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Abstract. Energy-dispersive x-ray diffraction measurements using synchrotron radiation at
SPring-8 for expanded fluid Hg were carried out over the wide density range from the liquid to
the dense-vapour region including the metal-non-metal (M—NM) transition region. The density
ranges from 13.6 to.9 g cnT3. We developed a high-pressure vessel and a sapphire cell
for the x-ray diffraction measurements under high temperature and pressure up t6@520
and 1765 bar. We obtained the structure fact@t) and the pair distribution functiong(r).

The density variations of the interatomic distamgend coordination numbe¥; obtained were
discussed in relation to the M—NM transition in fluid Hg. It was found that the volume expansion
of liquid Hg in the metallic region is not accompanied by a uniform increase,dfut is mainly
caused by a decrease 8fi. When the transition region is crossed, the rate of decrease of
N1 becomes small ang; starts to elongate. We discussed some previous band calculations
for expanded fluid Hg and concluded that it is essential for explaining the M—NM transition in
liquid Hg to take the fluctuation o1 into account. When the density decreases down to the
dense-vapour region, the first maximagf) are located at around 3.3-3% which is close

to the interatomic distance of Hg dimers.

1. Introduction

Liquid Hg is transformed into an insulating state when it is expanded up to the liquid—gas
critical point (critical data for Hg [1]:7. = 1478°C, p. = 1673 bar,d. = 5.8 g cnt3).

Many investigations have been made over the last few decades, focused on the metal-non-
metal (M-NM) transition in fluid Hg. The first indication of the M—NM transition was
found in the electrical conductivity and thermopower data obtained by Hensel and Frank
[2]. Figure 1 shows the density isochores plotted in the pressure—temperature plane [1].
Measurements of physical properties such as the electrical conductivity [3-5], thermopower
[3, 6-8], Hall coefficient [9], optical reflectivity [10, 11], optical absorption coefficient [12,
13] and NMR [14] indicate that, as the density is reduced, the M—NM transition starts to
occur at a density of abo@ g cnm3. In relation to the transition, thermodynamic properties
such as the equation of state [1, 2, 4, 5], sound velocity [15-18], sound attenuation [16, 17]
and specific heat [19] were also investigated.

Theoretical attempts have been made to achieve an understanding of the nature of
the M—NM transition. Several band-structure calculations have been carried out for the
hypothetical forms of crystalline Hg in the low-density limit. The first calculation was
by Devillers and Ross [20], who applied a pseudopotential method to calculate the energy
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Figure 1. The density isochores plotted in the pressure—temperature plane [1]. A bold solid
line indicates the saturated-vapour-pressure (SVP) curve and the cross shows the critical point
(CP). Empty circles show the pressures and temperatures at which the present x-ray diffraction
measurements were performed.

bands for crystalline Hg with expanded bcc, fcc and rhombohedral structures. For each
structure, they obtained a band gap at about 8.5 g3cnBand-structure calculations for

such uniformly expanded crystalline Hg were carried out by many others [21, 22]. One
alternative approach is that of Mattheis and Warren [23]. They assumed that the nearest-
neighbour distance was constant, so the density variation in expanded fluid Hg was due
entirely to the changes in the coordination number, and performed a series of augmented-
plane-wave calculations for crystalline Hg with fcc (coordination numbd2), bee (8), sc

(6) and diamond (4) structures and a fixed nearest-neighbour distance. Their results showed
a gradual development of the energy gap as the coordination number was reduced, although
an increase of the lattice constant by 1% was necessary to fully open a gap in tetrahedral
coordination.

These two different types of theoretical approach are illustrated in figure 2, which
indicates how the structural change of fluid Hg takes place in the microscopic sense with
volume expansion. The atomic arrangement indicated by (a) represents a uniform expansion
in which the nearest-neighbour distaneg, increases and the coordination numb#f,
remains constant, which corresponds to the former approaches. The diagram (b), in contrast,
shows an inhomogeneous expansion in whichemains constant anl; decreases.

It is obvious that information on the atomic arrangement of expanded fluid Hg is quite
important for the understanding of the M—NM transition. However, diffraction experiments
for expanded fluid Hg are not easy, because the critical pressure is very high. Recently,
Tamura and Hosokawa succeeded in measuring the x-ray diffraction using an in-house x-
ray source for expanded liquid Hg in the metallic region and also up to the critical region
[24-26]. They obtained information about the first-neighbour coordination—namely;that
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Figure 2. Schematic diagrams of how the structural change of fluid Hg takes place in the
microscopic sense with volume expansion: (a) a uniform expansion in which the nearest-
neighbour distancey, increases and the coordination numbét, remains constant; and (b) an
inhomogeneous expansion in whiehremains constant anl; decreases.

remains almost constant and decreases substantially and almost linearly with decreasing
density in the metallic region, which corresponds to type (b) in figure 2. It is important
to study how liquid Hg is expanded with further decrease of density, beyond the M—NM
transition region, up to the dense-vapour region.

