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Ultrafast acoustics measurements on liquid mercury have been performed at high pressure and tem-
perature in a diamond anvil cell using picosecond acoustic interferometry. We extract the density of
mercury from adiabatic sound velocities using a numerical iterative procedure. We also report the
pressure and temperature dependence of the thermal expansion, isothermal and adiabatic compress-
ibility, bulk modulus, and pressure derivative of the latter up to 7 GPa and 520 K. We finally show
that the sound velocity follows a scaling law as a function of density in the overall measured metallic
state. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882695]

I. INTRODUCTION

As far as concerns its thermodynamic properties liquid
mercury can be essentially described as a simple liquid,1

though it is a very unusual element compared to other close-
shell elements. As an example, it is the only metal which
is liquid at ambient conditions due to relativistic effects on
the core electrons,2, 3 and it exhibits anomalous electronic
properties4 compared to other transition metals.

In fact, liquid mercury undergoes a gradual metal non-
metal (M-NM) transition when the density decreases below
9 × 103 kg/m3. Below this density the 6s and 6p bands do
no longer overlap and the system loses its metallic character.5

This transition has been largely investigated, both theoreti-
cally and experimentally.6 In particular, the transition results
in an abrupt change of the density dependence of the sound
velocity. This change is related to a modification of the inter-
atomic interaction.7, 8 From a general point of view, the rela-
tionship between this interatomic potential and the sound ve-
locity is not straightforward as in the corresponding crystal.
In the latter case, at 0 K, the sound velocity can be obtained
from a simple development of the potential energy of the solid
around the equilibrium position of each atom. Similarly, the
temperature variation of the sound velocity can be derived
from standard anharmonic corrections to this energy.9 Con-
versely, such a method cannot be used for the adiabatic speed
of sound of a liquid. One can always take, as a reference state,
a structure obtained by a rapid and deep quench of the corre-
sponding liquid into an amorphous solid, followed by its local
equilibration. A development of the potential energy in a way
similar to the ordered case will then result in a “frozen” speed
of sound. Nevertheless this speed may have little to do with
the actual adiabatic speed of sound of the liquid if the sys-
tem is in a relaxing regime, i.e., if the probed frequencies are
much smaller than 1/τD, where τD is the characteristic diffu-
sion time for the liquid.10

Experimental information on the density dependence of
the sound velocity for liquid metals formed of heavy ions,
such as mercury,10 or bismuth,11 over a large range of pressure
and temperature can suggest new approximations in the for-
mulation of the problem or in the building of appropriate in-
teratomic pseudo-potentials. In particular, at large densities, it
is the repulsive part of the interatomic potential which mainly
determines the adiabatic speed of sound, while the long range
electron screened interaction dictates the unrelaxed sound ve-
locity value.10

In order to test these ideas, this paper presents new data
on liquid mercury sound velocity in a very broad density
range (up to 75% variation in the metallic state) on different
isotherms. Mercury is a very suitable system to this scope by
virtue of its very low melting point and high compressibility
which allow to probe large T/Tm and P/P0 conditions, where
Tm is the melting temperature and P0 is the ambient pressure.
Nevertheless, data on liquid mercury under high compression
conditions are scarce and limited to 1.2 GPa,12, 13 due to the
technical difficulty to measure sound velocity and density at
high pressure. To overcome this lack, numerous analytical
representations of the equation of state (EOS) have been pro-
posed. They allow to extrapolate the density measurements
carried out at moderate pressures.12, 14 However, different rep-
resentations often lead to inconsistent results15 and the effec-
tiveness of such analytical predictions needs to be validated
against experimental high pressure data.

In this paper, we report detailed measurements of the
sound velocity of liquid mercury along six isotherms from
ambient pressure up to a maximum pressure corresponding
to the crystallization of the system. Section II details the ex-
perimental conditions and the instrumental set-up. The pi-
cosecond acoustics technique16–20 is coupled with a surface
imaging method21–23 in order to extract the sound velocity
at each given thermodynamic point. Details of the technique
and of the two different methods employed to measure the
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sound velocity are given in Secs. III A and III B. The nu-
merical procedure12, 24, 25 used to extract the density values is
described in Sec. IV A and Sec. IV B presents the results
and associated thermodynamic data tables. The comparison
of our results with the prediction of the EOS, as derived by
the most commonly used empirical equations, is discussed in
Sec. IV C. Finally, in Sec. V, we plot the experimental veloc-
ity as a function of density and we show that, in the metallic
state, it follows a simple power law with only second order
effects coming from temperature or pressure variations. The
sound velocity functional on density is compared with the pre-
dictions of the Bohm-Staver (BS) model26 for liquid metals
and with the charged hard sphere (CHS) model.27

II. EXPERIMENTAL SET-UP

The experimental set-up used in this work is shown in
Fig. 1. The light source is a femtosecond Ti:sapphire laser de-
livering λ = 800 nm light pulses of about 100 fs width, at a
repetition rate of 79.66 MHz. The output of this pulse laser
is splitted into a pump and a probe beams. The pump beam
is modulated at the frequency of 1 MHz by an acousto-optic
modulator. A lock-in amplifier synchronized with the modu-
lation frequency is used to improve the signal-to-noise ratio.
The pump is focused onto a small spot (3 μm) of the sample
which creates a sudden and small temperature rise of about
1 K. The corresponding thermal stress generated by thermal
expansion relaxes by launching a longitudinal acoustic strain
field mainly along the direction perpendicular to the flat par-
allel faces of the sample. The probe beam is delayed with re-
spect to the pump through a 1 m long delay line used in a four
pass geometry allowing a total temporal range of 13.333 ns
with 1 ps step. The probe beam is focused on a spot on the
surface of the sample opposite to the pump beam.

