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Abstract. The x-ray diffraction measurementsfor expanded liquid Hg have beencamedout 
for the first time in the density range from 13.55 to 10.26gcm-', covering almost all of the 
metallicregionofexpandedliquidHg. We havedevelopedanew typeofhighpressurevessel 
and anew sample cell madeof singlecrystalsapphire forthe x-ray diffraction measurements 
using the energy-dispersive method. We have obtained the structure factor and the pair 
distribution function as functionsofdensity. It was found that the nearest-neighbour distance 
remains almost constant increasing slightly, less than I%, with the reduction of density by 
about 24%. On the contrary, the coordination number decreases substantially and almost 
linearly with decreasing density. The volume expansion of liquid Hg in the metallic region 
is not accompanied by a uniform increase of interatomic distance but is mainly caused by a 
decrease of coordination number. 

1. Introduction 

A great deal of effort has been devoted to the study of the electronic and thermodynamic 
properties of fluid Hg over ranges of temperature and pressure sufficiently wide to 
include the liquid-gas critical point (critical data of Hg [l]: Z', = 1478"C,p, = 1673 bar, 
d, = 5.8 g Much of the effort has been concerned with the metal-non-metal (M- 
NM) transition which occurs in the liquid when it is expanded beyond the critical point. 
A number of measurements of physical properties, including electrical conductivity [Z- 
51, thermopower [3,6-81, the Hall coefficient [9], optical reflectivity [lo, 111, NMR [lZ], 
sound velocity [13] and the equation of state [I, 2,4,5] show that, as the density is 
reduced, the M-NM transition starts to occur at a density of about 9 g C I I - ~ .  

Theoretical attempts have also been made to reach an understanding of the nature 
of the M-NM transition. Several band-structure calculations have been carried out for 
hypothetical forms of crystalline Hg in the low-density limit. The first calculation was 
by Devillers and Ross [14], who applied the pseudopotential method to calculate the 
energy bands for crystalline Hg with BCC, ~m and rhombohedral structures. For each 
structure, they obtained a bandgap at about 8.5 g cmU3. Band-structure calculations for 
such uniformly expanded crystalline Hg were carried out by many others [15,16]. An 
alternative approach is that of Mattheiss and Warren 1171. They assumed that the 
nearest-neighbour distance was constant, so the density variation in expanded liquid 
Hg was due entirely to changes in Coordination number. They performed a series of 
augmented-plane-wave calculations for crystalline Hg uith FCC (co-ordination num- 
ber = 12), BCC (S), sc (6) and diamond (4) structures and a fixed nearest-neighbour 
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Figure 1. Schematic diagram of the energy-dispersive diffractomeler. 

distance. Their results showed a gradual development of the energy gap as the coor- 
dination number was reduced, although it  was found necessary to increase the lattice 
constant by 1% to fully open a gap in tetrahedral coordination. 

It is obvious that the structural data are important to the understanding of the 
mechanism of the M-NM transition ofexpanded liquid Hg. However, information on the 
structure of expanded liquid Hg is quite limited, despite rapid progress in understanding 
the electronic and thermodynamic properties. At present we have no experimental 
evidence to give a definite answer to the question of whether the interatomic distance 
increasesuniformlywith afixed coordination number or that contrarily thecoordination 
number decreases with a constant nearest-neighbour distance when liquid Hg is 
expanded. 

In the present paper we report for the first time the structural data of expanded liquid 
Hg in the temperature and pressure range up to 1200 "C and 830 bar, in the density range 
13.55 g cmm3-10.26 g by the energy-dispersive x-ray diffraction method using 
new types of high pressure vessel and sample cell developed in our laboratory [18]. 
Experimental details and data analysis are presented in section 2. Structure factor and 
pair distribution function results are shown in section 3; also in section 3, we discuss the 
change in nearest-neighbour distance and coordination number with volume expansion. 

