. The
inset shows vs near the vapour pressure curve.

wider than that treated by the present ab initio MD simulations.
It will be stressed that liquid metals are good objects of
study when one wants to bridge between quantum mechanical
degrees of freedom and classical non-equilibrium processes.

2. Slow dynamics due to the metal–nonmetal
transition

Near the triple point the electronic properties of most liquid
metals can be described using a nearly free electron model.
However, when a liquid metal is expanded by heating up near
its liquid–gas critical point, the electrons tend to be strongly
scattered by less-screened ions, and subsequently the metallic
states are transformed to nonmetallic [10]. In particular,
the M–NM transition in expanded liquid Hg has been well
studied since the late 1960s, because its critical temperature
is the lowest among the metallic elements, and it is widely
accepted that the M–NM transition can be attributed to a lack
of overlapping between the 6s and 6p bands [7, 11].

However, the dynamic aspect of the M–NM transition
was not studied until Kohno and Yao [12] observed
anomalously large sound attenuation at supercritical pressures
and proposed slow structural relaxation with a timescale of
2 ns. Subsequently, Kobayashi et al [13] found discontinuities
in the temperature and pressure coefficients of the adiabatic
sound velocity at subcritical pressures. Interestingly, the
adiabatic sound velocity exhibits a density dependence
opposite to that of the microscopic sound velocity which
Ishikawa et al [14] deduced from inelastic x-ray scattering
(IXS). The microscopic sound velocity remains large on the
metallic side, and it decreases rapidly on the nonmetallic side,
suggesting that the microscopic sound is rather sensitive to
the electronic properties. In other words, the adiabatic sound
should be interpreted as a result of many stochastic processes
that may reflect density fluctuations in the M–NM transition
region. Furthermore, Inui et al [15] observed anomalous
behaviours in x-ray small angle scattering not only in the

Figure 2. The state point on the P–T plane corresponding to the
minimum (open circles) and maximum (closed circles) of the
temperature derivative of vs. The triangles denote the maximum of
the bulk viscosity. The bold line is the vapour pressure curve, and the
thin lines are conductivity contours.

liquid–gas critical region but also in the M–NM transition
region. Analysing these scattering data by using the Ornstein–
Zernike formula, they have attributed the anomaly in the M–
NM transition region to the second moment of the direct
correlation function, in contrast to the critical anomaly which
is generally attributed to the total correlation function.

Our group has extended ultrasonic measurements to other
liquid systems that undergo a M–NM transition. In what
follows, we restrict ourselves to the semiconductor–metal (S–
M) transition in liquid selenium [16] and Se–Te mixtures.
Near the melting point, liquid Se has twofold chain structure
and shows semiconducting properties. As the temperature
increases, the chain molecules are progressively broken, and
consequently lead to dimers in the liquid–gas supercritical
region (Tc = 1615 ◦C, Pc = 38.5 MPa), where fluid Se
becomes an insulator [17]. These behaviours are common
to sulfur, but a clear distinction between Se and S is that
the former is easily transformed to a metal under high
pressure [18].

Figure 1 shows the adiabatic sound velocity vs of liquid
and gaseous Se as a function of temperature [16, 19]. The
measurements were carried out at constant pressures by
utilizing a phase-sensitive method. At low pressures vs

decreases monotonically with increasing temperature, while
at pressures higher than 180 MPa the vs–T curve has an S-
like shape with a minimum and a maximum, which is similar
to that for liquid Se–Te mixtures [20, 21]. Since the relative
experimental error in vs is less than 0.2%, we can safely take its
temperature derivative (∂vs/∂T )P , from which the temperature
of the minimum and maximum of (∂vs/∂T )P can be estimated
within an error of ±50 ◦C.

