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Abstract

In this paper we present the first results of the sound

velocity measurements in expanded liquid mercury. The

measurements were made at temperatures up to 1600°C and
2

pressures up to 1700 kg/cm by means of an ultrasonic pulse

transmission/echo technique which was newly developed for

such high temperature/pressure condition. When the density

is larger than 9 g/cm , the observed sound velocity decreases

linearly with decreasing density. At densities smaller than

9 g/cm , the linear dependence on the density is no longer

observed. The observed sound velocity approaches a minimum

near the liquid-gas critical point (p =5.5 g/cm ). The

existing theories for sound velocity in liquid metals fail

to explain the observed results.



I. INTRODUCTION

It is one of the characteristic features of liquid

metals that the density can be changed in a wide range

under high temperature and pressure. When the density

decreases, the overlap between the electronic bands decreases

and a metal-nonmetal transition occurs in the low density

region near the liquid-gas critical point. Therefore, it

is very interesting to study the electronic and atomic

structures of liquid metals near the critical point. Recently,

the measurements of density, electrical conductiv-

ity, ( 5 )~ ( 7 ) thermoelectric power,(5)~(7) Hall coefficient,(8)

Optical gap and Knight shift etc. were made near

the critical point of mercury (T = 1480°C, P ~ 1540 kg/

cm and p - 5.5 g/cm ). However, a conclusive theoretical

interpretation is still not obtained for the mechanism of

metal-nonmetal transition. Useful information as to the

structure of liquid metals may be obtained from sound velocity

data, because a change in the structure of liquid metal may

produce a change in the compressibility and hence in the sound

velocity.

In the present paper we present the first results of

the sound velocity measurements in expanded liquid mercury.

The measurements were made at temperatures up to 1600°C and
2

pressure up to 1700 kg/cm by means of an ultrasonic pulse

transmission/echo technique which was newly developed for

such high temperature/pressure condition.
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II. EXPERIMENT

The mercury sample was contained in a cell made of a

niobium tube closed at both ends by synthetic sapphire rods.

The details of the cell construction are shown in Fig.l.

The main body, machined from forged niobium, had a cylin-

drical hole of 140 mm in axial length and 10 mm in diameter

which was honed to a smooth surface. It incorporated two

similarly polished sapphire rods of 76 mm in axial length

and 10 mm in diameter which led out of the niobium tube

through flanges. The flanges forced teflon rings against

the inner wall of the cell and the sapphire rods thus

preventing leakage of the liquid mercury. They also pressed

the two sapphire rods against a niobium ring spacer which

determined the sample thickness of fluid mercury between

the sapphire rods. The sample thickness was 1 mm. The

space between the sapphire rods was connected through a

small channel in the inner wall of the niobium tube to a

mercury reservoir at the end of the cell. The temperature

of the mercury sample was controlled by an electric resist-

ance furnace around the cell, and was measured by a Pt-30%

Rh : Pt-6%Rh thermocouple. The cell was set in a high

pressure beryllium-coppsr autoclave, and was pressurized

(12)
with pure argon gas. The pressure was measured by a

Heise pressure gauge. The space between the furnace and

the autoclave was filled as completely as possible with

alumina powder in order to obtain good thermal insulation

and to prevent convection in the compressed argon. The

outer wall of the autoclave was cooled by water.
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The sound velocity measurements were made by a newly

developed ultrasonic pulse transmission/echo technique.

A simplified block diagram of the ultrasonic apparatus is

shown in Fig.2. A set of quartz transducers cut to reso-

nate at 20 MHz was bonded to each cold end of the sapphire

buffer rods, use of which was essential-for the success of

the experiments. Since sapphire has a high melting tempera-

ture (T = 2050°C) and low thermal conductivity, it is

especially suited for the buffers in the ultrasonic measure-

ments under high temperature condition. In this technique,

the time required for an ultrasonic signal to traverse from

transducer A to transducer B was measured. Then the time

required for an echo to return from the rod/sample interface

to the transducer was measured for each buffer rod. The

difference between the time required for the signal to

travel from transducer A to transducer B and the average of

the above two echo-times represents the time required for

the signal to traverse the sample (see Fig.3). The sound

velocity is calculated from the sample thickness and the

sample traverse time. It should be noted that the actual

values of the A to B transit time and the echo-times are

not required in this technique, and only the difference

between them is necessary to determine the sound velocity.