2.  Experiment 

2.1. Constitution of the energy-dispersive diffractometer 

We have carried out x-ray diffraction measurements for expanded liquid Hg using the 
energy-dispersive method. This technique has already been employed in our structural 
studies of expanded liquid Se near the liquid-gas critical point [lS]. In the energy- 
dispersive method, whitex-rays are usedas the primary beam, and thescattered photons 
are detected and energy-analysed by a solid state detector (SSD) connected with a 
multichannel pulse-height analyser (MCA). Figure 1 shows the schematic diagram of 
the energy-dispersive difiactometer used in the present experiment. A horizontal 
goniometer system was adopted, in which an x-ray source and a detector were set in a 
horizontal plane. A fine-focus x-ray tube with a W target (Phillips CO Ltd, Model 
PW2284/20) was used and fixed at the position shown in the figure. The scattered x-rays 
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Fipr? 2. Side view of the high-pressure vessel for x-ray diffraction studies. 

were detected by a pure Ge SSD (Canberra Industries Inc, Model PSR505), which was 
rotated around the vertical axis of thp eoniometer (Rigaku CO Ltd, Model 2155). 
Energy-dispersive measurements were F. ;rformed at a fixed scattering angle 20 and 
repeated at different angles in order to cover a sufficiently wide range of scatteringwave 
numberk, k = (4xsin Bfhc)E,E photonenergy, h: Planckconstant,c:velocityoflight. 
The position of the liquid sample contained in the sapphire ceU, the details of which are 
described in the following section, was adjusted to be at the centre of the goniometer. 
The high-pressure vessel was placed on the stage laid across the goniometer. In the 
present experiment transmission geometry was employed. 

2.2. High-pressure uessel 

The experimental conditions of high temperatures, up to 1200°C, and high pressures, 
up to 830 bar, were achieved with an internally heated high-pressure vessel made of a 
super-high-tensionsteel. FigureZshowsthe side view of the vessel which WaSCOnStmcted 
of a main cylinder with an inner diameter of 78 mm and two flanges. As seen in the 
figure, the sample was located at the centre of the high-pressure vessel and the alumina 
disks were used for holding the sapphire cell. The primary and scattered x-ray beams 
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Figure 4. Top view of the high-pressure vessel for x-ray diffraction studies. 

passed through beryllium windowswitha thicknessof5 mmanddiameter of4 nun. Each 
of the Be windows was supported by the flat area of a backup screw, which is illustrated 
in figure 3. Figure 4 shows the top view of the vessel. As seen in the figure, there were 
nine windows, one of which was for the primary x-ray beam and the rest for the scattered 
ones. The windows for scattered x-ray beams were located at 28 of 7,10,15,19,26,29 
and 39". Special care was taken in adjusting the central axis of the vessel to that of the 
goniometer. For this, a locating hole was made in the centre of the lower flange as seen 
in figure 2. The electrodzs for heaters and thermocouples were brought out of the vessel 
through the lower flange, where Bridgeman-type high-pressure seals were used. The 
vessel was pressurized by high purity grade (99.9999%) He gas which has a low absorp- 
tion constant for r-raj 1) in the energy range of the present experiment. Pressures were 
measured with a Heise gauge, having an accuracy of 5 2  bar. Water cooling jackets were 
placed around the outside of the vessel. 
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Figure 5. (U) The construction of the sapphire cell used for the x-ray diffraction studies of 
expanded liquid Hg. ( b )  Details of the sample space. For further details see text, 

2.3. Sample cell 

Expanded liquid Hg must be contained in a cell made of special material being trans- 
parent to x-rays and resistant to chemical corrosion by hot liquid Hg. A single-crystal 
sapphire cell was developed for the purpose, the details of which are illustrated in figure 
5[a). The construction around the liquid sample is shown in figure 5(6) on an enlarged 
scale. A closed-end sapphire tube with inner diameter 2.5 mm, outer diameter 4 mm 
and length 36 mm was put into another closed-end tube with inner diameter 4 mm, 
outer diameter 5.5 mm and length 34 mm. The sample reservoir made of sapphire was 
connected to the outside of the tubes. The sapphire components were connected with a 
high-temperature glaze (Owens-Illinois Inc, Type 01328-C) providing a uniform gap 
between the closed ends of the tubes as shown in figure 5(b). The thickness of the closed 
end through which x-ray passed was 200 pm, and that of the gap was 15 pm. It is noticed 
that the thickness of liquid Hg should be very small because Hg has a high x-ray 
absorption coefficient in the present energy range. 

