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Experimental Study of Phase Transitions in Mercury'

V. F. Kozhevnikov,>* D. I. Arnold,* and S. P. Naurzakov*

The results of sound velocity measurements in mercury, performed at tempera-
tures from 300 up to 2050 K and pressures from 30 up to 1900 bar by a precise
pulsed phasc-sensitive technique for a frequency of 10 MHz, are presented. The
explored range of state parameters includes liquid and gaseous phases. the
coexistence curve up to the critical point, and the supercritical region. The data
obtained indicate the existence of two first-order phasc transitions in mercury
that take place in the vapor near saturation and in the supercritical fluid. The
positions of the critical points of these transitions were estimated. An interpreta-
tion of the observed phenomena is given: It leads to the new approach to the
nature of the critical point of liquid-gas transition in mercury. It is shown also
that the fourth derivative of the thermodynamic potential of mercury has a
special feature in the metal-nonmetal transition region.

KEY WORDS: clusters: critical point: mercury: metal-nonmetal transition;
phase transition; sound velocity.

1. INTRODUCTION

Fifty years ago Landau and Zeldovich [1] proposed that the high-tem-
perature part of the phase diagram for low-boiling liquid metals {such as
mercury) may differ from the diagram for Guggenheim dielectric liquids;
the former may contain an additional phase transition of the first order
connected with the metal-nonmetal (MNM) transition. Much attention
was given by Mott [2] to electronic properties of condensed metals near
the MNM transition.

Pioneer experimental works [ 3, 4] showed that the MNM transition
in mercury occurs at a density of about 9g.-cm~*=x15p., where
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p.=5.8g-cm 7, the density in the critical point (the other mercury critical
parameters are 7.=1751 K, P.=1673 bar [5]). This result has been
corroborated by data on the Hall effect [6]. NMR [7], and optical
absorption [8]. It was shown also that the mean diameter of the mercury
phase diagram is not rectilinear: it bends toward the liquid branch
(“positive™ direction) at temperatures from 0.8 T, to the close vicinity of
the critical point [4, 5, 9]. The cesium mean diameter, however, bends in
the “negative” direction at T>0.67. [10]. Another feature of the mercury
equation of state concerns the value of r=p,/p. (p,, triple point density).
For Guggenheim liquids r,x2.7 and for alkali metals r,x4.5 this is
usually explained by more long-range character of the metallic bond as
compared to van der Waals interaction. But for mercury, that is, the
metallic liquid in the main part of the phase diagram, r, x2.3.

It was shown also that strong anomalies occur in the behavior of the
thermopower S and the real part of the dielectric constant ¢,. The thermo-
power has sharp maxima in the vapor phase near the saturation line at
high temperatures and along the critical isochore at pressure less than 1900
bar [5. 11, 12]. The real part of dielectric constant shows abrupt upward
deviations from normal Clausius-Mosotti behavior in the vapor phase
near saturation and at supercritical temperatures [13-15] at optical
frequencies.

A physical reason for the thermopower anomalies was not found (see,
e.g., Ref 16). The results on &, are interpreted by authors as the appearance
of a number of large clusters like droplets. At present, there are two
theoretical approaches to the cluster interpretation. The first is a “plasma
transition” (see, e.g., Refs. 16 and 17), and the second the “exitonic tran-
sition” of Turkevich and Cohen [18]. The qualitative difference between
clusters in plasma and exitonic models is the presence or absence of charge.

So the high-temperature part of the mercury phase diagram is very
complicated. The main purpose of this work is to clarify the situation
by means of precise measurements of the sound velocity (SV) U, it is
connected directly with the adiabatic compressibility K =p ~'(dp/0P), =
p ~'U~7. the susceptibility that can be studied in detail at state parameters
of interest.

2. EXPERIMENTS

For the first time the SV in mercury up to supercritical state
parameters (at 7< 1900 K and P < 200 bar) had been measured by Suzuki
et al. [19] with a pulsed transmission/echo technique. More precise tech-
niques were used in Refs. 20 and 21, but in a narrower temperature range:
up to 1000 and 1500 K, respectively.
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Fig. 1. Overview of the data on sound velocity in mercury. Isobars: (®) 30 bar;
() 600bar; (x) 1000 bar; (@) 1200 bar; (O) 1400 bar; (+) 1600 bar: (.-} 1700 bar:

) 1900 bar. Solid line, isobar 50 bar [21]. Vertical lines mark the liquid-gas transition.
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Fig. 2. Sound velocity in the critical point area of mercury. Symbols. see the legend to Fig. I;

points A-F. see text.
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In this work the measurements were performed by a precisec pulsed
phase-sensitive technique [ 22, 23] at 10 MHz. The essence of the technique
consists in comparison of phases of high-frequency oscillations of radio-
pulses first propagated through the sample and first reflected in a bufter rod.
So, this technique combines the advantages of both classical methods of SV
measurements: the ability to reach the highest temperatures of echo-pulsed
method (see, e¢.g., Ref. 19) and the high accuracy of phase techniques [24].