In this paper we present new results from x-ray diffraction measurements using
synchrotron radiation, extending from the liquid to the dense-vapour region beyond the
liquid—vapour critical point, which enable us to obtain more precise information about the
atomic configuration.

2. Experiment

2.1. Constitution of the energy-dispersive diffractometer at SPring-8

We have performed energy-dispersive x-ray diffraction measurements for expanded fluid Hg
using synchrotron radiation on the BL-04B1 at SPring-8. In the energy-dispersive method,
white x-rays were used as the primary beam, and the scattered photons were detected and
energy analysed by a solid-state detector (SSD). This technique has been employed in our
in-house structural studies of expanded fluids [24-29]. The storage ring at SPring-8 was
operated at 8 GeV with 20 mA during the present experiment. White x-rays were generated
through the bending magnet, ranging in energy up to 150 keV. The size of the x-ray beam
was made smaller, down to2x 0.2 mn?, using the horizontal and vertical tungsten slits in

the upper stream. The beam was directly introduced into the high-pressure vessel through
the Be window of the vessel which is illustrated in the following section. As a result, the
background noise due to the secondary x-rays in the hutch was substantially reduced.

In the hutch we have a high-pressure- and high-temperature-generation system and an
energy-dispersive x-ray diffractometer. The former system includes a gas compressor, a
high-pressure vessel, a thermocontroller and a chiller. The diffractometer is composed of
a goniometer, adjustable stages and a pure Ge SSD. A horizontal goniometer system was
adopted, in which an x-ray source and a detector were set in a horizontal plane. The
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scattered x-rays were detected by the SSD, which was rotated around the vertical axis of
the goniometer, and connected with a multichannel pulse-height analyser (MCA). Energy-
dispersive measurements were performed at a fixed scattering aehgled?2repeated at
different angles in order to cover a sufficiently wide range of scattering wavenukmber
k = (4n(sinB)/hc)E (E: photon energyh: Planck’s constant;: velocity of light). The
position of the fluid sample contained in the sapphire cell, the details of which are described
in the following section, was adjusted to be on the central axis of the goniometer. The
high-pressure vessel was placed on the goniometer. In the present experiment, transmission
geometry was employed.

Since helium gas was used as a pressure-transmitting medium, most of these pieces of
equipment were placed in the small room surrounded by a protective wall which was built
inside the hutch.
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Figure 3. A side view of the high-pressure vessel used for x-ray diffraction studies.

2.2. The high-pressure vessel

The experimental conditions of high temperatures, up to %20and high pressures, up

to 1765 bar, were achieved with an internally heated high-pressure vessel made of a super-
high-tension steel. Figure 3 shows the side view of the high-pressure vessel which was
constructed of a main cylinder with an inner diameter of 50 mm, an outer diameter of
105 mm and a length of 140 mm, and two flanges with thicknesses of 43 and 49 mm.
These flanges were supported by a press-frame when the high-pressure gas was introduced
into the vessel. The sample was located on the central axis of the high-pressure vessel and
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Figure 4. A top view of the high-pressure vessel used for x-ray diffraction studies.

the alumina discs were used for holding the sapphire cell. The primary and scattered x-ray
beams passed through Be windows of thickness 5 mm and diameter 4 mm. Each of the Be
windows was supported by the flat area of a back-up screw. Figure 4 shows the top view of
the high-pressure vessel. As seen in the figure, there were five Be windows, one of which
was for the primary x-ray beam and the rest for the scattered ones. The windows for the
scattered x-ray beams were located @&v2alues of 5, 10, 20 and 33 The electrodes for the
heaters and thermocouples were brought out of the vessel through the lower flange, where
Bridgman-type high-pressure seals were used. The vessel was pressurized by high-purity-
grade (99.9999%) He gas which has a low absorption constant for x-rays in the energy
range of the present experiment. Pressures were measured with a Heise gauge, having an
accuracy of£3 bar. Water cooling jackets were placed around the outside of the vessel.

teflon cap

Eﬂ/
W heater &

sampte
sample reservoir . 7
%i Ew oo
= Coilos g
. Sy S B
X-ray i ‘g
. I
Mo tube T 150pm
sapphire cell 150pm
Pt-Rh 30 or 60um
thermocouples
(a) (b)
Tem