The time variation of the sample reflectivity is detected
through the variation of the intensity of the reflected probe
beam. This variation is due to thermal and acoustic effects
which both alter the optical reflectivity. The photo-elastic
and the photo-thermal coefficients contribute to the change

of both the imaginary and real parts of the reflectivity,28

whereas the surface displacement only modifies its imaginary
part. These changes are detected by a stabilized Michelson
interferometer.29 A 100 × 100 μm surface imaging of the
sample can be done by a scan of the probe objective mounted
on a 2D translational motor.

A membrane diamond anvil cell (DAC) is used as the
high pressure generator (see inset of Fig. 1). The pressure is
determined by the shift of the SrB4O7:5%Sm2 + fluorescence
line which is known to be temperature independent30 with an
accuracy of 0.1 GPa. To reach high temperatures, the DAC is
placed in a resistive furnace. The temperature measurements
were calibrated with the well-known melting line of Hg31 and
checked by a thermocouple glued on the diamond. The rela-
tive uncertainty on the temperature is estimated to be around
1%. The maximum temperature is limited by our heating ap-
paratus and the breakdown of the objectives close to the heat
source.

Ultra-pure mercury (99.99%) from Alfa Aesar was used
during the whole set of experiments. The gasket material was
rhenium, known to be chemically inert at high temperature
with mercury.32 Moreover, no reaction is expected to take
place between carbon (i.e., diamond) and mercury.33 A small
droplet of liquid mercury was loaded in a 200 μm diameter
hole drilled into a gasket of 50 μm thickness. A large diame-
ter hole is here chosen to avoid acoustic reflections from the
edges of the gasket. At each given temperature, measurements
were performed by decreasing the pressure from the corre-
sponding melting point to ambient pressure P0.

III. SOUND VELOCITY MEASUREMENTS

A. The temporal method

In this first series of measurements, a peak in the reflec-
tivity is observed when the acoustic waves reach the sample
surface opposite to the pump beam incidence surface (see
Fig. 2(a)). Note that, since liquid mercury is fully embed-
ded into the gasket hole, the peak-echo arises at a time �t

FIG. 1. Schematic set-up of the picosecond acoustics experiment involving a surface imaging set-up and a Michelson interferometer. The inset shows the
sample in the DAC with the pump and probe on the opposite sides. PBS: polarizing beam-splitter; λ/4: quarter wave plate; λ/2: half-wave plate; pol.: linear
polarizer; A.O.M.: acousto-optic modulator. See text for the details.
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(a) (b)

FIG. 2. (a) Variation of reflectivity as a function of time with collinear pump and probe beams focused on the opposite sides of the sample, at ambient pressure.
The signal inside the dashed box corresponds to the main acoustic wavefront arriving at the diamond/mercury interface. (Inset) Fourier transform of this echo.
(b) Shift of the peak position t0 with pressure.

corresponding to a single travel flight path of the acoustic
wave into mercury.

For each pressure and temperature conditions, longi-
tudinal acoustic echoes have been systematically observed.
Figure 2(b) illustrates the temporal shift between two acous-
tic echoes corresponding to two different pressures for a fixed
temperature.

The sound velocity v as a function of pressure was de-
rived here from the recorded signal through the use of the
following Eq. (1):

v = e0

�t
= e0

t0 + nTlaser − τ
, (1)

where e0 is the gasket thickness (note that here, the sub-
scripted “0” indicates that the measurement is carried out with
a particular and fixed spatial position of the probe, namely, in
the axis of the pump beam), t0 is the emergence time of the
wave at the surface, Tlaser = 12.554 ns is the repetition time,
n is an integer which takes into account the successive gen-
eration of echoes due to the laser repetition rate and τ cor-
responds to the time at which the pump-probe coincidence
would occur in the absence of mercury. We will name this
method in the following “temporal method.”

To evaluate v, we assign a first guess value to the integer
n and we thus derive �t from the measured t0 and τ . We will
explain in Subsection III B, how the validation of the n value
and the measurement of the thickness e0 can be done using the
“imagery method” described below. Concerning τ , we have
previously measured it with an aluminum thin film, outside
and inside the DAC (the variation of the optical path due to
the presence of diamonds, around 2 mm thick each one, is
negligible). For the present set-up, we obtained τ = 0.330
± 0.002 ns.

Whereas this configuration allows a simple and quick
way to extract the sound velocity,34 its major and evident dis-
advantage comes from the need to know the gasket thickness
at each thermodynamic condition. We thus have developed an
additional set-up, called “imagery” method, which is able to
determine both v and e0.

B. Imagery method

A spherical wavefront is produced by the focused laser
beam as described in Fig. 3. This wavefront travels through
the sample, reaches its opposite surface and produces circular
patterns. It can be demonstrated that the detection occurs in
the far-field region which simplifies the analysis of the de-
tection pattern.35 The transition between the near-field and
the far field occurs at the depth36 zt ≈ d2

4λac
where d = 3 μm

is the diameter of the laser spot and λac is the main wave-
length of the acoustic wave packet. The peak frequency of the
wave packet extracted from a Fourier transform of a temporal
scan is roughly 0.6 GHz (see inset of Figure 2(a)) leading to
λac ≈ 1 μm. The transition distance zt = 2 μm is thus much
smaller than the sample thickness and the detection is done in
the far field.