The accuracy of measurement of the variation of ultrasonic-pulse
propagation time through the sample of 2.5-mm length was 1 ns. The tem-
perature variation along the sample 47/T was ol the order 10 *. Pressure
was measured with an uncertainty of 2 bar. A more detailed description of
the cell and the setup employed can be found in Refs. 25 and 26.

SV was measured along eight isobars, 30-1900 bar, at temperatures
both rising and falling within the range from 300 up to 2050 K. The over-
view of data obtained is shown in Fig. 1. whereas the data near and above
the critical point are shown on a large scale in Fig. 2.

3. DISCUSSION

A sharp jump in isobaric dependence U/(T) at pressures less then
1700 bar was observed. The temperatures of the jumps agree well with
vapor pressure data of the Marburg group [5] so that these jumps mark
the liquid-vapor phase transition. For U(T) at pressures of 1700 and
1900 bar no jumps were observed and the propagated signal was stable
over the isobar. therefore the critical pressure of mercury is somewhat
lower than 1700 bar, in agreement with critical parameters derived from
PI'T experiments [5,9]. The SV data obtained for the liquid phase agree
well with reliable literature data [20.21). For example, the data of the
Marburg group [21] for the 50-bar isobar are shown in Fig. 1.

One can see in Fig. 2 that the results contain three kind of peculi-
arities: (1) an abnormal dependence of U(T) in the vapor phase near
saturation: (ii} a break point on supercritical isobars {marked by F), that
are located along the isochore p =p. (where SV of dielectric liquids has a
minimum [27]): and (iii) an absence of a minimum in {(T) dependence
near the critical point (for dielectric liquids such a minimum is always
observed [27]).

All subcritical isobars showed in Fig. 2 contain characteristic points.
For convenience they are marked on the [200-bar isobar only. Point A
and the vertical line correspond to the liquid-gas transition temperature.
and the ordinate of point A corresponds to the expected value of SV in
saturated vapor: it is the point on the normal temperature dependence of
SV for mercury vapor (see below); B is a point near the first maximum;
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C is a minimum point; D is the second maximum point; E is the end point
of the abnormal part of the isobar. The description of points B and D is
conventional; we may call them points of discontinuities as well.

At temperature 7> T we call the U(T) dependence “normal.” The
characteristic feature of SV data for normal mercury vapor is their pressure
independence. From the comparison of the normal part U(T) with one-
and two-atomic ideal-gas dependencies, it can be shown that the normal
component of mercury vapor consists mainly of atoms [26].

In contrast, on the abnormal part of the isobars the propagated signal
is very sensitive to any changes of P or T. The absence of experimental
points in sections A-B and C-D is associated with strong instability of the
signal, which does not allow us to carry out any measurements.

As follows from the data obtained, when the pressure increases the
amplitude of the D maximum falls, whereas the amplitude of the B
maximum rises, and the signal becomes more stable.

Founding our arguments upon either of the cluster transition ideas
{for our case it is irrelevant whether the clusters are charged or not), we
may suggest the following qualitative interpretation of the observed
peculiarities. Let us assume that there are two cluster transitions in
mercury vapor and that in each of them only one kind of cluster is born.
As shown below, we may expect that the mass density of the B clusters is
about the critical density p, = p.x6 g-cm *, whereas the density of the D
clusters is about half of that of the B clusters.

It should be noted that it is impossible to explain the abnormal part
of the subcritical i1sobars as due to a temperature gradient along the
sample, that might lead to the appearance of a heterogeneous system like
a fog: liquid droplets in vapor at saturation. First of all, the temperature
interval of the abnormal part of the isobars is too large. Moreover, for such
a system SV must always be less than for the homogeneous vapor [28],
whereas SV in mercury at the abnormal region is higher compared to the
normal, that is, homogeneous vapor. But such an increase in SV is possible
in the heterogeneous system consisting of stable large clusters and the
normal gas.

When the critical point is approached the number of clusters appearing
at the transition point has to rise for both models. Hence, the greater the
difference between the cluster density and the normal vapor density, the
more the SV in the heterogeneous system differs from that in the homo-
geneous vapor, and vice versa: The more the normal vapor density
approaches the cluster density, the less is the influence of clusters on the
behavior of the SV of the system.

