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Abstract
We are the first group to succeed in measuring the dynamic structure factor
S(Q, ω) of liquid Si close to melting using high-resolution inelastic x-ray
scattering. The spectra clearly demonstrate the existence of propagating short
wavelength modes in the melt with a Q–ω relation similar to those in other
liquid metal systems. A specific variation of the quasi-elastic line shape
with increasing Q is observed close to the structure factor maximum. This
observation is related to the onset of atomic correlations on the sub-picosecond
timescale in the vicinity of a metal-to-insulator transition. Such observations
have been made previously only in computer simulations of metallic systems
with increasing covalent character. Our data provide the first experimental
evidence for these ultrashort density correlations.

Liquid (l-) Si shows many unusual properties, which in the past have stimulated intensive
experimental and theoretical investigations. In the crystalline phase, Si is a typical
semiconductor with diamond structure. Upon melting, it undergoes a semiconductor–metal
transition [1] where the density increases by about 10% [1]. This transition is accompanied
by significant changes in the local structure: e.g. the coordination number increases from
4 in the solid to about 6.5 in the liquid [2, 3]. Despite the metallic nature, its structural
properties are considerably more complicated than in typical simple liquid metals such as the
l-alkalis. There, the structure factor S(Q) can be approximated by simple hard-sphere models,
and the coordination number is 10–12. In addition to the low coordination number, S(Q) of l-Si
is characterized by a distinct shoulder on the high-Q side of the first maximum (see figure 3), a
feature that cannot be reproduced in a simple hard-sphere approach. Many computer simulation
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studies have been carried out on this system employing empirical potentials with three-body
terms [4, 5], pseudopotential theory [6], or more recently ab initio techniques [7, 8]. In these
studies, many experimental results could nicely be reproduced, and in some cases [5, 7, 8] even
dynamical properties as the self-diffusion coefficient or information on the vibrational motion
could be obtained. Especially in [7], evolution of electron charges around moving atoms could
be visualized, indicating chemical bonds with a very short lifetime (<30 fs), whereas the
valence-band electron density of states calculated is remarkably free-electron-like, which is in
good agreement with photoemission results [9]. In contrast to the intensive theoretical efforts,
experimental investigations on collective microscopic motion have been hindered by the fact
that the collective modes in l-Si are out of reach for thermal neutrons due to the fast sound
velocity (∼4000 m s−1 [10]) and the kinematical restrictions of this technique.

We have investigated microscopic particle dynamics in l-Si using high-resolution inelastic
x-ray scattering (IXS), and for the first time we have measured the dynamic scattering law
S(Q, ω) of this liquid system. IXS is a technique that allows the study of the Q dependence
of excitations in the millielectronvolt range, but in contrast to neutron scattering, it has no
kinematic restrictions. In the energy range of interest the scattered radiation is entirely coherent;
hence, this technique is ideally suited for the investigation of the collective dynamics in liquids
and disordered solids.

The experiments were carried out at beamline BL-35XU of the SPring-8 using a horizontal
IXS spectrometer [11]. A monochromatized beam of 3 × 109 photons s−1 was obtained from
a cryogenically cooled Si(111) double crystal followed by a Si(11 11 11) monochromator
operating in backscattering geometry (89.975◦, 21.75 keV). The same backscattering geometry
of four two-dimensionally curved Si analysers was used for the energy analysis of the
scattered photons. The energy resolution was determined from a Plexiglas sample and values
of 1.5–1.9 meV (FWHM) were found for all four detecting systems. The Q resolution was
about ±0.48 nm−1. The sample was located in a single-crystal sapphire cell, which was a
slight modification of the so-called Tamura-type cell [12]. It was placed in a vessel equipped
with continuous Be windows [13] capable of covering scattering angles between 0◦ and 25◦.
The high temperature of 1733 K was achieved using a W resistance heater, and monitored
with two W–5% Re/W–26% Re thermocouples. The IXS experiments were carried out at 26
Q-values between 2.0 and 29.6 nm−1 covering an energy transfer range from −50 to +50 meV.
Empty cell measurements were separately performed for background corrections.