In measuring x-ray diffraction from the liquid sample contained in the sapphire cell, 
the problem that must be overcome was to discriminate between the strong diffraction 
from the sapphire cell and that from the sample. This was overcome by employing the 
following procedure on assembling the cell. In the first step, both of the inner and outer 
closed-end tubes were manufactured so that their c-axes were parallel to the direction 
of the primary x-ray beam as shown in figure 5(a). When x-rays entered the tubes and 
were diffracted by the closed ends, Laue spots with a nearly triple symmetry were 
observed in the plane perpendicular to the c-axis. Each closed-end tube was turned 
independentlyaround thec-axisuntil noLauespotsappearedin thehorizontal direction. 
After that, the tubes were cemented. Since the SSD moved on the horizontal plane, the 
detected x-rays had no Bragg or coherent components originating from the sapphire 
cell. 
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ThecellwasheatedbyaheatingelementmadeofMowirewiththediameter0.5 mm. 
As seen in figure 5(a) the MO heater was set around the MO tube. It is noticed that a slit 
was made on the left hand side of the MO tube so 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 MO tube and were in close contact 
with the wall of the closed end of the outer sapphire tube. A collimator made of Mo with 
an inner diameter of 1.2 mm and a length of 31 mm was put into the inner closed-end 
tube as shown in the figure. The cell and the heater were s-pprted by alumina disks as 
seen in figure 2. Special care was taken to construct the alumina disks so that the sample 
waspreciselypositionedat thecentreofthegoniometer.Thespace between thealumina 
disks 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 following procedure was followed to fill the sample space between the closed 
ends of the cell with liquid Hg. First, the liquid Hg sample was put into the Teflon cap, 
the largest inner-diameter of which was slightly larger than that of the spherically 
shaped liquid Hg sample. After closing the high-pressure seals, the entire assembly was 
evacuated. The high-pressure vessel was then pressurized using He gas at 2 or 3 bars 
that was sufficient to force liquid Hg through a small hole between the outer and inner 
sapphire tubes and fill the sample space. Once the cell had been filled, the temperature 
of the reservoir was maintained near room temperature. Pressure balance between the 
compressed liquid Hg pressure and the He pressure on the outside was achieved by 
making a small hole in the upper part of the Teflon cap. The purity of the Hg sample was 
99.99%. 

2.4. Measurement and data analysis 

The diffracted x-ray photons from expanded liquid Hg at high temperatures and high 
pressures were collected at 28 of 7,10.15,19.26 and 39", by operating the x-ray tube at 
50 kV and 25 mA. The spectrum in the energy region 17-42 keir :;.as used for the 
analysis. The settings of 28 = 7,10,1:, 19,26 and 39"correspond to the region- qf k = 
1.05-2.60,1.50-3.71,2.25-5.56,2.84-7.03,3.88-9.58and5.7~-14.21~~~',respectiv~iy. 
As a result, the range of k in  the present measurements was from 1.05 A-' to 14.21 A-]. 

The signals detected by SSD were accumulated in the MCA with 4096 channels. In 
order to obtain the relation of photon energy to channel number in the MCA, the 
fluorescent x-rays from Ni, Cu, MO and Ag were observed. The channel numbers of 
these peaks in the MCA were fitted to the energies of the corresponding characteristic x- 
rays. The linear relationship between the photon energy and the channel number was 
quite good. The energy resolution of the SSD is about 200 eV.The obtained spectra were 
smoothed by averaging over 10 channels. An x-ray photon accumulating time at each 
scattering angle was 30 min. 

In order to obtain the structure factor, S(k) ,  of expanded liquid Hg from the exper- 
imental scattering intensity, several data corrections had to be made, such as taking 
account of the effect of the detector, the energy spectrum of the primary x-ray beam, 
the energy dependence of the polarization on the primary beam, the absorption by the 
sapphire cell, compressed He gas, Be windows and liquid Hg itself, and finally Compton 
scattering from liquid Hg and the sapphire cell, 

First we performed the correction for the escape-effect of the Ge SSD. The escape- 
effect occurs as follows. When a pure Ge SSD is used, some photons which come into the 
detector excite K core electrons of Ge atoms and produce K,or Kg fluorescent x-rays 
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characteristic of Ge. If the fluorescent x-ray photon escapes from the detector, the pulse 
height from the detector decreases to the value corresponding to an energy smaller than 
the original photon energy. This causes the number of photons counted at the original 
photon energy to decrease, and that at the low energy to increase, with respect to the 
original numbers. The correction for such an escape effect was performed using the 
method reported by Nishikawa and Iijima [19]; thiscorrection wasvery important in the 
present data analysis. 