A typical 100 × 100 μm image associated with the in-
tensity profile is shown in Fig. 4. The center of the acoustics
rings is spatially determined with an uncertainty smaller than
±0.5 μm in the two directions perpendicular to the beam. Due
to the repetition rate of the laser, these patterns are renewed

FIG. 3. Schematic diagram of the wavefronts in liquid mercury inside the
DAC (note that diam. stands for diamond anvil). Spherical wavefronts pro-
duced by the focused pump beam are due to acoustic diffraction. On the
probe side, the radius R(t) of the circles appearing on the surface depends
on the sample thickness e0 and on the distance e(t) between the probe and the
source.
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FIG. 4. Experimental image of the acoustic wavefront on the surface of liq-
uid Hg at 1 GPa and 303 K for a pump-probe delay of t = 5.3 ns, with an
arbitrary color scale (inset) and corresponding reflectivity of liquid mercury
as a function of the radius (main figure).

every Tlaser = 12.554 ns. Perfect circular rings are expected
in the liquid phase (assuming that diamond culets stay paral-
lels and are not deformed at high pressure37). The transition
to a solid phase of mercury (α-Hg) is easily detected since the
acoustic pattern is then distorted due to crystal anisotropy.

For each thermodynamic condition, the acoustic wave
front image is recorded as a function of the pump-probe delay,
with a time step of 0.1 ns. All the corresponding integrated
profiles can be stacked together into a graph (Fig. 5) where the
color scale indicates the regions of high (red) and low (blue)
reflectivity. The experimental temporal range is limited by the
delay line but, to improve the visualization, the time scale of
this graph is extended by repetition of the picture each Tlaser.
The main longitudinal waves propagating in mercury appear
at 5, 17.5, and 30 ns corresponding to the pump repetition
rate. The other ripples appearing in Fig. 5 correspond to the
reflections of the main bulk wave and surface skimming bulk
waves (SSBW). More details on these waves and the proce-

FIG. 5. Integrated profiles as a function of time at 1 GPa and 303 K. The
time scale is extended by repetition of the picture each Tlaser. The ripples
in this picture evidence the growing of circular wavefronts on the surface
of the sample. This picture shows the principal wavefront, here fitted with
Eq. (A1) (red line), first and second reflections calculated as discussed in
Appendix A (dashed and dotted-dashed red lines, respectively), and longitu-
dinal and transverse SSBW in diamond (dotted black lines).

FIG. 6. Adiabatic sound velocity in liquid mercury as a function of pres-
sure at various temperatures. (Squares) Imagery method. (Circles) Temporal
method. The blue line is from Davis.12 (Inset) Measurement points reported
on the phase diagram of Hg.31

dure to extract both the velocity v and the thickness e0 from
the imagery method are detailed in Appendix A.

C. Results

We would like to emphasize that, while this imaging con-
figuration is very powerful (both thickness and sound velocity
of the sample are determined using a self-consistent method),
it has the main disadvantage of being very time consum-
ing. Therefore, we used the imagery method only at a few
pressures along a given isotherm in order to measure both v

and e0.
The velocities obtained by the imagery method are shown

in Fig. 6. During one pressure downstroke, the experimen-
tal relative variation of the thickness is measured to be about
5%. Despite the increase of the sample chamber volume dur-
ing the downstroke, the thickness remains nearly constant,
as previously published.38 This behavior is due to a plastic
process inside the gasket.39 A simple linear interpolation of
these experimental points is used and provides a reliable es-
timate of the thickness variation as a function of pressure
for the whole pressure and temperature range of the experi-
ments. The sample thickness being known, the sound veloc-
ity can be directly extracted by a scan with temporal method.
Figure 6 summarizes our complete results. The experimen-
tal data set is reported in Table I. The velocities obtained at
ambient temperature agree with the data from Davis12 up to
1.2 GPa.

IV. EQUATION OF STATE

A. Thermodynamic relations

The density variation as a function of pressure and
temperature can be extracted from the sound velocity mea-
surements via classical thermodynamic relations.12, 24, 25 The
adiabatic sound velocity40, 60 v is related to the adiabatic com-
pressibility by βS = 1/ρv2 and to the thermal compressibility
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TABLE I. Experimental sound velocities in liquid Hg.

T = 296 K T = 383 K T = 466 K T = 513 K

P v P v P v P v

(GPa) (m/s) (GPa) (m/s) (GPa) (m/s) (GPa) (m/s)