In figure 2 the minimum temperatures Tmin are denoted by
open circles, and the maximum temperatures Tmax by closed
circles on the temperature and pressure (T –P) plane. It should
be noted that Tmin nearly coincides with the conductivity
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Figure 3. Frequency dependence of vs (upper panel) and bulk
viscosity (lower panel) for a liquid Se50Te50 mixture. The lines are
the fitting curves drawn by assuming Debye-type relaxation.

contour of 1 �−1 cm−1 and that Tmax appears when the
conductivity is between 100 and 200 �−1 cm−1, that is, near
the minimum metallic conductivity, except at low pressures
where the critical phenomena are not ignored. These results
indicate that the electronic properties of liquid Se deeply
influence the sound velocity.

We have also measured the sound absorption for liquid Se.
It is known that the sound absorption of liquid is, in general,
composed of three terms: the shear viscosity η term, the bulk
viscosity ζ term and the thermal conductivity κ term. Since
η and κ are negligibly small in the S–M transition region of
liquid Se, the observed absorption can be attributed to large
ζ . The maximum of the sound absorption appears along the
conductivity contour of 30 �−1 cm−1, i.e. at the mid-point
of the S–M transition, as shown by the triangles in figure 2
[16]. It is interesting that the slow dynamics is common to
Hg and Se, though there are considerable differences in atomic
arrangement and M–NM transition mechanism between them.

The S–M transition temperature can be lowered by
adding tellurium to liquid Se. For liquid Se–Te mixtures
we have estimated the relaxation time τ by measuring
the frequency dependence of the sound velocity [21] and
sound absorption [22, 23]. The results are displayed in
figure 3. Assuming a single Debye relaxation process, we have
estimated such a τ that reproduces the sound dispersion (see
the upper panel of figure 3) and the frequency dependence of
ζ (see the lower panel) simultaneously, and it is determined
as 15 ± 3 ns. To elucidate the spatiotemporal correlation of
the slow dynamics, we have carried out neutron spin echo
experiments for a liquid Se–Te mixture [24]. The results
are consistent with the relaxation time estimated from the
ultrasonic measurements.

There are several open questions for the slow dynamics
in the M–NM transition region. Is the slow dynamics due

to the M–NM transition universal like that in the vicinity
of the liquid–gas critical point? Is the slow dynamics a
precursor of a first-order phase transition [13]? A general
and the most important question may be ‘How can we build
a bridge between a microscopic picture relating to the quantum
mechanical processes (in this case, the M–NM transition) and
a macroscopic picture relating to the classical non-equilibrium
processes (in this case, slow dynamics)?’

3. Wetting phenomena and interface dynamics

Wetting is a macroscopic phenomenon but the wettability
(ability of wetting) is controlled by microscopic interactions.
Wetting is a kind of three-phase-coexistence phenomenon,
and the degree of wetting is described by a contact angle
defined by the three phases [25]. The relation between the
contact angle and the interfacial tensions is given by the
Young equation. In 1977, Cahn [26] studied the asymptotic
behaviour of the Young equation on approaching the
liquid–gas critical point, and predicted the necessity of
wetting near the critical point (i.e. the critical-point wetting).
Several experimental observations of critical-point wetting
were reported in the field of liquid metals in the late 1990s [27].

Recently, we have found unusual wetting behaviour in
liquid selenium–thallium mixtures contacting a silica wall [28].
First of all, the system does not show the critical-point wetting
near the liquid–liquid critical point. The phase diagram of the
Se–Tl mixture on the Se-rich side is displayed in figure 4(a),
where the critical concentration is 7.95 at.% Se and the critical
temperature is 454 ◦C [29]. In contrast, when the temperature
goes down from the critical temperature, a Se-rich wetting film
intrudes between the Tl-rich bulk liquid and the silica wall.
Furthermore, the wetting film disappears when the silica wall
is slightly heated relative to the bulk liquid sample. Figure 4(b)
shows a wetting phase diagram, where the abscissa is the
internal temperature TI of the bulk liquid sample, and the
ordinate is the temperature difference �T between the wall
temperature TW and TI. Below the phase boundary, the Se-rich
wetting film covers the Tl-rich bulk liquid, while it disappears
at high �T or in the high TI region. The apparent absence
of the critical-point wetting can be qualitatively explained
by taking the combined effects of the gravity and a long-
range interaction [28] into account. It should be emphasized
that the long-range interaction is closely related to the highly
polarizable nature of a Se–Tl mixture which undergoes a S–M
transition with increasing Tl concentration.