Therefore, the effects of the change of the sound velocity

in the buffer rods is essentially eliminated in this tech-

nique. It should be also noted here that the multiple

echos, which are reflected back and forth between the two

rod/sample interfaces, are buried out in the trailing
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pulses of the first echo (see Fig.3-1). Therefore, the

conventional ultrasonic pulse technique, in which the sound

velocity is determined from the difference between these

multiple echo-times, is difficult to use in the present

experiment.

III. RESULTS AND DISCUSSION

The vapour pressure curve determined by the ultrasonic

method is shown in Fig.4. A part of the experimental points

and a part of the experimental path are also shown in this

figure. When the temperature of the liquid sample was

increased at a fixed pressure, the sound velocity abruptly

decreased at a certain temperature. This temperature was

taken as the boiling temperature at that pressure. When the

temperature of the vapour sample was decreased at a fixed

pressure, the sound velocity abruptly increased at a certain

temperature. This temperature was taken as the condensation

temperature at that pressure. The vapour pressure curve in

Fig.4 was determined by these boiling and condensation

temperatures. By comparing the vapour pressure curve thus

obtained with that determined by X. Tsuji et al., the

thermocouple used was calibrated.

Fig.5 gives isotherms of the sound velocity of liquid,

gaseous, and supercritical mercury as a function of pressure.

Only a part of experimental points is indicated in this

diagram. When the temperature is lower than the critical

temperature (T * 1480°C), the sound velocity in a liquid

sample at a constant temperature decreases as the pressure
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decreases. At a certain pressure, it decreases abruptly

to a small value in the vapour phase. When the temperature

is higher than the critical temperature, such a discontinu-

ous change is no longer observed. As the temperature/

pressure condition approaches the critical point (T =
2

1480°C and P = 1540 kg/cm ) , the sound velocity approaches

a minimum. Utilizing the special technique developed here,

we could measure the sound velocity even near the critical

point where the attenuation of sound was abnormally high,
2

e.g., ~ 400 dB/cm at T = 1500°C and P = 1500 kg/cm . This

abnormally high attenuation may be related to the thermo-

dynamic anomalies near the critical point.

In Fig.6 the sound velocity is plotted as a function

of the density. Values of the density as functions of

pressure and temperature can be determined from the table

compiled by Schmutzler.* ' In this figure are also plotted

the data obtained by Kleppa, Jarzynski* and Hunter

et al. ' for comparison. These data were obtained by

sound velocity measurements at various temperatures under

atomospheric pressure, when the density is larger than

9 g/cm , the sound velocity decreases approximately linearly

A

with decreasing density. The value of (dc/dp) = 2.1 x 10

cm4/sec>g which was obtained in the present experiments was
4

in agreement with the value of (dc/dp) = (2.5 ± 0.6) x 10

cm /sec-g which was calculated from the data in references

(15)-(17). At densities smaller than 9 g/cm , the sound

velocity deviates from the straight line. The start of the

deviation indicates that some change in the structure of
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mercury takes place at this density. It should be noted

here that the measurements of electrical conductivity,

thermoelectric power,(5)~<7) Hall coefficient*8) and Knight

shift showed that the metal-nonmetal transition in

mercury takes place at the same density, 9 g/cm . Therefore,

the anomally found in the sound velocity vs. density may be

the results of the metal-nonmetal transition.