0.00a 1440 0.42a 1490 1.50a 1630 0.72a 1490
0.00 1440 0.44 1490 1.51 1630 0.75 1470
0.12 1490 0.47 1500 1.51 1640 0.75 1470
0.18 1500 0.55 1510 1.98 1700 0.79 1490
0.19a 1490 0.61 1520 2.11 1740 0.95 1510
0.22 1500 0.71 1540 2.44 1770 0.97 1510
0.31 1520 0.77 1550 2.66 1790 1.05 1530
0.42 1530 0.84 1570 2.89 1820 1.15 1560
0.44a 1540 0.93 1580 3.12 1850 1.33 1580
0.52 1540 1.00 1590 3.35 1870 1.40 1600
0.52a 1540 1.06 1600 3.58 1900 1.50 1620
0.62 1580 1.13 1610 4.00 1940 1.60 1640
0.66 1590 1.21 1620 4.20 1970 1.75 1650
0.66a 1570 1.27 1640 4.40 1980 1.90 1670
0.66 1580 1.39 1660 4.63 2010 1.90 1680
0.83 1600 1.40 1660 4.69 2020 2.15 1710
0.83 1620 1.40a 1660 4.86 2030 2.25 1730
0.98 1630 1.45 1660 5.00a 2040 2.46 1750
1.01a 1620 1.55 1680 . . . . . . 2.48 1760
1.03a 1640 1.64 1700 . . . . . . 2.62 1780
1.06 1650 1.73 1710 . . . . . . 2.85 1810
1.10 1660 1.81 1720 . . . . . . 2.93 1810
1.17 1660 1.92 1730 . . . . . . 3.03 1820
1.17a 1660 1.96 1740 . . . . . . 3.17 1840
. . . . . . 2.07 1760 . . . . . . 3.25 1860
. . . . . . 2.09 1760 . . . . . . 3.45 1870
. . . . . . 2.10 1760 . . . . . . 3.58 1880
. . . . . . 2.20 1770 . . . . . . 3.69 1900
. . . . . . 2.31 1790 . . . . . . 3.74 1900
. . . . . . 2.43 1800 . . . . . . 3.90 1920
. . . . . . 2.47 1800 . . . . . . 4.05 1940
. . . . . . 2.65 1810 . . . . . . 4.19 1940
. . . . . . 2.73 1830 . . . . . . 4.43 1970
. . . . . . 2.85 1840 . . . . . . 4.50 1990
. . . . . . . . . . . . . . . . . . 4.69 2000
. . . . . . . . . . . . . . . . . . 4.77 2010
. . . . . . . . . . . . . . . . . . 4.94 2020
. . . . . . . . . . . . . . . . . . 5.13 2040
. . . . . . . . . . . . . . . . . . 5.29 2060
. . . . . . . . . . . . . . . . . . 5.47 2070
. . . . . . . . . . . . . . . . . . 5.68 2090
. . . . . . . . . . . . . . . . . . 5.90 2110
. . . . . . . . . . . . . . . . . . 6.11 2130
. . . . . . . . . . . . . . . . . . 6.23 2140
. . . . . . . . . . . . . . . . . . 6.23a 2140

aThese values are obtained by the imagery method (see Sec. IV B), the other ones are
obtained by the temporal method (see Sec. IV A).

βT = 1/ρ(∂ρ/∂P)T by

βT = βS + T α2
P

ρCP

, (2)

where CP is the isobaric heat capacity per unit mass and αP is
the thermal expansion coefficient at constant pressure defined
by

αP = 1

ρ

(
∂ρ

∂T

)
P

. (3)

Equation (2) can be rewritten as(
∂ρ

∂P

)
T

= 1

v2
+ T α2

P

CP

. (4)

The integration of Eq. (4) between arbitrary pressures P1 and
P2 at constant temperature leads to the equation

ρ(P2, T )−ρ(P1, T )=
∫ P2

P1

dP

v2(P, T )
+T

∫ P2

P1

α2
P (P, T )

CP (P, T )
dP,

(5)
where the variation of CP with pressure can be evaluated via41

(
∂CP

∂P

)
T

= −T

ρ

{(
∂αP

∂T

)
P

+ α2
P

}
. (6)

The three equations (3), (5), and (6) are used into a recur-
sive procedure adapted from Ref. 24 described in Appendix
B in order to obtain the density as a function of pressure and
temperature.

B. Results

In Figs. 7 and 8, we show, respectively, ρ and αP as a
function of pressure as derived from our data. Other derived
quantities are the isothermal bulk modulus BT = β−1

T and the
first derivative of the bulk modulus B ′

T = (∂BT /∂P )T . They
are shown in Figs. 9(a) and 9(b), respectively.

The uncertainties have been evaluated by the introduction
of small perturbations in the three input quantities v(P, T ),
ρ(P0, T), and CP(P0, T). An increase or decrease of the
sound velocity data by 10 m/s (0.75%) leads to a variation
of ±0.15% of the density, ±1.7% of the thermal expansion,
and ±0.7% of the heat capacity. The relative uncertainty in
ρ(P0)42 is roughly 10−4% which produces relative variations
of ±0.5% for the αP and of ±0.8% for the CP. According to
Douglas,43 the heat capacity CP(P0, T) is known at ±0.3%.
This leads to relative variations of ±0.5% for the αP and of
±0.8% for the final CP. Finally, the different uncertainties are
quadratically summed. The maximal uncertainties associated
with the absolute measurements of the different quantities are

FIG. 7. Density of liquid Hg versus pressure at different temperatures. The
calculation procedure from sound velocity measurements is explained in the
text. (Inset) Comparison between our work and the data from Holman,42

Grindley,62 and Spetzler.13
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FIG. 8. Coefficient of thermal expansion αP of liquid Hg as a function
of pressure at different temperatures. (Inset) Comparison with the data of
Davis12 and Holman.42

around ±0.15% for the density, ±3.8% for the thermal expan-
sion, and ±3.4% for the heat capacity. Table II summarizes all
the thermodynamic properties obtained by this procedure.

C. Equations of state

Analytical EOS are widely used for solids in order to ex-
trapolate density measurements at P and T values unreached
experimentally, and they are usually based on some hypothe-
ses on the P and T variation of one of the known thermody-
namic coefficients. It is unclear that such hypotheses remain
valid in the liquid state where density variations with P and T
are by far larger than in the solid.