As is well known, in the x-ray diffraction measurements using the energy-dispersive 
method it is important to know the energy spectrum of the primary beam, I,@). In the 
present experiment, Io(E) was determined by measuring the scattering from the empty 
sapphire cell with the same geometry around the cell and the same operating conditions 
of the x-ray tube as in the measurement of the sample. The measurement was carried 
out when the high pressure vessel was evacuated in advance of the sample measurement. 
As mentioned in sections 2 and 3, coherent scattering components originating from the 
sapphire cell were not included in the detected x-ray photons. Therefore, x-ray photons 
scattered from the sapphire contained only incoherent or Compton-scattered ones. The 
accumulated counts at certain channels corresponding to the photon energy E contain 
thecountsofincoherentlyscatteredphotons thathaveincident energy E‘. The measured 
intensityfrom the empty sapphire cell, I,,@, e), is expressed as [19] 

Note that I,,,(E, e) is that obtained after the corrections for the escape-effect of the 
detector have been made. In @.I), C is the scale factor to normalize the observed 
intensity to the calculated absolute intensity, K,,, is the Breit-Dirac recoil factor of the 
sapphire cell, is the incoherent scattering intensity from the sapphire cell, AB* is 
the absorption factor of the Be windows, A,,, is the absorption factor of the sapphire 
cell and P is the polarization factor of the primary x-ray beam. Bonham [20] pointed out 
that the Breit-Dirac recoil factor for a system with bound electrons is E/E‘, and 
accordingly that the product K,,,(dE’/dE) becomes E ’ / E .  The value of Z$rh was 
obtained as a sum of the calculated atomic incoherent scattering factors of constituent 
AI and 0 atoms [Zl]. The values of A,,,(E, E’, e) were calculated using the density, the 
mass absorption coefficient, the thickness of the sapphire cell and the Compton energy 
shift. The values of the mass absorption coefficient were taken from [ZZ]. The values of 
A&, E’) were easily calculated. The polarization factor P(E, e) is given as follows; 

P(E, e) = (I + cosz 8)/2 + (1 - cosz e)n(E)/z 
where n(E) is the polarization of the primary x-ray beam. In the present analysis, it was 
permissible to neglect the second term because we adopted the datain the energy region 
below about 80% of the maximum photon energy [19]. Using these calculated values 
together with the observed energy spectra I,,,(E, e) at 28 of 7,10,15,19,26 and 39”, 
we obtained the spectrum of the primary beam multiplied by C. The value of CIo(E) is 
shown in figure 6. 

We then measured the energy spectrum of x-rays scattered from liquid Hg contained 
in the sapphire cell. The structure factor, S(k), of expanded liquid Hg was deduced 
according to the following procedure. The observed total spectrum Zoh(E,8) is 
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Figure 6. The energy spectrum of the primary w a y  beam obtained from the measurements 
for the empty sapphire cell. 

expressed as [19], 

M E ,  e) = C K ~ E  W t t a + d E ,  B)A.,(E)A~~(E)P(E, e ) io (E)  
+ CKHg(dE'/dE)@rh(E', -9)AgL+alj(E, E ' ,  e)AH,(E, E')  

x A ~ ~ ( E ,  E ' )P(E' ,  wow 

x A, , (E,  EYW,  e m ~ t )  (2.2) 

f CK,,ii(dE'/dE)I~'(E', @)AEi+ceii(E, E' ,  e)AHe(E, E ' )  