A more interesting observation is that transient wetting
appears when there is a small temperature drop of the non-
wetting states [30]. Examples of the starting and ending
temperatures are depicted in figure 4(b). A time evolution of
the wetting behaviour starting from TI = 300 ◦C is illustrated
in figure 5. Immediately after the temperature drop, a Se-rich
wetting film spreads over the Tl-rich bulk phase, leading to a
complete wetting at a time τ1 (i.e. wetting time). The complete
wetting persists for a time τ2 (i.e. the persistence time), and
then it takes a time τ3 (i.e. the dewetting time) for the Se-
rich film to withdraw from the lower part of the sample cell.
The time evolution was recorded at various temperatures, and
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Figure 4. (a) Phase diagram of a liquid Se–Tl binary mixture on the concentration and temperature plane [29]. (b) Wetting phase diagram on
the plane of the internal temperature TI and the surface temperature δT relative to TI. The symbols with arrows denote the initial and final
temperatures for each quench.

Figure 5. Time evolution of the wetting behaviour starting from TI = 300 ◦C for a liquid Se–Tl mixture contacting a quartz wall. Lower
panels: (a) non-wetting, (b) wetting, (c) complete wetting, and (d) dewetting. Upper panel: fraction of Se-rich wetting layer. τ1 is the wetting
time, τ2 the persistence time, and τ3 the dewetting time.

it proved that both τ2 and τ3 have Arrhenius-type temperature
dependence with an activation energy very close to that of the
viscosity, indicating that the dewetting process can be classified
as a viscosity dewetting [31]. However, a precise analysis of
the fraction of non-wetting area (i.e. dry patches) [30] reveals
that the dewetting process of the Se–Tl mixture is decelerated
compared with the ideal viscosity dewetting process in which
the fraction of dry patches increases in proportion to the square
of time [31].

Since the dewetting processes may be regarded as
interface dynamics, we have performed a naive experiment
on the liquid–liquid interface [32]. It is known that the
thermopower of the liquid Se–Tl mixture changes its sign from

negative to positive when the amount of Tl exceeds the critical
concentration [33]. This implies that, when a Se–Tl mixture
with the critical concentration is separated into two liquid–
liquid phases, a p–n junction could be formed automatically.
Here p stands for a p-type semiconductor and n for an n-type
semiconductor. Then we measured the I –V characteristics
(here I being the current, V the generated voltage), though
the expected rectification effect was not observed at all.
This implies that the electric double layer which causes the
rectification effect at the crystalline p–n junction does not exist
in the liquid state.

However, unusual relaxation processes were found when
the direction of current was reversed. The relaxation process
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Figure 6. Left: time evolution of the voltage generated between the two electrodes, one in the Se-rich upper part and the other in the Tl-rich
lower part, after the direction of the current is changed from normal (i.e. Tl-rich → Se-rich case) to reverse (thin line), and from reverse to
normal (bold line). Right: temperature dependence of the relaxation time for the normal to reverse case (open circles) and that for the reverse
to normal case (closed circle). The former is lesser than the latter below the critical temperature Tc, while no appreciable difference is seen
above Tc. The lines are guides for the eye.

can be described using a single exponential, and the relaxation
time τn→r after the switching from the normal current to the
reverse current is shorter than the time τr→n for switching
from the reverse to the normal current, as seen in figure 6(a).
Figure 6(b) shows the temperature dependences of τn→r and
τr→n. At the lowest temperature, both τn→r and τr→n are
very long (nearly 1 s), and decrease rapidly with increasing
temperature. Above the critical temperature, both τn→r and
τr→n become shorter and the difference between them vanishes.
These results suggest that the ultraslow relaxation should be
associated with the liquid–liquid interface. It is concluded that,
although the p–n junction does not exist in the equilibrium
liquid, a remnant of the p–n junction could appear temporarily
after the switching, because the spatial distribution of ions
changes very slowly compared with the rearrangement of
electrons and holes.