Figure 5. (a) The construction of the sapphire cell used for the present x-ray diffraction studies
of expanded fluid Hg. (b) Details of the sample space shown on an enlarged scale.
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2.3. The sample cell

Expanded fluid Hg must be contained in a cell made of a special material, which is

transparent to x-rays and resistant to chemical corrosion by hot fluid Hg. A single-crystal

sapphire cell was developed for this purpose, the details of which are illustrated in figure 5(a)
and described in the literature [29]. The construction around the fluid sample is shown in

figure 5(b) on an enlarged scale. A closed-end sapphire tube with an inner diameter of
2.5 mm, an outer diameter of 3.2 mm and a length of 21.4 mm was put into another

closed-end tube with an inner diameter of 3.2 mm, an outer diameter of 4.0 mm and a
length of 20.5 mm. The sapphire components were connected with a high-temperature
glaze providing a uniform gap between the closed ends of the tubes. The thickness of the
closed end of each tube through which the x-ray passed wagibGnd the gap was 30

or 60 um.

In measuring x-ray diffraction from the fluid sample contained in the sample cell, the
problem was that of how to distinguish the strong diffraction from the sapphire cell. This
was overcome by the assembly of the cell [29].

The cell was heated by a heating element made of W wire with a diameter of 0.4 mm.
The W heater was set around a Mo tube. Since a slit was made on the left-hand side
of the Mo tube, diffracted x-rays were able to go out through it. The temperature of the
sample was measured by two Pt—30% Rh:Pt-6% Rh thermocouples which were located in
the holes of the Mo tube and were in close contact with the wall of the closed end of the
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Figure 6. The raw spectra obtained at different angle settings for liquid Hg under normal
conditions.
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outer sapphire tube. The cell and the heaters were supported by alumina discs. Special care
was taken to construct the alumina discs such that the sample was precisely positioned on
the central axis of the vessel. The space between the alumina discs and the inner wall of
the vessel was filled with alumina powder to obtain good thermal insulation and to prevent
convection of the compressed He gas.

The procedure for filling the sample space between the closed ends of the cell with fluid
Hg is described in the literature [26]. The temperature of the reservoir was maintained near
room temperature. Pressure balance between the compressed fluid Hg and the He gas was
achieved through a small hole in the upper part of the Teflon cap. The purity of the Hg
sample was 99.9999%.

2.4. X-ray diffraction measurement and data analysis

The x-ray photons diffracted from expanded fluid Hg at high temperatures and pressures
were collected at@values of 5, 10, 20 and 33 Figure 6 shows the raw spectra of liquid

Hg under normal conditions obtained at different angle settings. The spectrum used for the
analysis was in the energy region 16—60 keV because the strong fluorescence peak appeared
at higher energy, so difficulties arose in the present analysis.
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Figure 7. S(k) data obtained at different angle settings for liquid Hg atf€7and 10 bar. The
lowest curve shows the tot&l(k).

In order to obtainS (k) for expanded fluid Hg from the experimental scattering intensity,
several data corrections had to be made such as taking account of the escape peak of the
detector, the energy spectrum of the primary x-ray beam, the energy dependence of the
polarization of the primary beam, the absorption by the sapphire cell, the compressed He
gas, the Be windows and the fluid Hg itself, and finally Compton scattering from the fluid
Hg and the sapphire cell. The details of the data analysis have been described in the
literature [24, 30]. Figure 7 shows th#&k) data for different angle settings for liquid Hg
at 27°C and 10 bar which have an excellent consistency in the garagion.
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Figure 8. The structure factos(k) for expanded fluid Hg in the temperature and pressure
ranges up to 1520C and 1765 bar along the saturated-vapour-pressure curve. Temperature,
pressure and density are indicated on the upper right-hand side of each of the data plots. The
dots represent the experimental data and the full curves show the Fourier transformg @f the

in figure 9.

3. Results

We have carried out x-ray diffraction measurements for expanded fluid Hg in the temperature
and pressure ranges up to 15ZDand 1765 bar along the saturated-vapour-pressure curve
and with densities ranging from 13.6 to 1.9 g T Empty circles in figure 1 show the
temperatures and pressures at which the present measurements were performed. Figure 8
shows theS (k) for expanded fluid Hg for the different temperatures and pressures obtained
using the cell with the sample thickness of Gth. Dots represent the experimental data
and the full curves show the Fourier transforms of tie) in figure 9. S(k) at 25°C and
364 bar is in good agreement with previous data obtained under normal conditions by the
usual angle-dispersive method [31].

The characteristic feature of the temperature and pressure variatiofig)ofs that
the oscillation damps and the peak width becomes broad with increasing temperature and
pressure, or with decreasing density.