where the first term is the spectral intensity of the coherent scattering from the liquid 
Hg sample, the second term is the incoherent scattering from the liquid Hg sample and 
the third term is the incoherent scattering from the cell. It should be noticed that the 
term concerned with the coherent scattering from the sapphire cell does not appear in 
(2.2).  The multiple scattering was not taken into account. In (2.2). Cis the same scale 
factor as in (2.1). l eoh(E ,  0 )  is the coherent scattering intensity of the liquid Hgsample, 
KHp is the Breit-Dirac recoil factor of Hg, ICh(E', 0) is the incoherent scattering 
intensity caused by the liquid Hg sample. The subscripts on the absorption factor A 
indicate that A is that of the Hg sample and the sapphire cell, He gas or Be window. The 
value of A&+,ll is the absorption factor indicating that x-ray photons coherently 
scattered in the liquid Hg sample are absorbed by both the cell and the sample itself in 
the process of scattering. The value of AEL+,,, and A &+711 are those for x-ray photons 
incoherently scattered in the sample and the cell, respectively. As already mentioned, 
E'  is the initial photon energy, which is reduced to E after Compton scattering. 

In order to obtain the coherent scattering component from the liquid Hg sample, we 
should eliminate the contribution of the incoherent scattering from both the sample and 
the sapphire cell. As seen in (2.2), the first term, namely the spectrum of the coherent 
scattering from the liquid Hg sample, was obtained by subtracting the second and the 
third terms from lobs. The Breit-Dirac recoil factor K is (E/E')* in the case of free 
electrons, and the ratio of the band width, (dE'/dE), cancels out the recoil factor, as 
pointed out by Egami [23]. In the present analysis K,,(dE'/dE) was taken to be unity. 
The maximum difference between the values of K in the case of the bound and free 

Ha 
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Figure 7. The intensity of coherent scattering from liquid Hg obtained from a measuement 
at U ]  "C, 5 bar and at 28 = 19', which is expressed as the first term in (2.2) and indicated by 
empty circles. The full circles show the intensity of the self-scattering from the individual Hg 
atoms. The ratio of these two values gives the structure factor S(k) .  

Figure 8. The structure factor, S ( k ) ,  of liquid Hg 
at 20 T and 5 bar in the limited k-region cor- 
responding to 28 = 19". 

1111/11J((III(JI 5 10 15 

k (A-') 
00 

electron systems was estimated to be less than 2% in the present energy region, which 
gives a maximum deviation of 0.6% in the final results. The calculation of and 
I$fh were made using the values of the atomic incoherent scattering factors of Hg, AI 
and 0 atoms [21, 241. Estimations of A in the second and third terms were performed 
using data such as densities, mass absorption coefficients and thicknesses of the Hg 
sample, the cell, the He gas and the Be window. Since CI,(E) was given as in figure 6 ,  
we could calculate the second and the third terms. The maximum contribution of the 
incoherent scattering to the total intensity, I,,, was about 40%. The first termobtained, 
that is the spectrum concerning the coherent scattering from the liquid Hg sample, is 
shown in figure 7 as empty circles, as an example for liquid Hg at 20 "C, 5 bar and 28 = 
19". In the figure full circles show the calculated spectrum of the self-scattering from the 
individual Hg atoms expressed as 

CIsii!(E, e)Agk+,,,(E, WH~(E)AB,(E)P(E, 6)AdE) 
where Zz" is the self-scattering intensity from the individual Hg atoms, namely 
ZZ! = Nf'; N is the number of Hg atoms and f is the atomic scattering factor of an Hg 
atom. Using the data forffrom [22], I z ;  was easily obtained. 
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k (A-') 
Figure 9. The slructurc factor, S(k), of liquid Hg at 20 "C and 5 bar obtained for different 
angle settings. Empty circles show the &la obtained for angle setting at 28 = 7 and 19", 
empty triangles show those at 10 and 26" and empty squares show those at 15 and 39". 

As is well known, I$ appeared in the first term of (2.2) is expressed as 
Imh - N  2 
Hg - f S(k). Therefore, S(k) was easily obtained by calculating the ratio of the two 

values shown as empty and full circles in figure 7. Figure 8 shows S(k) obtained at 20 "C, 
5 bar and at 28 = 19". The S(k)  data obtained for different angle settings for liquid Hg 
at 20 "C and 5 bar are shown in figure 9. Empty circles show the S(k) data obtained for 
angle settings of 20 = 7 and 19", empty triangles show those obtained for 28 = 10 and 
26" and empty squares show those obtained for 28 = 15 and 39". As seen in the figure, 
the consistency of the data in the same k-region is good. More detailed descriptions of 
the data analysis will be given elsewhere. 