Figure 1 shows selected spectra normalized to the integral intensity which is nearly
identical to S(Q, ω)/S(Q). Also given is a typical example of the resolution function (dashed
curve). The integral intensity of the constant-Q spectra could be normalized using the literature
value of S(Q) [2] measured at the same temperature (see the inset in figure 3). The good
agreement demonstrates the high quality of the data.

A resolution correction was accomplished by making use of the fact that the measured
intensity is a convolution of S(Q, ω) and the experimental resolution function. However, this
method requires an appropriate model function for S(Q, ω) as an input. We approximated
the central line by a Lorentzian at lower Q-values and as a pseudo-Voigt function at higher
Q-values (see below). The inelastic contribution was approximated by a damped harmonic
oscillator (DHO) [14][
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Figure 1. Selected S(Q, ω) spectra normalized to S(Q). The circles are experimental data and
the thick solid curves are fits of the DHO model convoluted with the resolution function (dashed
curve). The dotted–dashed curves show fits using a Lorentzian for the quasi-elastic line. They are
compared with the results from employing quasi-Voigt functions (thin solid curves, shifted from
the data for comparison). See the text for details.

At low Q, distinct inelastic peaks are visible, which are superimposed by a sharp quasi-
elastic line. With increasing Q, the energy of the excitations rises, indicating that the particle
dynamics in l-Si is dominated by propagating modes, as in l-alkali metals [15–19], l-Ge [20,
21], and l-Hg [22].

From the DHO fits, the longitudinal current correlation spectra Jl(Q, ω) =
(ω2/Q2)S(Q, ω) were calculated, and the dispersion relation of the collective modes was
determined from the maxima ωl of these functions. The result is shown in figure 2, together
with the Q-dependent width of the excitations �Q obtained from the DHO fits. The dashed
curve represents the dispersion of hydrodynamic sound. Its slope is given by the bulk adiabatic
sound velocity cs = 3952 m s−1 at 1733 K [10]. The frequencies of the collective excitations
ωl increase noticeably faster with Q than predicted by classical hydrodynamics. This is
the so-called positive dispersion which has already been found in l-alkali metals [15–19], in
l-Hg [22] and also in some other l-metals. It can be understood within the framework of
extended hydrodynamics [23] and is related to the onset of shear viscosity on microscopic
scales at high frequencies [16, 18, 24].

Usually, if the DHO model is employed to match S(Q, ω) the quasi-elastic line is
approximated by a Lorentzian. However, this choice is not suitable for l-Si beyond Q =
20 nm−1. The tails of the central line decrease much faster than predicted by a Lorentzian.
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Figure 2. Dispersion relation (circles) and line width (triangles) of the collective modes in l-Si.
The dashed line gives the dispersion of hydrodynamic sound [10].

Instead, we used a pseudo-Voigt function, which is a weighted combination of a Lorentzian
and a Gaussian:
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Here, �0L and �0G are HWHM of the Lorentzian and Gaussian, and c determines the Gaussian
fraction. Dotted–dashed curves in figure 1 show the convoluted fits using a Lorentzian in
comparison to those using the pseudo-Voigt function (thin solid curves, which are identical to
the thicker curves). The pseudo-Voigt function leads to considerably better results than using
a pure Lorentzian. The circles and triangles in figure 3 represent �0 and c as a function of Q.
The Gaussian contribution becomes important at around 20 nm−1 and reaches about 50% at
Q ∼ 30 nm−1. It is also noteworthy that the so-called de Gennes narrowing of the quasi-elastic
line is observed at substantially lower Q than the position of the maximum in S(Q). A similar
result was found recently in an ab initio MD simulation by Chai et al [25].