As regards the ultraslow interface dynamics and the
deceleration of the dewetting process, it may be instructive to
refer to theoretical works by Onuki and his group [34, 35].
They have studied the interfacial structure and the interface
dynamics of immiscible mixtures of polar and nonpolar
liquids containing hydrophilic ions and hydrophobic counter-
ions. Solving the Cahn–Hilliard equation coupled with the
Poisson equation, they have found that a slight addition of the
ions substantially slows down the interface dynamics. The
hydrophilic ions are favoured by the polar liquid and the
hydrophobic ions by the nonpolar liquid. Since, in our case,
the electrons are favoured by the Se-rich liquid and the holes by
the Tl-rich liquid, an analogy could be drawn with the polar–
nonpolar mixtures.

4. Three-dimensional structural analysis by utilizing
a free electron laser

Although x-ray diffraction provides the most popular and most
powerful method of structural analysis, only one-dimensional

(1D) information is available for disordered materials as long
as laboratory x-ray and conventional synchrotron radiations
are used. However, if one uses a coherent x-ray source, two-
dimensional (2D) structural information can be obtained. Since
an x-ray free electron laser (XFEL) is now being planned for
Japan, Europe and the United States, the possibility of three-
dimensional (3D) structural analysis using XFEL is briefly
discussed in this section.

The expected intensity of XFEL is so strong that just
one shot of XFEL is sufficient for recording a 2D diffraction
pattern. However, the exposure to very intense x-rays
will result in the Coulomb explosion of the specimen [36].
Therefore, the duration of the x-ray pulse must be of the order
of femtoseconds, because otherwise the diffraction pattern
would inevitably include the signals from the exploded sample.
Moreover, since the microscopic structure is always changing
in the liquid state, true 3D analysis could be feasible only if
many diffraction patterns from various incidence angles could
be simultaneously recorded.

Therefore, the second best solution may be to take 2D
patterns, as many as possible, and construct a real-space image
by using phase-retrieval methods [37, 38] or reverse Monte
Carlo (RMC) simulations [39]. In contrast to the conventional
RMC approach, where 3D information is deduced from a
single 1D pattern, the RMC approach combined with XFEL
use should have far greater reliability because, in this case,
a great number of 2D diffraction patterns can be used as raw
data.

In a suggested experimental set-up a very small amount
of liquid specimen would be injected through a tiny nozzle
in coincidence with an x-ray pulse. It should be noted
that this method is essentially the same as the free cluster
experiment. We are now constructing a new cluster apparatus
that can be used for XFEL experiments as well as the detection
technique. Recently, a multiple-ion coincidence momentum
imaging technique [40] has been developed and applied to
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study the Coulomb explosion of clusters for the first time [41].
Finally, it may be instructive to point out that the Coulomb
explosion is triggered by a quantum mechanical process and
leads to a non-equilibrium phenomenon, which is, in a sense,
common to the slow dynamics due to the M–NM transition and
the wetting dynamics.

5. Summary

Conventionally, the atomic arrangements and the electronic
properties consistent with the microscopic structure have
been the major objects of study in the liquid metal field,
and their understanding has been substantially improved
through the invention of new theoretical techniques such
ab initio MD simulations. Here, however, we have
concentrated upon such experimental results as cannot be
reproduced by the present ab initio MD simulations, hoping
that new progress in theoretical physics will be stimulated. A
brief explanation of 3D structural analysis using XFEL is also
given.
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