Figure 9 shows the(r) curves, the Fourier transforms ¢fk), for fluid Hg. The
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Figure 9. Pair distribution functiong(r) for expanded fluid Hg. Temperature, pressure and
density are indicated on the upper right-hand side of each of the data plots.

transform of theS(k) function requires data fromh = 0 to co. A lack of exact data for
small values ok is, however, not so serious because the fundt'(cﬁhik);l) is very small in

this region. The values df(k) in the smallk region between 0 and 1M were estimated

by interpolating the values &f(0) and S(k) above 1.0A~1, where the values aof(0) were
calculated using the experimentally obtained isothermal compressibility of expanded fluid
Hg [1, 4].

The data forg(r) at 25°C and 394 bar have several characteristic features; tbe first
peak has an asymmetric shape, the first minimum is flat over the wide region fromA to 5
and the second peak is rather small. The datg{ey at 25°C and 394 bar are in excellent
agreement with the previous data for the normal condition [31]. With increasing temperature
and pressure, with decreasing density, the long-range oscillatigrirofdiminishes. The
broadening of the first peak gradually occurs but no remarkable change of the peak position
is observed and the asymmetry of the first peak clearly remains even at high temperatures
and pressures up to 148G and 1765 bar with a density of 8.0 g tfn It should be noticed
that the shape and the position of first peak changes dramatically when the density decreases
further and the dense-vapour region is approached. The second peak damps rapidly with
increasing temperature and pressure.
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4. Discussion

It is not easy to obtain a definite coordination numk¥y, from the diffusive and broad

g(r) pattern of the non-crystalline state. Since there is an overlap between the first- and
second-neighbour peaks, experimental valuegvpfdepend on the method employed to
define and to integrate the first-neighbour peak. However, variationé, gfs a function

of temperature, pressure or density can be determined with more reliability as long as a
consistent definition ofV; is used. We employed two different methods to define and to
integrate the first-neighbour peak [32]. The first (method A) is the method of integrating
4rrr?pog(r) up to the maximum position gf(r), r1, and taking twice the integral, wheyg
denotes the average number density of Hg. The second (method B) is a special method for
taking the asymmetry of the first-neighbour peak into account. In method B, a tangential
straight line is drawn from the first-peak position,,,, towards the first minimum of
4rrlpog(r). The area of the triangle below the tangent line is regarded as that due to the
penetration of the second neighbours, and is subtracted.
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Figure 10. The coordination numbe¥; and the nearest-neighbour distang®f expanded fluid
Hg as functions of the density. Circles and triangles deMat@btained using methods A and
B, respectively (see the text). Squares show the variatien. dEmpty and full symbols indicate
the data obtained using the cells with the sample thicknesses of 30 amoh66espectively.

The coordination numberd/; obtained by these calculations are plotted in figure 10
as a function of density. The nearest-neighbour distands also shown as a function of
density at the bottom of figure 10. In the figure we plot the data obtained by using the
cells with the sample thicknesses of 30 and.68. The value of-, at 25°C and 394 bar
is 3.04 A—slightly longer than that of the crystal with the rhombohedral form, 3200
[33]. As is clearly seen in figure 1@y; decreases substantially and linearly with decreasing
density in the metallic region, whatever method is employed. In conirast,the metallic
region remains almost unchanged with decreasing density within the accuracy of the present
experiment. From these results we can conclude that the volume expansion of liquid Hg
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in the metallic region is not of the type of ‘a uniform expansion with a fixed coordination
number’ illustrated in figure 2(a), but is caused by ‘a decrease of coordination number
with a fixed nearest-neighbour distance’ shown in figure 2(b). The atomic arrangement of
metallic liquid Hg would be changed with decreasing density essentially in the way that Hg
atoms are taken away one by one from the random array with a constant nearest-neighbour
distance.

When the M—-NM transition is approached from the high-density side, i.e., at around
9-10 g cm®, however, another deviation from the linear plots 8f emerges. In
addition, r; starts to slightly increase. When the dense vapour is approached with further
decreasing density; strongly increases. The value @fseems to approach the interatomic
distance 3.3-3.4A of Hg dimers in the rarefied vapour, obtained by the optical meas-
urement [34].

As is well known, the M—NM transition for liquid Hg is expected at low densities when
the 6s and 6p bands no longer overlap. In the case of liquid, the sharpness of the transition
would be relaxed by the density fluctuations and the loss of the long-range order. According
to Mott [35], the band structure for a hypothetical form of crystalline Hg in which the lattice
parameter is gradually increased would produce initially a minimum in the density of states
(DOS) near the Fermi enerdyr and eventually a band gap. Mott suggested that the general
features of this crystalline model for Hg would survive in the liquid.