It is nevertheless currently assumed that EOS derived
for the solid state can also be applied to the liquid state of
metals due to the relatively small compressibility change on
melting.44 The availability here of new experimentally de-
rived values for the bulk modulus of liquid mercury in a
wide range of pressure enables us to test the validity of this
assumption.

(a) (b)

FIG. 9. (a) Isothermal bulk modulus BT as a function of pressure at different
temperatures. (b) First derivative of the isothermal bulk modulus B ′

T as a
function of pressure at different temperatures.

Use of Taylor series expansion is one of the easiest ap-
proaches to develop a P-V equation. A series expansion of
P in �V/V truncated at the second order generates what is
known as the Davis Gordon approximation (see Eq. (15) in
Ref. 12), which is largely used for solid samples. An em-
pirical EOS which was, conversely, developed for liquids, in
particular for water, is the Tait equation45 which express V
as a function of P using two empirical parameters which are
function of the temperature but pressure independent. How-
ever, these two parameters do not have particular physical
meanings.

An alternative approach consists in formulating some
hypotheses on the pressure dependence of the bulk mod-
ulus. The most simple approximation is the Murnaghan
equation46 where the bulk modulus B is considered to vary lin-
early with pressure (B = B0 + B ′

0P where B0 = BT(P0) and
B ′

0=B ′
T (P0)), while the widely used Birch-Murnaghan EOS47

consists in a series expansion of the free energy in terms of
volume. The Kumari-Dass EOS48 assumes that the ratio of
the second to the first pressure derivative of the bulk modulus,
B ′′

0 /B ′
0, is a parameter independent of pressure. This equation

was applied successfully to some simple liquid metals such as
alkali metals.49

Following the work of Stacey,50 Vinet et al.51 proposed
an equation based on a potential with a soft repulsive contri-
bution. This equation, proposed originally for the solids, was
applied to liquid alkali metals52 up to 2 GPa but with the as-
sumption that at high pressure all materials are expected to
convert to a Thomas-Fermi state. Also, Holzapfel53 proposed
a modified version of the Vinet EOS.

In order to test the validity of those different equations,
we calculated the pressure dependence of the density at 513 K
as predicted by each of them, using the same, experi-
mentally derived, parameters (B0 = 18.5 GPa, B ′

0 = 10.7,
B ′′

0 = −5.1 GPa−1, and ρ0=13019.8 kg/m3). A comparison
with our experimental results is reported in Fig. 10.

As readily seen on this figure, the Kumari-Dass and the
Murnaghan EOS badly reproduce our results, as strong devi-
ations are observed in the present pressure range. Similar dis-
crepancies are observed with the Vinet and Holzapfel EOS.

Finally, one can observe that the Birch-Murnaghan equa-
tion and the Taylor series expansion proposed by Davis and
Gordon can be considered as good analytical EOS for liquid
Hg, even at high density.

V. DISCUSSION

In Fig. 11, we report present and previous5 measurements
of the adiabatic sound velocity as a function of density for dif-
ferent temperatures. The density ranges from the low density
non-metallic state to the high-density metallic one.5

As previously observed by Kohno and co-workers,5 in
the NM region (ρ < 9 × 103 kg/m3), v varies slowly with
density and its temperature (and pressure) dependence is of
the same order of magnitude as the density one. The situation
is opposite on the metallic (M) side (ρ > 9 × 103 kg/m3).

As shown in Fig. 11, the sound velocity can be described
as a unique functional of density in the overall density range,
pressure, and temperature variations producing only second
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TABLE II. Various thermodynamical properties of liquid Hg up to 513 K and 7 GPa. The uncertainties are
discussed in the text.

T P ρ αP βS BS βT BT

(K) (GPa) (kg/m3) (10−4 K−1) (10−2 GPa−1) (GPa) (10−2 GPa−1) (GPa)

