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Fast Sound in Expanded Fluid Hg Accompanying the Metal-Nonmetal Transition
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The dynamic structure factor S�Q;!� of expanded fluid Hg has been measured up to the metal-
nonmetal transition region at 9:0 g cm�3 (1723 K and 1940 bars) using high-resolution inelastic x-ray
scattering, at momentum transfers, Q, from 0.2 to 4:8 	A�1. Analysis in the framework of generalized
hydrodynamics reveals that the frequencies of the collective excitations increase faster with Q than
estimated from the macroscopic speed of sound. The effective sound velocity at 9:0 g cm�3 estimated
from the dispersion relation is triple the ultrasonic sound velocity. The present result suggests the
existence of fast sound in expanded fluid Hg accompanying the metal-nonmetal transition.
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The study of the dynamical properties of fluids is of
great importance both in statistical physics and material
science. In the last decade, the use of inelastic x-ray
scattering (IXS) at third generation synchrotron radiation
sources has allowed many new studies of the dynamics of
disordered materials. Fast sound in water is a remarkable
example among them. An early computer simulation of
molecular dynamics [1] predicted high-frequency sound
waves almost twice as fast as ordinary sound. Neutron
scattering experiments for liquid D2O was carried out in
1978 [2] and a branch corresponding to the fast sound was
first observed in a limited Q range by the second experi-
ment in 1985 [3]. After many studies on fast sound,
including computer simulations, IXS experiments for
water confirmed the existence of fast-sound waves in a
wide Q region approximately twice the low frequency
sound velocity [4]. The microscopic origin of the fast-
sound effect in liquid water may be explained as an
extreme case of positive dispersion, where the average
O-O intermolecular distance lies in the repulsive region of
an intermolecular pair potential due to a large intermo-
lecular interaction in water [5,6]. We have now observed
the excitation energy of the collective mode in expanded
fluid Hg near the metal-nonmetal (M-NM) transition to
be much higher than expected from low frequency mea-
surements. The effective velocity deduced from the dis-
persion relation is 1500 m s�1 while the ultrasonic sound
velocity is 490 m s�1 [7,8]. The present observation sug-
gests the existence of fast sound in expanded fluid Hg
accompanying the M-NM transition.

Properties of expanded liquid metals have been exten-
sively investigated by heating them along the saturated
vapor pressure curve. Liquid Hg, a prototypical liquid
metal, undergoes the M-NM transition with volume ex-
pansion from 13:6 g cm�3 at the ambient condition up to
9 g cm�3 near the critical point (critical data of Hg [9]:
TC � 1751 K, PC � 1673 bars, and 	C � 5:8 g cm�3).
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Studies on expanded fluid metals including fluid Hg
were reviewed by Hensel and Warren [10]. To clarify
the mechanism of the M-NM transition in fluid Hg, it is
important to study the structural properties for the ex-
panded fluid. Tamura and Hosokawa [11] carried out x-ray
diffraction measurements for expanded fluid Hg. An
ab initio molecular dynamic simulation by Kresse and
Hafner [12] succeeded in explaining the transition at
9 g cm�3 in expanded fluid Hg and provided a local
structure consistent with that experimentally observed
[11]. Recently improved x-ray diffraction data using syn-
chrotron radiation were reported for expanded fluid Hg
from liquid to dense vapor [13].

While it is essential to understand the dynamics of
fluids, there are few studies on dynamical properties for
expanded fluid Hg. Munejiri et al. [14] deduced an effec-
tive pair potential using experimental data [11] and ob-
tained a dynamic structure factor of expanded fluid Hg by
means of a large-scale molecular dynamics simulation.
Anomalous sound absorption was reported in expanded
fluid Hg at the M-NM transition [15]. These investiga-
tions prompted us to measure the dynamic structure
factor, S�Q;!�, of expanded fluid Hg. In this Letter, we
report S�Q;!� of fluid Hg at densities from 13.6 to
9:0 g cm�3, up to the M-NM transition region, obtained
using IXS.

