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We have developed a sample cell for x-ray diffraction measurements of fluid alkali metals at high
temperatures and high pressures. All parts of the cell are made of molybdenum which is resistant to
the chemical corrosion of alkali metals. Single crystalline molybdenum disks electrolytically
thinned down to 40 um were used as the walls of the cell through which x rays pass. The crystal
orientation of the disks was controlled in order to reduce the background from the cell. All parts of
the cell were assembled and brazed together using a high-temperature Ru—Mo alloy. Energy
dispersive x-ray diffraction measurements have been successfully carried out for fluid rubidium up
to 1973 K and 16.2 MPa. The obtained S(Q) demonstrates the applicability of the molybdenum cell
to x-ray diffraction measurements of fluid alkali metals at high temperatures and high pressures.
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I. INTRODUCTION

A considerable amount of theoretical or experimental
works have been given to investigate the physical properties
of fluid metals over a wide range of temperature and pres-
sure. Much attention has been paid to those in the critical
region, where various phenomena particular to fluid metals
appear.! The metal-nonmetal (M—NM) transition observed
around the critical region is a marked phenomenon, which
distinguishes metallic fluids from normal insulating fluids.?

Fluid alkali metals are typical examples of materials
whose physical properties are strongly dependent on the ther-
modynamic state. Liquid alkali metals near the triple point
are generally regarded as simple monatomic liquids with
their physical properties resembling those of the solid state.
The transport properties such as electrical conductivity are
well explained within the framework of nearly-free-electron
model. However, the deviation from the model appears when
the density of the liquids decreases.® When the fluids are
expanded further by heating up to the critical point, the con-
ductivity substantially decreases and eventually the M—NM
transition occurs, which implies a drastic variation in the
nature of the interatomic interaction as indicated by the con-
ductivity data of rubidium (Rb)* and cesium (Cs).’

It is interesting to investigate the interrelation between
the electronic and the structural properties in the M—NM
transition region. Several structural studies on expanded fluid
alkali metals at a high temperature region have been carried
out. Franz et al.® performed neutron diffraction experiments
of Rb up to 2000 K. Winter et al.® also carried out the neu-

“Electronic mail: matsuda@mtl.kyoto-u.ac.jp

tron diffraction of Cs up to its critical region. Diffraction
measurements using synchrotron radiation have also been
carried out. Hosokawa et al.” performed x-ray diffraction ex-
periments of Rb up to 1573 K using a sample cell made of
single crystalline sapphire. The precision of the data was
significantly improved by the use of synchrotron radiation.
However, the temperature range was limited to 1573 K due
to the reactivity of alkali metal with sapphire.

Molybdenum is known to be resistant to chemical cor-
rosion with alkali metals and widely regarded as a suitable
material for those experiments at high temperatures exceed-
ing the critical temperatures (7,=2017K for Rb and T,
=1924K for Cs) to measure the equation of state,® electrical
conductivity,® and also the neutron diffraction.® The use of a
molybdenum cell for x-ray diffraction measurements of fluid
alkali metals is quite attractive because it enables us to in-
vestigate the structural changes accompanying the M—NM
transition in the supercritical region. In addition, combined
with a synchrotron radiation as an x-ray source, more precise
data on the structural changes might be obtained.

In the present article we report the design and the fabri-
cation of a new sample cell made of molybdenum for x-ray
diffraction measurements using synchrotron radiation.

Il. MOLYBDENUM CELL
A. Construction of the cell

Figure 1(a) illustrates the construction of a sample cell.
The cell was designed for x-ray transmission geometry and
all parts of which were made of molybdenum. The cell
mainly consists of three components, an outer pipe which is
indicated by (1) in the figure (4 mm in outer diameter and 3

0034-6748/2004/75(3)/709/4/$22.00 709 © 2004 American Institute of Physics
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(3) reservoir

(a)

(1) outer pipe

(2) inner pipe

sample space

(4) spacer (‘C’-shape ring)

(5) (6)
single crystalline Mo disk
(c)

1 mm
i

FIG. 1. (a) The construction of a sample cell made of molybdenum, (b) the
enlargement of the area enclosed with the broken circle in (a), and (c) a
C-shape ring spacer.

mm in inner diameter), an inner pipe (2) (3 mm in outer
diameter and 1.5 mm in inner diameter), and a reservoir (3).
These three components were made of polycrystalline mo-
lybdenum and were all fabricated with conventional machin-
ing techniques. They were screwed together with each other
and then sealed with high temperature Ru—Mo brazing alloy.
The hole with 0.5 mm in diameter in the inner pipe shown in
the figure was made by electrodischarge machining and
made for introducing liquid sample in the reservoir into the
area enclosed with the circle in Fig. 1(a).