293 0.0 13545.8 1.81 3.51 28.5 4.02 24.9
293 0.2 13650 1.72 3.29 30.4 3.75 26.7
293 0.4 13750 1.64 3.10 32.2 3.51 28.5
293 0.8 13930 1.50 2.80 35.8 3.14 31.9
293 1.0 14020 1.44 2.67 37.4 2.98 33.5
323 0.0 13472.5 1.81 3.61 27.7 4.18 23.9
323 0.2 13580 1.71 3.38 29.6 3.88 25.8
323 0.4 13680 1.63 3.18 31.5 3.63 27.6
323 0.8 13870 1.49 2.86 35.0 3.23 31.0
323 1.0 13960 1.43 2.72 36.7 3.07 32.6
323 1.6 14200 1.29 2.41 41.6 2.68 37.4
373 0.0 13351.4 1.80 3.80 26.3 4.46 22.4
373 0.2 13470 1.70 3.53 28.3 4.11 24.3
373 0.4 13570 1.61 3.31 30.2 3.83 26.1
373 0.8 13770 1.46 2.96 33.8 3.38 29.6
373 1.0 13860 1.40 2.82 35.5 3.20 31.2
373 1.6 14110 1.26 2.48 40.4 2.78 36.0
373 1.8 14190 1.22 2.38 41.9 2.67 37.5
373 2.0 14260 1.18 2.30 43.5 2.56 39.0
373 2.2 14330 1.15 2.22 45.0 2.47 40.5
373 2.6 14470 1.08 2.08 48.0 2.30 43.5
423 0.0 13231.7 1.80 4.01 25.0 4.77 21.0
423 0.2 13350 1.68 3.71 27.0 4.36 22.9
423 0.4 13470 1.59 3.46 28.9 4.04 24.7
423 0.8 13670 1.44 3.08 32.5 3.54 28.2
423 1.0 13770 1.38 2.92 34.2 3.35 29.9
423 1.6 14020 1.23 2.55 39.1 2.89 34.7
423 1.8 14100 1.19 2.46 40.7 2.76 36.2
423 2.0 14180 1.15 2.37 42.3 2.65 37.7
423 2.2 14250 1.12 2.28 43.8 2.55 39.2
423 2.6 14390 1.06 2.14 46.8 2.37 42.2
423 3.0 14530 1.00 2.01 49.8 2.22 45.1
423 3.2 14590 0.98 1.95 51.2 2.15 46.5
423 3.4 14650 0.95 1.90 52.7 2.09 47.9
423 3.6 14710 0.93 1.85 54.1 2.03 49.3
423 4.0 14830 0.89 1.76 56.9 1.92 52.1
473 0.0 13113.4 1.79 4.25 23.5 5.11 19.6
473 0.2 13240 1.67 3.90 25.6 4.63 21.6
473 0.4 13360 1.57 3.63 27.6 4.26 23.5
473 0.8 13570 1.41 3.20 31.2 3.71 27.0
473 1.0 13670 1.35 3.03 33.0 3.49 28.6
473 1.6 13940 1.20 2.64 37.9 2.99 33.4
473 1.8 14020 1.16 2.53 39.5 2.86 35.0
473 2.0 14100 1.12 2.44 41.1 2.74 36.5
473 2.2 14180 1.09 2.35 42.6 2.63 38.0
473 2.6 14320 1.03 2.19 45.6 2.44 40.9
473 3.0 14460 0.97 2.06 48.5 2.28 43.8
473 3.2 14520 0.95 2.00 50.0 2.21 45.3
473 3.4 14580 0.93 1.94 51.4 2.14 46.7
473 3.6 14650 0.91 1.89 52.9 2.08 48.1
473 4.0 14760 0.87 1.80 55.7 1.97 50.9
473 4.2 14820 0.85 1.75 57.1 1.91 52.3
473 4.4 14880 0.83 1.71 58.5 1.86 53.7
473 5.0 15040 0.78 1.60 62.6 1.73 57.8
473 5.2 15090 0.77 1.56 64.0 1.69 59.1
473 5.4 15140 0.75 1.53 65.4 1.65 60.5
513 0.0 13019.8 1.79 4.48 22.3 5.41 18.5
513 0.2 13150 1.65 4.08 24.5 4.87 20.5
513 0.4 13280 1.54 3.77 26.5 4.45 22.5
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TABLE II. (Continued).

T P ρ αP βS BS βT BT

(K) (GPa) (kg/m3) (10−4 K−1) (10−2 GPa−1) (GPa) (10−2 GPa−1) (GPa)

513 0.8 13500 1.38 3.31 30.2 3.84 26.0
513 1.0 13600 1.32 3.13 32.0 3.61 27.7
513 1.6 13870 1.17 2.71 36.9 3.08 32.5
513 1.8 13960 1.13 2.60 38.5 2.94 34.1
513 2.0 14040 1.09 2.50 40.1 2.81 35.6
513 2.2 14110 1.06 2.40 41.6 2.70 37.1
513 2.6 14260 1.00 2.24 44.6 2.50 40.0
513 3.0 14400 0.95 2.10 47.6 2.33 42.9
513 3.2 14470 0.93 2.04 49.0 2.26 44.3
513 3.4 14530 0.90 1.98 50.5 2.19 45.8
513 3.6 14590 0.88 1.93 51.9 2.12 47.2
513 4.0 14710 0.85 1.83 54.7 2.00 49.9
513 4.2 14770 0.83 1.78 56.1 1.95 51.3
513 4.4 14830 0.81 1.74 57.5 1.90 52.7
513 5.0 14990 0.76 1.62 61.7 1.76 56.8
513 5.2 15050 0.75 1.59 63.0 1.72 58.1
513 5.4 15100 0.74 1.55 64.4 1.68 59.5
513 6.0 15240 0.70 1.46 68.4 1.57 63.5
513 6.2 15290 0.69 1.43 69.8 1.54 64.8
513 6.4 15340 0.68 1.41 71.1 1.51 66.2
513 6.8 15430 0.66 1.36 73.8 1.45 68.8

order effects. In particular, its temperature dependence is
small and becomes weaker and weaker with increasing den-
sity, as can be seen in the inset of Fig. 11. The observed den-
sity dependence can be described by the simple power law

v = v0

(
ρ

ρ0

)α

(7)

with α = 2.72 ± 0.0254 (dotted line in Fig. 11). To our knowl-
edge, this is the first time that the existence of a scaling law is
probed on such a large range of density variation.

FIG. 10. Relative deviation between the experimental density and calculated
density obtained by the predictions of many equations of state (no fit). Physi-
cal hypotheses concerning the EOS are discussed in the text. The gray region
shows the uncertainty on the experimental determination of the density. (In-
set) Relative variation of the experimental density which shows the accuracy
of the various EOS.