It is of interest to compare the observed results with

the dielectric formulation which has been widely used to

explain the systematic behaviour of the sound velocity in
no]

liquid metals. According to the dielectric formulation,

the sound velocity in liquid metal c is given by the expres-

sion;

c = [N22/MN(EF)]
1/2 , (1)

where N is the volume density of the ion, Z is the effective

charge, M is the mass of the ion and N(Ep) is." the density

of states at the Fermi surface. The density of states at

the Fermi surface in liquid metals has been thecretically

studied in connection to the electrical conductivity and

Hall coefficient by Mott, VJ""' and Friedman.*20' When these

theories are applied to liquid mercury, they require that

the density of states at the Fermi surface takes free

electron value at densities larger than 11 g/cm , and that

it drops by a factor of 3 between 11 and 9 g/cm . Since

the density of states at the Fermi surface is given by the

expression;

N(Ep) « E F
1 / 3 « N 1 / 3 , (2)
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the dielectric formulation predicts that the sound velocity

decreases in proportion to p 1' 3 at densities larger tYan 11

g/cro3, and it decreases more steeply at densities between

3 3

11 g/cm and 9 g/cra . Our results do not support these

theoretical predictions. Therefore, more detailed calcula-

tions which take other effects :nto consideration may be

required for a critical comparison with the experiments.

(21)
* Recently, S. Nara et al. calculated the equation of

state in expanded liquid metals by using a lattice model for

the atomic system and Hubbard model for the electron system,

and showed that the metal-nonmetal transition accompanied

some singularity in the equation of state. The singularity

leads to a discontinuity in the slope of isothermal P-V

curve, i.e., to a discontinuity in the ultrasonic velocity.

Our results do not show such a discontinuity, and the change

of the slope at the metal-nonmetal transition is observed.
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Figure Captions

Fig.l High pressure autoclave for ultrasonic measurement.

Fig.2 Simplified block diagram of ultrasonic apparatus.

Fig.3 Oscillogram of ultrasonic pulses reflected from

rod/sample boundary, and transmitted through sample.

Fig.3-1 At room temperature and atomospheric pressure.

(A) Top two traces: reflected (echo) signals.

Bottom trace: transmitted signal.

Horizontal scale: 2 ysec/div..

The left bursts are spurious signals of crosstalk.

(B) Left trace: reflected signals.

Right trace: transmitted signal.

Horizontal scale: 0.2 p.ec/div..

Vertical scale is also expanded. The difference

between the time for a signal to transit from

transducer A to transducer B, and the average

of the echo-times, At, represents the time for

the signal to traverse the sample.

Fig.3-2 At T = 1100°C and P = 702 kg/cm2.

Left traces: reflected signals.

Right trace: transmitted signal.

Horizontal scale: 0.2 psec/div..

Note that the reflected signals delay in comparison

with those at room temperature and atomospheric

pressure (Fig.3-1). The delay is caused by the

change of the sound velocity in the buffer rods.

The effect of the delay is, however, essentially
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eliminated in the determination of sound velocity,

because only the difference between the transmit-

and echo-times is used.

Fig.3-3 At T = 1400°C and P = 1283 kg/cm2 (liquid-gas co-

existence condition).

Left traces: reflected signals.

Right traces: transmitted signals.

Horizontal scale: 0.5 psec/div..

Note that fast and slow transmitted signals appear.

The fast signals appear when the sample is in liquid

phase, and the slow signals appear when the sample

is in vapour phase.

Fig.3-4 At T = 1500°C and P = 1500 kg/cm2 (near liquid-gas

critical point).

Both traces are transmitted signals.

Horizontal scale: 2 ysec/div..

The fluctuation of the amplitude of the signals

may be the results of the density fluctuation.

Fig.4 Vapour pressure curve.

The vapour pressure curve was determined by the

sudden change of the sound velocity, and was used

for the calibration of the thermocouple.

Fig.5 Pressure dependence of sound velocity. The solid

circles denote the data obtained in liquid and

supercritical phase, and the open circles repre-

sent the data obtained in vapour phase.

Fig.6 Density dependence of sound velocity. The data

obtained ty Kleppa , Jarzynski and Hunter

et al. are also plotted for comparison.
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