Figure 1(b) shows an enlargement of the area enclosed
with the circle in Fig. 1(a). A spacer (4) with thickness of 0.4
mm made of polycrystalline molybdenum, which is shown in
Fig. 1(c) and called “C”-shape ring, determines the sample
thickness and was located between two thinned walls made
of single crystalline molybdenum with thickness of 40 um
{(5),(6)]. The liquid sample contained in the reservoir is in-
troduced into the sample space through the hole with 0.5 mm
in diameter and the narrow path between two pipes. The
C-shape of the ring spacer is in order for facilitating the
introduction of the liquid sample into the sample space.

The incident x rays come from the right-hand side as
indicated by the arrow in Fig. 1(b). The x rays scattered by
the fluid sample and molybdenum walls go out to the direc-
tion of the left-hand side. The left end was tapered for out-
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going x rays with large scattering angles so as to pass with-
out blocking.

B. Single crystalline molybdenum

The most important point in the cell construction is the
use of the single crystalline molybdenum as the material for
the walls of the cell indicated by (5) and (6) in Fig. 1(b).

We have so far performed energy dispersive x-ray dif-
fraction measurements for expanded fluid Hg and Se at the
supercritical conditions using a high pressure vessel specially
designed in our laboratory.’~!! The vessel has pressure-
sealed beryllium (Be) windows located at different angles of
26 (4°,7°,11.5°,15°,20°,25°,33°) through which scattered x
rays go out and are detected by a pure germanium solid state
detector (a pure Ge SSD). This construction is quite effective
for the measurements at high pressures and high tempera-
tures. We have successfully obtained the precise structural
data on expanded fluid Hg and Se at the supercritical
conditions.'°

In the energy-dispersive method white x rays are used as
the incident beam, so polycrystalline molybdenum could not
be used because x rays scattered by the polycrystal produce a
huge background including a Debye—Scherrer pattern dis-
turbing the signals from the fluid sample. In the present ex-
periment, we used single crystalline molybdenum disks for
the walls of the cell through which x rays pass as indicated
by (5) and (6) in Fig. 1(b). The diffraction spectrum might
contain the Bragg peaks from the cell. We could remove the
Bragg peaks in the spectrum by controlling the crystal orien-
tation as described later.

Since the main oscillations of the structure factor S(Q)
of liquid Rb® near the melting point appear at a lower Q
region than those of liquid Hg,'” it is important to choose the
crystal axis of molybdenum which gives no Laue spots in the
region of small angles of 4°, 7°, and 11.5°. We carried out
the simulation of the Laue patterns from molybdenum crystal
when the incident x rays are scattered from the wall of the
cell. We found that the selection of the crystal axis with low
Miller index such as (100), (110), and (111) is appropriate. In
the present experiments, we adopted the axis with (100) in-
dex.

In addition, it is important to reduce the thickness of
molybdenum disk for obtaining sufficient intensity of the
scattered x rays from the fluid sample. This is crucial when
the density of the fluid approaches that in the critical region
where the signal becomes quite weak. In the present experi-
ment, we have successfully fabricated the disk with thickness
of 40 um. The thinned disk was made by the following pro-
cedure. The backscattering Laue method was employed for
determining the crystal orientation of a bulk single crystal
made by a technique of crystal growth in the solid state of a
polycrystal.'? The disks with a thickness of about 250 wm
were cut down from the crystal using an electrodischarge
method. The disks were mechanically polished down to 100
um and then electrolytically etched to 40 um using
methanol-H, SO, (volume fraction 7:1) solution.
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FIG. 2. The assembling procedure of the molybdenum cell at each step
[(a)-(d)]. The components were brazed with each other using the high tem-
perature brazing alloy of 43 wt % Ru—Mo powder.

C. Assembling and brazing

After all the parts of the cell (an outer pipe, an inner
pipe, a reservoir, two single crystalline disks, and a C-shape
ring) were prepared, they were connected with each other by
brazing in a furnace using 43 wt % Ru-Mo alloy as a braz-
ing metal.'?

First, an inner pipe and a reservoir were screwed to each
other and the end of the hole with 0.5 mm in diameter was
sealed with a small molybdenum pin as shown in Fig. 2(a).
Then the brazing metal was applied into the connected area
between these components and a brazing process was carried
out at 2000 °C for 5 min in the vacuum (1073 Pa) followed
by the cooling process in the furnace. The rate of the tem-
perature increase was 10 °C/min. In this process, the brazing
metal melted and the components were connected. Second, a
single crystalline disk and a spacer were inserted into the
outer pipe and positioned at the end. Another single crystal-
line disk was set on the end of the inner pipe. The brazing
metal was applied into the contact area of each component
and the brazing at the same condition was performed [Fig.
2(b)]. Finally, the two pipes were screwed to each other and
the brazing metal was applied into the connected area. The
brazing was carried out again [Figs. 2(c) and 2(d)]. After
each step of the brazing process was finished, the seal around
the connected area was examined with a helium (He) leak
detector. In each step the same brazing process was repeated
until no leakage is found.