The existence of such a power law for the sound velocity
in a metal may appear as natural. Indeed, such a law has been
proposed, long ago, by Bohm and Staver26 (dot-dashed line
in Fig. 11). Nevertheless in the BS approximation, α has the
much smaller value α = 1/3, basically one order of magni-
tude smaller. Actually, the BS theory reasonably predicts the
sound velocity in liquid metals in the solid like regime (THz)
where relaxation effects are absent and the main mechanism
governing the propagation of collective excitation is the elec-
tron screening.55 Conversely, in the adiabatic regime, ionic

FIG. 11. Adiabatic sound velocity as a function of density at different tem-
peratures in a log-log scale and linear scale (inset). Sound velocity data from
this work (circles) are plot with experimental data from Kohno5 (triangles
up) and Okada61 (squares). Gray arrow indicates the density at which M-NM
transition occurs. The dotted line indicates a power law discussed in the text.
The dot-dashed and dashed lines are calculated at 513 K from the BS26 and
Charged Hard-Sphere (CHS)27 models, respectively.
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size and ionic relaxation effects become predominant and the
BS approximation gives rise to erroneous predictions.

An alternative approach is to consider a charged hard
sphere model (CHS) for the liquid metal, where positively
charged hard spheres interact through a Coulomb potential
in a background of non-interacting conduction electrons. In
such a model, ions diffusion is taken into account and the adi-
abatic sound velocity is directly derived from the compress-
ibility of the system, which is itself a simple function of the
packing fraction (Eqs. (7)–(9) of Ref. 27). Thus, modeling
of the charged hard sphere radius R as a function of P and
T and of the functional dependence of compressibility on the
packing fraction η results in a simple expression for the sound
velocity dependence on density. We calculated the prediction
of the CHS model using η as derived from simple hard sphere
simulations, Ref. 56. As it can be seen in Fig. 11 (dashed line),
this prediction correctly reproduces the variation of the sound
velocity with density in the high density regime (i.e., for high
packing fraction), even if the absolute value of the predicted
velocity is a factor 1.3 lower than in the real liquid. How-
ever, the CHS model fails in reproducing the overall trend, as
the hard sphere radius variation as a function of pressure and
temperature is unknown and not correctly reproduced by the
aforementioned simulations. This comparison again indicates
that the repulsive part of the potential mainly determines the
value and the density dependence of the adiabatic sound ve-
locity in the high density regime. The availability of sound
velocity data on a wide range of density in these high den-
sity conditions is thus fundamental to validate models for the
repulsive part of the ion-ion effective potential.

In summary, we performed accurate measurements of
the adiabatic sound velocity in liquid mercury up to 7 GPa
and temperatures up to 520 K using an original experimental
method, the picosecond acoustics surface imaging in DAC.
We show that the thickness of the sample in a DAC can be ac-
curately determined in situ by this technique as a function of
pressure and temperature. Using the measured velocities data,
the density of the fluid is derived together with other thermo-
dynamic parameters.

Finally, we compared the measured sound velocity as a
function of density with previously measured values in ex-
panded mercury down to the M-NM transition.5 We show
that the adiabatic sound velocity can be described as a unique
functional of density in the whole investigated metallic state,
while temperature and/or pressure variations only produce
second order effects. We show that simple models like the
Bohm-Staver model or the charge hard sphere model, usually
employed to predict sound velocities in the solid (or in the un-
relaxed liquid10) and in the relaxed liquid, respectively, fail in
reproducing the observed density trend. We thus believe that
these new sound velocities data can be used to validate current
models of the ion-ion repulsive potential in liquid mercury.

From a more general point of view, our study demon-
strates that picosecond acoustics in DAC is a powerful tech-
nique to quantitatively extract the sound velocities, the density
or other thermodynamical quantities in liquid metals under
extreme conditions. These state-of-the-art experiments will
certainly be useful in several applied problems and many
other fields such as geophysics.
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APPENDIX A: ANALYZING RIPPLES FROM SURFACE
IMAGING

Let us consider the evolution of spherical wavefronts in-
side the sample as shown in Fig. 3. The time evolution of the
ring diameters R(t) appearing at the surface is given by

R(t) =
√

e2(t) − e2
0, (A1)

where e(t) = v(t + nTlaser − τ ) is the distance covered by the
acoustics wave propagating inside the sample, v is the sound
velocity, and e0 is the sample thickness. The parameters n and
τ are the same as in Eq. (1). Equation (A1) is fitted to the
ripple (as shown in Fig. 5) with the sound velocity v and the
arrival time t0 as free parameters. Then the thickness e0 is
deduced with Eq. (1).

Knowing v and e0, it is now straightforward to predict the
radius evolution Ri(t) for the ith reflected wave

Ri(t) = v
√

ei(t)2 − [(2i + 1)e0]2. (A2)

Equation (A2) can be also written as

Ri(t) = v

√
(t + niTlaser − τ )2 − (t i0 + niTlaser − τ )2,

(A3)
where t i0 is the emergence time of this reflected wave on the
pump beam propagation axis and ni is an integer given by the
relation

ni = (2i + 1)n + (2i + 1)(t0 − τ ) − (t i0 − τ )

T
. (A4)

Pink and green lines shown in Fig. 5 stand for the first
(i = 1) and the second (i = 2) reflections, respectively. The
good agreement between the ripples and the lines is obtained
without fit.