3. Results and discussion 

We have carried out x-ray diffraction measurements for expanded liquid Hg in the 
temperature and pressure ranges up to 1200 "C and 830 bar along the saturated vapour- 
pressure curve and with densities ranging from 13.55 to 10.26 g ~ m - ~ ,  so we surveyed 
almost all the metallic region of expanded Hg. Figure 10 shows the S(k) of expanded 
liquid Hg at different temperatures and pressures. Dots represent the experimental data 
and the full curves show the Fourier transforms of the corresponding pair distribution 
functions, g ( R ) ,  which are shown in figure 11. In the region k > 9 A - ' ,  the data are 
rather scattered because of the decrease of x-ray intensity with increasing scattering 
angle. Nevertheless, S(k )  at 20°C and 5 bar is in good agreement with previous data 
obtained by theusual angle-dispersivemethod [25],except forasmalldifference between 
the amplitudes of the first peaks; this confirms the reliability of the data at high tem- 
peratures and high pressures. 

The characteristic feature of the temperature and pressure variations of S(k)  is that 
the oscillation damps and the peak width becomes broad with increasing temperature 



X-ray diffraction measurements for expanded liquid Hg 4453 

10.26 
1 

1100 610 lQ67 
0 

0 

.-. 
$ 0  

0 

0 

0 

1200 830 10. 

800 157 11.56 

R (A) 
Figure IO. The structure factor. S(k ) .  of expanded 
liquid Hg. Temperature. pressure 3nddenbit) 3re 
indicated at !he upper nphl hand rldc of each of 
the data poinls. 

Figure 11.Thc pa~dtsmbulion functlon,g(R). of 
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densir) are shoun at the upper right hand ride of 
each of [he dara curves. 

and pressure, or with decreasing density. This tendency is noticed in the first peak, 
whereas the second peak seems to damp rather slowly. The amplitude of the first 
maximum of S(k) ,  S(k,) ,  normalized with that at the melting temperature, Smp(k,), is 
plotted as a function of the reduced temperature in figure 12, together with those for 
some other liquid metals [26,27]. Winter et a1 [26] pointed out that the temperature 
dependence of S(kl)/S,,(kl) has the universal tendency to be distinguished by a degree 
of valence. As clearly seen in figure 12, the plots for expanded liquid Hg do not lie on 
the curve for a monovalent alkali metal group, but on that for a polyvalent metal group. 

Pair distribution functions, g(R),  deduced from the Fourier transformation of the 
structure factors, S(k) ,  are shown in figure 11. In the Fourier transformation, the values 
of S(k) in the small-k region between 0 and 1.05 A-' were estimated by interpolating 
the values of S(0) and S(k) above 1.05 A-', where the values of S(0) were calculated 
using the experimentally obtained isothermal compressibility of expanded liquid Hg 
[l, 41. The small peaks of g(R) in the region of R < 2.58, may be due to termination 
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Figure IZ.The height ofthe firstmaximumof S(k)  
OfexpandedliquidHg normalized with that at the 
melting temperature. S(k ,)/Sm9(k ,) , is plotted as a 
function of reduced temperature, TIT.,, together 
with similar values for some other liquid metals 
L26.271. 

(a) (b) ( C )  

Figure 13. Three different methods of inlegration of lhe first peak of the radial distribution 
function JzR'fig(R) in order to deduce the coordination number. See text lor further 
details. 

effects on the Fourier transformation. The data forg(R) at 20°C and 5 bar have several 
characteristic features: the first peak has an asymmetric shape, the first minimum is flat 
in the wide region from 4 8, to 5 8, and the second peak is rather small compared with 
those of simple liquid metals such as alkali metals. The data for g(R) at 20°C and 5 bar 
are in excellent agreement with the previous data [25]. With increasing temperature 
and pressure, that is with decreasing density, the oscillation of g(R) diminishes, The 
broadening of the first peak gradually occurs but no remarkable change of the peak 
position is observed. The asymmetry of the first peak seems to remain even at high 
temperatures and pressures up to 1200 "C and 830 bar.~The nearest-neighbour distance, 
R ,, obtained from the position of the first peak maximum of g(R) is 3.03 8, at 20 "C and 
5 bar, slightly longer than that of the crystal with rhombohedral form, and increases 
slightly, less than 1%. with a density reduction of about 24%. The second peak damps 
rapidly and its position hardly seems to change with the density decrease. 