This work has been done at the high-resolution IXS
beam line (BL35XU) of SPring-8 in Japan [16].
Backscattering at the Si (11 11 11) reflection was used to
provide a beam of 3� 109 photons= sec in a 0.8 meV
bandwidth onto the sample. The energy of the incident
beam and the Bragg angle of the backscattering were
21.747 keVand 89:98�, respectively. We used three spheri-
cal analyzer crystals at the end of the 10 m horizontal arm
to analyze the scattered x rays. The spectrometer resolu-
tion was 1.6–1.8 meV (slightly degraded because our large
high-pressure vessel forced the detectors about 240 mm
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away from the sample position) and the momentum trans-
fer resolution was �Q� 0:1 	A�1.

The Hg sample of 99.999% purity and 24 �m thick-
ness was mounted in a single-crystal sapphire cell [11],
and He gas of 99.9999% purity was used as a pressurizing
medium. The high-pressure vessel, which can be operated
up to 2000 K and 2000 bars, had three Be windows of
10 mm diameter and 10 mm thickness and several smaller
windows of 4 mm diameter and 5 mm thickness, so the
x rays traveled through 15 mm of Be, 150 mm of He (at
high pressure), and the 24 �m sample. The windows were
centered at scattering angles of 2� � 1�, 5�, 10�, 15�,
19�, and 24�, or from 0.2 to 4:83 	A�1, and the 10 mm
diameter windows permitted the simultaneous use of
three analyzer crystals. For the crucial low Q region
near the M-NM transition at 	 � 9 g cm�3, we collected
several data sets at different vessel rotations relative to the
very small (0.1 mm in diameter) incident beam. This
allowed access to a small range of momentum transfers
near to 0:2 	A�1. We measured IXS spectra for expanded
fluid Hg at thermodynamic states [T (K), p (bars), 	
(g cm�3)] of (298, 2, 13.6), (773, 50, 12.4), (1273, 500,
11.0), and (1723, 1940, 9.0), and those at 2� of 1� at
several densities from 9 to 4 g cm�3. The He gas contrib-
uted significant background, especially at low Q. The
backgrounds were measured at each pressure and tem-
perature and were subtracted after being scaled for sam-
FIG. 1. IXS spectra (open circles) of liquid Hg at densities of
13.6 and 9:0 g cm�3 after background subtraction. The experi-
mental data are normalized to their integrated intensity. Fits
(solid lines) were made by convoluting the resolution function
(dashed line) to a model function (see the text). Also shown are
model function (dash-dotted curves), Lorentzian (thin broken
curves), and damped harmonic oscillator (DHO) (thin solid
curves) terms in the model function at Q � 0:87 	A�1.
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ple transmission. The signal from fluid Hg became so
large at low Q with volume expansion that we have
succeeded in obtaining good quality data.

Selected IXS data at 13.6 and 9:0 g cm�3 are shown in
Fig. 1. The integral, S�Q�, of the spectrum, S�Q;!�, was
used for the normalization, and S�Q;!�=S�Q� are plotted
in the figure. The resolution function obtained from a
measurement of a polymethyl methacrylate is shown by
a broken curve at the bottom. The spectra at 13:6 g cm�3

have a clear side peak at around 10 meV at momentum
transfer of 0:87 	A�1. The spectra agree well with those
reported by Hosokawa et al. [17]. The IXS spectra at
9:0 g cm�3 have a single peak and the side peaks are
not distinct from the central one. Note that the central
peaks at 3.71 and 4:68 	A�1 are much broader at the M-
NM transition at 9:0 g cm�3 than at ambient conditions,
13:6 g cm�3.

We analyzed the data in the framework of generalized
hydrodynamics [18]. The spectra were modeled as the
sum of Lorentzian at zero energy transfer, representing
the thermal contribution, and a DHO [19] for the sound
mode with the statistical occupation factor according to
Eq. (1). This model has been used with great success in
many experiments of liquids and was used previously for
the analysis of liquid Hg [17,20]. We take
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the magnitude and the width of a quasielastic peak, while
AQ, �Q, and �Q are the magnitude, energy, and width of
the inelastic excitation.We optimized these parameters by
convolving the model function with the measured reso-
lution function and fitting to the data, as shown in Fig. 1.
Peaks in the DHO term are well separated at 13:6 g cm�3.
On the other hand, the DHO term at 9:0 g cm�3 has a
heavily damped profile even at low Q. This behavior
suggests a much shorter lifetime of phonons at the M-
NM transition and may be related to the observed large
ultrasonic sound absorption [15].