An accurate determination of the experimental radius
R requires a correct interpretation of the integrated profile
which, otherwise, could lead to systematic errors on the pa-
rameters t0 and v. The detected echo has an antisymmetric
shape (as observed in Fig. 4 between 0 and 10 μm) which is
related to the bipolar strain of the acoustic pulse. This bipolar
strain can be explained by the generation, propagation, and
detection process involving the acoustic pulse.19, 35 The ther-
moelastic generation of the pulse in the liquid Hg in contact
with the diamond produces an unipolar and asymmetric strain
profile.19 Just after the generation, the acoustic pulse is imme-
diately reflected at the diamond/mercury interface. As a con-
sequence, the spatial extension of the pulse is doubled and the
shape becomes unipolar.19 During its propagation from the
near field to the far field, the acoustic pulse transforms from
a unipolar to a bipolar shape35 which explains the antisym-
metric shape of the detected echo.19 We deduce that the ex-
perimental value R of the radius corresponds to the midpoint
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of the perturbation seen in surface. This conclusion remains
correct for large values of R because the deformation of the
detected echo due to the acoustic dispersion or attenuation is
supposed negligible.19

As evident on Fig. 5, some ripples have a radius with a
linear time dependence. This is the signature of surface skim-
ming bulk waves (SSBW) propagating in the diamond anvil,
parallel to the surface. These waves arise at the critical an-
gle of the Snell-Descartes law of acoustic refraction at the
diamond-mercury interface. Above this critical angle the re-
flection is total and any other SSBW cannot be generated.
This angle is estimated to be 4.3◦ between the propagating
wave vector in the mercury and the diamond surface. In inter-
ferometry, two kinds of SSBW are visible with mean veloci-
ties cL = 18 ± 1 km/s and cT = 12 ± 1 km/s corresponding to
the longitudinal and transverse velocities in the diamond, as
expected.

APPENDIX B: RECURSIVE NUMERICAL PROCEDURE

We present in this Appendix, the procedure used to com-
pute the density from the sound velocity measurements. This
procedure needs as input parameters the sound velocity as
a function of temperature and pressure, and the temperature
variations of ρ and CP at room pressure P0. All high pressure
sound velocity values come from our work (see Table I and
Fig. 6). At ambient pressure, the data from Coppens et al.57

and Jarzynski,58 v(P0, T ), are appended to our experimen-
tal values. All data are interpolated and smoothed by a poly-
nomial function P = ∑

i,j aij (T − 273.15)ivj . The function
P (T , v) is chosen because it gives a better fit than v(P, T ) for
the same number of parameters. The coefficients aij are shown
in Table III.

The density ρ(P0, T) is calculated from the polynomial
formula given by Holman (Eq. (28) in Ref. 42). The coeffi-
cient of thermal expansion αP(P0, T) is directly deduced from
the density using Eq. (3). The values of the heat capacity
CP(P0, T) between 273 K and 800 K are interpolated from
the measured values of Ref. 43 using a third order polynomial
function. The best interpolation relation obtained is CP(P0, T)
= 152.77 − 0.0659T + 6.90 × 10−5T2 − 1.30 × 10−8T3 with
T in K and CP in J kg−1K−1.

Starting from the room pressure P0, the values at higher
pressures are obtained by a series of small pressure incre-
ments, �P = P2 − P1 = 0.01 GPa, from the already de-
termined pressure point P1 to the next calculated pressure
point P2. At each pressure step, the quantities ρ, αP, and CP

are calculated. All the quantities are evaluated at each tem-
perature between 293 K and 513 K with a temperature step

TABLE III. aij coefficients for P = ∑
i,j aij (T − 273.15)ivj with P in

GPa, T in K and v in m/s.

i/j 0 1 2

0 4.00423 −1.006 × 10−2 5.01139 × 10−6

1 5.81263 × 10−4 1.23466 × 10−6 . . .
2 8.17121 × 10−7 . . . . . .

�T = 1 K. The basis of the calculation is Eq. (5). The first
integral in Eq. (5) is evaluated numerically with the function
P (T , v). This term represents the major contribution to the
variation of the density; it depends only on the velocity and
on an accurate numerical integration. The second term of Eq.
(5) contributes for roughly 15% of the density change and is
evaluated iteratively until convergence. In the first step of the
iterative process, the quantity T α2

P /CP is kept constant, lead-
ing to a first crude approximation of the density at pressure
P2. Then α(P2, T) is deduced from this first approximation
using Eq. (3). In the second iterative step, the variation of αP

is taken into account by a linear interpolation between αP(P1,
T) and αP(P2, T) and introduced in Eq. (5), while CP is still
kept constant leading to a first refinement of the density value.
Keeping CP constant during that integration step is a valid
approximation because the relative variation of CP with P is
negligible compared to that of αP. This process is repeated un-
til the convergence of ρ(P2, T) value. During this procedure,
αP(P2, T) is smoothed by a third order polynomial to avoid
the side effects occurring with the numerical derivation. Fi-
nally, CP(P2, T) at the new pressure P2 is obtained by a linear
extrapolation of the CP(P1, T) value at P1 and its derivative
through Eq. (6). The consistency of the method is checked by
verifying that the thermodynamic relation ( ∂αP

∂T
)P = ( ∂βT

∂P
)T is

satisfied with a relative accuracy better than 1% in the whole
P and T range.

In order to evaluate the robustness of this numerical pro-
cedure, we have performed a test on the well-known thermo-
dynamic data of liquid water59 in the temperature range 280–
340 K and the pressure range 0.1–50 MPa with �T = 1 K and
�P =0.1 MPa. We have obtained results in very good agree-
ment with the literature data, the comparison providing the
relative uncertainties due to the numerical procedure. The un-
certainties are ±0.002% for the density, ±1% for the thermal
expansion and ±0.5% for the heat capacity.
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