Several band-structure calculations were carried out for the hypothetical forms of
crystalline Hg with uniformly expanded lattice constants in the low-density limit. The
first calculation was by Devillers and Ross [20], who applied the pseudopotential method
to calculate the energy bands for crystalline Hg with bcc, fcc and rhombohedral structures.
For each structure, they obtained a band gap at about 8.579, émgeneral agreement
with the transport data. Overhef al [21] carried out relativistic Korringa—Kohn—Rostoker
calculations for expanded fcc and sc Hg and found that fcc Hg becomes semiconducting
at p = 9.3 g cnt3 while sc Hg remains a metal untp = 55 g cnt3. A similar
dependence on crystal structure was obtained by Fritzson and Berggren [22], who carried
out pseudopotential calculations for expanded fcc, bcec and sc Hg and found that band gaps
open up ato = 6.5 g cnt for fcc, 5.5 g cnt for bee and 4 g cm® for sc Hg.

These theoretical models and calculations were based on the uniform expansion of
the lattice parameter. The present experimental results for fluid Hg, however, are def-
initely different. One of the approaches whose principle was consistent with the present
experimental results was that of Mattheis and Warren [23]. They assumed that the nearest-
neighbour distance was constant, so the density variation in expanded fluid Hg was due
entirely to the changes in the coordination number. They performed a series of augmented-
plane-wave calculations for crystalline Hg with fcc, bec, sc and diamond structures with
a fixed nearest-neighbour distance. They found that the trend of the density dependence
of the theoretically calculated DOS with the 6s character is in good agreement with that
of the Knight shift in the density range down to about 9.5 g &rby assuming thatv,
for liquid Hg near the triple point was 10, and linearly decreased with decreasing density.
However, their hypothetical crystal with diamond structure with= 4, which corresponds
to p = 5.4 g cnT according to the interpretation of Warren and Hensel [36] using revised
density data, indicates a semimetallic DOS, and it was found necessary to increase the lattice
constant by 1% to fully open a gap.

Franz [37] proposed a model that produces a real gap at the correct ddrésigycar .

The model was also based on the assumption of a linear decrease in average coordination
number with decreasing density, but in addition it takes into account the fact that the actual
local coordination numbers would be distributed randomly over a range of values around the
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mean value. The calculation was performed using a standard single-particle Green’s function
method with a Bethe lattice to represent the disordered system and a Monte Carlo technique
to produce the random local environment. The density of the percolation threshold or the
M-NM transition density was obtained as ab8ug cnt3. The model seems to strongly
suggest that the fluctuation of the coordination number must play an important role in the
M-NM transition in fluid Hg.

Recently, Kresse and Hafner [38] made a theoretical investigation of the density variation
of the structural and electronic properties of fluid Hg usingalninitio density-functional
molecular dynamics method. They found that a single-particle gap between the 6s and 6p
bands opens at a density of about 8.8 g&nand that both disorder-induced localization
and many-body effects might be unimportant. They could reproduce well the manner of
the volume expansion in fluid Hg, which results not in an increase of the mean interatomic
distancer;, but in a decrease of the average coordination nunNyer In addition, the
asymmetry of the first peak ig(r) was evidently reproduced in their calculated results
over the whole density range. However, the experimental result of the small shifttof
the larger distance when the density decreases to les@thant? could not be reproduced
in their calculation.

We have concentrated so far on discussing the density variation of just the first-neighbour
coordination in relation to the M—NM transition in fluid Hg. However, we can see in figure 9
that more information is included in thg(r) data. The asymmetry of the first peak clearly
remains even at high temperatures and pressures up to°C480d 1765 bar with a density
of 8.0 g cnT3. The asymmetry may suggest that there exist two sites in the first coordination.
The second peak damps rapidly with increasing temperature and pressure but the maximum
position gradually shifts to larger distance with decreasing density. The changes of the
coordination number and the position of these sites in the first neighbour must play an
important role in the M—NM transition.

In the dense-vapour region, we can see in figure 9 that the first peak, the shape of which
is dramatically changed compared with those in the metallic region, remains clear but the
second-neighbour correlation is almost lost. This suggests that small clusters such as Hg
dimers(N; = 1), triangles (V; = 2), or tetrahedronsN; = 3) might exist near the critical
range. In order to get information on the cluster formation in fluid Hg, it is very important
to make more precise x-ray diffraction measurements in the low-density region. Moreover,
computer simulation investigations with large system sizes and precise analyses can also
provide this information.
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