Figure 2 shows the Q dependence of the optimized �Q

(squares) at 13.6 and 9:0 g cm�3 together with sound
velocity (dash-dotted lines) obtained by the ultrasonic
measurements [7,8]. Also shown are the normalized sec-
ond frequency moment !s�Q� (broken curves) and dotted
lines with a slope of 1700 m s�1 at 13:6 g cm�3 and
1500 m s�1 at 9:0 g cm�3, respectively. Here the second
frequency moment is given by

!2
s�Q� � �kBTQ2=mS�Q�; (2)

where m and � are the mass of a Hg atom and the specific
heat ratio (Cp=CV), respectively. We assumed no Q de-
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pendence of � and searched a proper value as a free fit
parameter. By taking � � 1:1 at 13:6 g cm�3 and � � 1:6
at 9:0 g cm�3, the curves of !s�Q� agree reasonably with
the optimized �Q up to 4:0 	A�1, and they seem to be
extrapolated towards the dotted lines at low Q where
reliable S�Q� was not experimentally obtained.

As seen in Fig. 2, at 13:6 g cm�3 �Q at low Q disperses
faster than expected from the sound velocity and agrees
with the dotted line of 1700 m s�1. The amount of devia-
tion is about 17%, in good agreement with previous work
[17]. At 9:0 g cm�3, the positive deviation is much more
pronounced and the effective velocity, vs�Q� � �Q=Q, is
estimated to be 1500� 200 m s�1, which is triple the
ultrasonic sound velocity [7,8]. In the curve fitting with
the DHO model shown in Fig. 1, the �2 per degrees of
freedom for fast sound took values from 1.1 to 1.2 at Q
from 0.35 to 0:43 	A�1, while that at Q lower than
0:28 	A�1 had slightly worse values. Attempts to fit the
data from 0.2 to 0:43 	A�1 with the ultrasonic velocity
lead to unsuitable increases in the �2 by a factor of 1.4 on
average. The peak position in the current-current corre-
lation function deduced from the optimized model func-
tion also indicates that the effective velocity is about
3 times the ultrasonic value. We plot the effective velocity
estimated at 0:2–0:43 	A�1 as a function of 	 in Fig. 3
together with the sound velocity measured by ultrasonic
spectroscopy [7]. The effective velocity of dense Hg vapor
from 1.0 to 3:0 g cm�3 is taken from a previous paper
[21]. In the metallic region, the positive deviation be-
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FIG. 2. Excitation energy, �Q (squares) as a function of Q at
densities of 13.6 and 9:0 g cm�3. Dash-dotted lines correspond
to ultrasonic sound velocity [7,8]. Also shown are the normal-
ized second frequency moment, !s (broken curves), and dotted
lines with a slope of 1700 m s�1 at 13:6 g cm�3 and 1500 m s�1

at 9:0 g cm�3, respectively. The static structure factor, S�Q�
[13] (thin solid curves), the integrated intensity of S�Q;!�
(closed circles), normalized by the square of the atomic form
factor and polarization factor, and S�0� (open circles) calcu-
lated from PVT data are indicated in the top figures.
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comes large with volume expansion and has a strong
maximum at the M-NM transition. With further volume
expansion to the insulating state, the deviation becomes
small. Thus, the large positive dispersion, or fast sound, is
observed only in a close vicinity of the M-NM transition.