Therefore, with this assumption, one can expct the behavior of SV as
in the experiment.
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As can be seen from Fig. 2, the B transition is very close to the liquid-
gas transition, so we can expect that saturated mercury vapor at high
pressure is a heterogeneous system of the normal component and heavy B
clusters. The assumption that the B transition does not end in the critical
point may be used to explain the appearance of break points F on
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Fig. 3. Phase diagram of mercury. (1) Coexistence curve;
(2) isochore near the MNM transition (p=9g-cm ~*); {3) arca
of the thermopower maximum locations [5.11.12]): (4.5)
curves of the B and D transitions. respectively. (@) Liguid-gas
critical point; ( @) position of A points; (B) positions of D
points; (O) positions of F points: (Z and Y) approximate posi-
tions of the B and D transition end points {critical points),
respectively: ( x ) positions of the dielectric abnormality at
0.6eV [3]: (") positions of the dielectric abnormality at
19¢V [14].
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supercritical isobars. Thus we believe that the F points at P> P are the
same as the B points at P< P.

The P-T phase diagram of mercury is shown in Fig. 3. The curves of
the B and D transitions are shown by dashed lines. We cannot say where
the beginnings of these curves are because the SV measurements in the gas
phase were not carried out at pressures less then 1000 bar. As can be seen
from Fig. 2, in the last experimental points on the curves of the B and D
transitions (at pressure of 1900 and 1600 bar, respectively), the observed
SV peculiarities have almost disappeared. Hence these experimental points
are like a critical point of the corresponding cluster-transition line, where
the difference between the cluster and the normal vapor component densities
vanishes. Approximate positions of these end points are marked by Z and Y:
their coodinates are about (1800 K, 1950 bar) and (1800 K, 1650 bar),
respectively. The last experimental points on the curve of B and D tran-
sitions are on isochores at about the critical density and 33g.-cm ",
respectively, which is why such values of density for B and D clusters have
been suggested above.

Concerning the absence of a minimum in the U(T) dependence near
the liquid-gas critical point, we believe that the closeness of the vapor-
liquid critical point to the curve of the cluster transition might lead to
abnormal critical behavor of SV in mercury, such as a narrowing of the
region where SV minima can be observed.

4. SUMMARY

In contrast with dielectric liquids, where the rectilinear diameter rule
is valid, the appearance of a large number of heavy clusters in mercury
vapor at high temperatures must lead to the asymmetry of the mercury p-T
phase diagram with positive curvature of its mean diameter. Furthermore,
in such case one can expect that the fluid density at the critical point will
be higher than in the case of absence of clusters, that is, at a smaller value
of r,, (see above). Hence the suggested interpretation of SV peculiarities
may explain the observed features of the mercury equation of state.

Maxima of the thermopower occur near the high-temperature part of
the B transition curve. The locations of the ¢, abnormalities [13, 14] are
shown in Fig. 3 by crosses and diamonds. The marked uncertainty of the
location of ¢, abnormality has been taken from Ref 29. Taking into
account the errors of these and our data, they agree well with each other:
Some points belong to the B transitions curve, and the others to the D
transitions curve. Thus all peculiarities of S, ¢,. and SV are located near
the B and D curves in Fig. 3. Hence one can expect that they all have the
same nature.
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Fig. 4. The density dependence of mercury sound velocity
at pzp. and pressures of (@) 600 bar, (<) 1000 bar,
(4 ) 1400 bar, ( x ) 1600 bar. (3) 1700 bar, and (-.-) 1900 bar.

Finally, we have to return to the question about the MNM transition
in mercury. In Fig. 4 the SV data versus density are presented; the
Marburg group data on equation of state [5] were used. The most sur-
prising result is that practically a single density dependence can be used for
all SV data obtained in the whole range of the mercury liquid phase, in
contrast with the Guggenheim liquids [30] and alkali metals [ 10]. As one
can see from Fig. 4 this dependence can be roughly approximated by two
straight lines intersecting at density near 9 g-cm “*, where the MNM tran-
sition occurs. That is, in the region of the MNM transition the fastest
variation of the slope of U(p) dependence, i.e., a maximum of the second
derivative d?U/dp? or a maximum of the fourth derivative of the internal
energy, is observed [note that U2 =(3P/0p), = v*(F2E/dc?),, where E is the
specific internal energy and v =1/p is the specific volume]. An analogous
result has been found by Suzuki et al. [19].

In conclusion, it should be noted that we certainly do not consider the
suggested interpretation of the observed peculiarities in the behavior of the
mercury vapor to be the only one possible. In any case, additional detailed
experimental investigations in the regions of the B and D curves, as well as
near the critical point of mercury, are required for construction of a
quantitative model of the observed phenomena.
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