In order to unravel the physical origin of this unusual line shape behaviour, we have
searched for traces of this effect directly in the time domain. Since S(Q, ω) is the frequency
spectrum of the intermediate scattering function F(Q, t), it is possible to obtain the latter from
experimental data of sufficient quality. Within the generalized Langevin formalism [26, 27],
F(Q, t) is determined by

F̈(Q, t) + ω2
0(Q)F(Q, t) +

∫ t

0
M(Q, t − t ′)Ḟ(Q, t ′) dt ′ = 0, (3)

where ω2
0 is the second normalized frequency moment of S(Q, ω) and M(Q, t) is the memory

function of F(Q, t). For M(Q, t), we used a well-known approximation containing two
exponential decay channels for viscous relaxation and one exponential for thermal relaxation.
This approach has proven to be useful in describing results of computer simulation studies on
simple liquids [28], and also more recently of experimental IXS data on l-alkali metals [19].
For each Q-value, the real part of the Laplace–Fourier transform of (3) convoluted with the
experimental resolution was fitted to our S(Q, ω). It is important to note that the results of this
fitting procedure are nearly indistinguishable from the outcome of those fits where Lorentzian



Letter to the Editor L627

16

14

12

10

8

6

4

2

0

Γ 0
   

(m
eV

)

35302520151050
Q   (nm-1)

1.0

0.5

0.0
c

liquid Si
    1733K

2.0

1.5

1.0

0.5

0.0

S
(Q

)
403020100

Q   (nm-1)

Figure 3. Q-dependence of the quasi-elastic line width �0 (circles). With increasing Q, a Gaussian
component (◦) is needed in addition to a Lorentzian (•). The triangles indicate the Gaussian
fraction, c. See the text for details. The arrow marks the Q position of the first maximum in S(Q).
Inset: S(Q) determined from the zero-frequency moment of the spectra (squares) together with the
result from S(Q)-measurements [2] (solid curve).

and pseudo-Voigt functions were employed to model the quasi-elastic contribution (solid curves
in figure 1). Figure 4 shows selected F(Q, t) spectra obtained by Fourier transforming the
resulting S(Q, ω). They are normalized to their initial values F(Q, 0) = S(Q). At low Q
the spectra exhibit oscillatory behaviour, which is the time-domain analogue of the inelastic
excitations in S(Q, ω). At 18.9 nm−1, the decay of F(Q, t) is nearly exponential, which
reflects the Lorentzian shape of the quasi-elastic line in S(Q, ω) in this Q-range. Close to
the S(Q) maximum, however, it is evident that the decay is no longer exponential. Below
t = 0.1 ps, F(Q, t) is rather Gaussian, which is in accord with the observation that a Gaussian
contribution is needed to model the quasi-elastic line. We interpret the associated slower initial
decay of F(Q, t) as an indication for an additional enhancement of the correlation time between
neighbouring particles on the sub-picosecond level. We can also estimate the timescale of the
corresponding correlation from �0G ∼ 8.5 meV at the S(Q) maximum to be 1/�0G ∼ 0.08 ps.

It should be noted that this contribution sets in at Q-values in the vicinity of the S(Q)

maximum where structural correlations to next neighbouring particles dominate. Such
short time correlations between neighbours have already been observed in ab initio MD
simulations [7] on l-Si under similar conditions and interpreted as striking evidence for the
persistence of covalent bonds in the liquid. In this MD work it was found that on a timescale
of some ten femtoseconds a substantial amount of charge piles up between atoms approaching
closer than a critical distance rc. Interestingly, it was furthermore shown that the bond angle
distribution function of these short-lived species peaked at an angle close to tetrahedral, similar
to amorphous Si, although there the bond angle distribution is considerably narrower. In a
later study, the MD findings were confirmed [8], and it could be shown that localising spins
play an important role in the attractive interactions between the Si atoms. These results are
in accord with the line shape variation found in our experiment close to the S(Q) maximum.
Also, the estimated correlation period lies in the same range as the timescale observed in the
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MD simulations. Our observation is therefore the first direct experimental evidence for these
sub-picosecond fluctuations.

It is furthermore tempting to speculate that these short time fluctuations of forming and
breaking bonds may be interpreted as a precursor of the electron localisation that takes place
either on freezing but more likely during the bond formation process when the undercooled
metallic Si-melt transforms into a semiconducting amorphous fourfold coordinated state at
lower temperature.
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Synchrotron Radiation Research Institute (JASRI) (Proposal No 2002A0182-ND3-np), and
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