We consider the microscopic dynamics at the M-NM
transition. X-ray diffraction experiments suggest that the
average number of nearest neighbors within the first co-
ordination shell around an atom is reduced with volume
expansion, while the nearest neighbor distance remains
unchanged [11,13]. When the coordination number de-
creases, a change of a single particle motion is expected.
In ambient conditions, the line shape of S�Q;!� at high Q
is similar to a Lorentzian function, which suggests that
diffusive motion is dominant in the liquid. With decreas-
ing density, the line shape at high Q broadens, as seen in
Fig. 1. To investigate this effect, we carried out fits in the
high Q region (4:68 	A�1) using a pseudo-Voigt function,
which is a weighted combination of Lorentzian and
Gaussian curves [22]. The optimized Gaussian fraction
cG at 4:68 	A�1 was about 0.5 at ambient conditions.
However, the cG became 0.8 at the M-NM transition at
9:0 g cm�3. This suggests that at 9:0 g cm�3 a free parti-
cle motion is dominant over short (less than interatomic)
distances. We note that the value of � of 1.6 estimated
from the present data seems consistent with this result,
being close to the value of a monatomic ideal gas,
� � 5=3.

We discuss the fast sound observed at the M-NM
transition. The adiabatic compressibility, �s, is calculated
from sound velocity by �s � �	v2

s�
�1. The fast-sound

velocity suggests that the microscopic �s is much smaller
than the macroscopic one, which means that the mean
square fluctuations of microscopic pressure, h��p�2i /
��1
s , are very large. The enhancement of microscopic

h��p�2i can be caused by a local deformation of a pair
potential, ��r�, especially its repulsive part, as shown by
the pressure equation,
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FIG. 3. Density dependence of sound velocity taken from the
data at low Q (0:2–0:43 	A�1). The dashed line is the ultrasonic
sound velocity from [7], while the three lowest points
(1–3 g cm�3) are from [21]. See the text for discussion.
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p � nkBT � �n2=6�
Z
r�@�=@r�g�r�dr; (3)

where n is a number density and g�r� is a pair distribution
function. We expect such a deformation in a pair potential
being pronounced at the M-NM transition, due to the
large fluctuations of local electronic states between me-
tallic and insulating ones. A sign of fluctuations at the M-
NM transition may be found in the present data such as
the narrowing of S�Q;!� at 0:24 	A�1 at 9:0 g cm�3 com-
pared with at ambient conditions, and the rapid increase
of S�Q� at low Q with Q ! 0. Thus the appearance of the
fast sound strongly hints that the M-NM transition ac-
companies intrinsic fluctuations induced by the local
deformation of a pair potential.We speculate that pressure
fluctuations in microscopic space and time where the fast-
sound waves exist are averaged and smoothed out as the
thermodynamic limit is approached.

Finally we comment on the discrepancy between our
microscopic � estimated from the measured dispersion
and Eq. (2), and the macroscopic thermodynamic value.
Levin and Schmutzler [23] measured Cp for expanded
fluid Hg from 12.4 to 8:8 g cm�3 and deduced CV using
PVT data and a thermodynamic relation. The � calculated
from their data is 1.2 at 12:4 g cm�3 and 3.6 at 9:0 g cm�3.
Alternatively, using sound velocity, PVT data, and the
relation, � � �T=�s, where �T is the isothermal com-
pressibility, results similar to those by Levin and
Schmutzler were reported [24,25]. While our value of �
agrees with the thermodynamically determined ones near
ambient conditions, we see a much smaller value at low
densities near the M-NM transition. We speculate that
this results from the microscopic character of the IXS
measurements, which probe both small volumes and high
frequencies, and represents the essence of the M-NM
transition. Microscopically observed �s is small, so the
fact that � is small means �T must be small, which means
that the microscopic mean square fluctuations of a parti-
cle number, h��N�2i / �T , are small. In contrast, the
thermodynamic measurements appear providing the re-
sults commonly observed that for low densities approach-
ing the critical point � diverges as the macroscopic
h��N�2i becomes large. The characteristic nature of the
fluctuation in the M-NM transition is that the micro-
scopic h��p�2i is large and h��N�2i is small.

In summary, we have measured the dynamic structure
factor of expanded fluid Hg up to the M-NM transition
region. While damping of the collective mode increases
with volume expansion, we obtained an effective sound
velocity that is much faster than the low frequency sound
velocity at the M-NM transition. The appearance of fast
sound may represent fluctuations intrinsic to the M-NM
transition. Additional IXS experiments for expanded fluid
Hg are under way to obtain the !-Q dispersion relation in
a wider density range. It may be effective to observe a
long range structure in expanded fluid Hg at the M-NM
transition by means of small angle x-ray scattering.
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