As is well known. it is not easy to obtain the definite coordination number from the 
diffusiveand broadg(R)pattemoftheliquidstate. Because thereisusuallyconsiderable 
overlap between the first- and second-neighbour peaks, experimental values of coor- 
dination number depend quite sensitively on the method employed to define and inte- 
grate the first-neighbour peak. However, variationsofcoordination number as a function 
of temperature, pressure or density can be determined with more reliability as long as a 
consistent definition of the coordination number is used. We employed three different 
methods to define and integrate the first-neighbour peak. The first (method A) is 
the usual method, integrating the radial distribution function, 4nRZpog(R), up to the 
maximum position, R,,, and taking twice the integral to deduce NI as shown in figure 
13(u), where p o  denotes the average number density of Hg. The second (method B) is 
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Figure 14. Coordination number, N,. and first- 
neighbour distance, R,, ofexpanded liquid Hg as 
a function of density. Empty triangles, squares 
and circles denote N ,  obtained using methods 
A, B and C, respectively. Full circles show the 
variation of R,. 

I c A r 0  ] 

5 6  'F 
T 2 

U 1 
00 0.5 

dldmp 

Figure 15. N ,  orexpanded liquid Hg as a function 
of the reduceddensity. did,,. together with those 
of expanded liquid monovalent alkali metals 
[26,27] and liquid At [ZS], whered.,isthe density 
at the melting point. Note that the data are 
obtained using the three different methods men- 
tioned for figure 13 and are plotted together. 

the method integrating 4nRZp0g(R) up to the maximum position of g ( R ) ,  R , ,  and then 
taking twice the integral as shown in figure 13(b). Method B was used for expanded 
liquid alkali metals by Hensel's group [26,271. The last (method C) is a special method 
taking account of the asymmeq of the first-neighbour peak. In method C, we draw a 
tangential straight line from the first-peak position, R,,, toflards the first minimum of 
4zR2p0g(R),  as shown in figure 13(c). We regard the triangle area below the tangent 
line as that due to the penetration of the second neighbours. and subtract it. 

The coordination numbers NI obtained by these calculations are plotted in figure 14 
as a function of density, together with the nearest-neighbour distance, RI.  Uncertainties 
in these values are indicated by error bars. At 20°C and 5 bar, NI of liquid Hg is 6.5 by 
method A,  5.7 by method B and 9.1 by method C. As is clearly seen in figure 14, N ,  
decreases linearly with decreasing density whatever method might be employed. The 
decrease of density by about 24% in liquid Hg causes N ,  to decrease by 19-31%. From 
these results we conciude that the volume-expansion of liquid Hg in the metallic region 
is not of the type of 'a uniform expansion with a fixed coordination number' but is caused 
by 'a decrease of coordination number with a fixed nearest-neighbour distance'. It is 
interesting to study whether this tendency continues or not when one goes across the M- 
NM transition region where the density becomes less than 9 g 

Figure 15 shows N ,  of liquid Hg as a function of reduced density, which is normalized 
with that at the melting point, together with those of expanded liquid monovalent alkali 
metals [26, U] and liquid Ar [28]. Note that different methods are employed to deduce 
NI for each element. Despite these liquid elements having different valencies and 
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different effective interatomic potentials, N I  for each element shows similar density 
variation; the position of the main peak in g ( R )  remains virtually unchanged over the 
ranges investigated, whereas the value of N I  tends to decrease almost linearly with 
decreasing density. It is of interest to study the reason the variations of N ,  and RI  with 
decreasing density seem to be the same for various liquid elements. Structural data for 
other expanded liquid metals should be accumulated, especially in the wide-density 
region. The x-ray diffraction measurement for expanded liquid Hg extending to the low- 
density region, less than ggcm-’, where the M-NM transition takes place is now in 
progress. 
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