Figure 3 shows the fabricated molybdenum cell in (a)
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(a) (b)

FIG. 3. (a) The fabricated molybdenum cell. (b) The transmission Laue
diffraction spots from the two single crystalline molybdenum disks used as
the walls of the cell.

and the transmission Laue pattern in (b) obtained by using an
in-house white x-ray source operated at 46 kV, 16 mA. Laue
spots with fourfold symmetry are clearly observed, which
confirms that the crystal axis of the cell corresponding to
(100) orientation is well accomplished. Two nearby spots
seen in Fig. 3(b) correspond to those separately coming from
two single crystalline molybdenum disks kept at distance
with the inserted C-shape ring spacer. The sharp Laue spots
show that no mechanical strains are introduced into the disk
throughout the fabrication process of the cell.

lil. DIFFRACTION EXPERIMENTS

Liquid Rb was introduced into the cell in a glove box
filled with highly purified He gas. In the glove box, first, we
put a small vacuum chamber within which a small furnace
was installed for heating the cell. Solid Rb was put in the
reservoir of the cell and the cell was set in the chamber, and
then the chamber was evacuated. Next, the cell was heated
up above the melting temperature of Rb (39 °C). After the
melting of Rb in the reservoir was confirmed, the chamber
was leaked in the glove box and He gas was introduced into
the chamber. The surface of liquid Rb in the reservoir was
forced with He gas and then the liquid sample was intro-
duced into the sample space through the hole with 0.5 mm
diameter and the narrow path between two pipes as shown in
Fig. 1(a). Finally, the molybdenum cell filled with Rb was
put in the high pressure vessel and the vessel was closed, the
procedure of which was carried out in the glove box. Then
the vessel was taken out of the glove box.

Energy-dispersive x-ray diffraction measurements for
fluid Rb were performed on the beam line (BL28B2) at
SPring-8. White x rays were used as the incident beam, and
scattered x rays were detected by a pure Ge SSD. Figure 4
shows the raw spectra at angle 26=4° obtained by the mea-
surements at several temperatures and pressures up to 1973
K, 16.2 MPa. We have also succeeded in obtaining the spec-
trum at 1973 K, 9.5 MPa, which corresponds to that in the
dense vapor phase. These data are those obtained after the
escape correction of a pure Ge SSD.’ The first maximum was
observed clearly at 45 keV, which corresponds to the first
peak of the structure factor S(Q) of liquid Rb. Data analysis
to obtain S(Q) from the spectrum requires further data cor-
rections in addition to the escape effect of the a pure Ge
SSD, such as the energy spectrum of the incident x-ray
beam, the effect of the absorption by the molybdenum cell,
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FIG. 4. The diffraction intensity vs photon energy for fluid Rb at various
temperatures and pressures.

compressed He gas, the Be windows, the fluid Rb sample
itself, and finally the Compton scattering of the sample and
the cell.'*

In Fig. 5 we show S(Q) for fluid Rb obtained at three
different temperatures and pressures. Dots represent the ex-
perimental data. At 373 K the position of the first maximum
is located at 15.2 nm~' showing good agreements with the
data obtained by the others.”>'® The overall shape of S(Q)
also coincides well with the previous data,'>'® showing the
reliability of our data obtained by using the molybdenum
cell. With increasing temperature, the oscillation of S(Q) is

i

Structure factor S(Q)

/ 1273 K 15.0 MPa 1.05 g/lcm?®
Id
1673 K 15.7 MPa 0.84 g/cm®
”
1 i 4 i e O A"y
0 10 20 30 40 50
Q (nm")

FIG. 5. Structure factor S(Q) for fluid Rb at three different temperatures
and pressures.
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damped. The intensity of the first maximum is strongly re-
duced and the shape of the peak is broadened with increasing
temperature and with decreasing density, which also shows
the same tendency previously observed in expanded fluid
RbS and Cs.?

Further discussion on the results of the data analysis is
beyond the scope of this paper and it will be given in later
publications.
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Instability of the Electron Gas in an Expanding Metal

K. Matsuda,"* K. Tamura,' and M. Inui®

"Epartment of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan
2Faculty of Integrated Arts and Sciences, Hiroshima University, Higashi Hiroshima 739-8521, Japan
(Received 8 January 2007; published 27 February 2007)

We have measured x-ray diffraction and small-angle x-ray scattering of fluid rubidium by reducing
electron density down to the range where the compressibility of the interacting electron gas has been
theoretically predicted to become negative. Negative compressibility is closely associated with a negative
value of the static dielectric function, which makes the screened Coulomb interaction among like charges
overall attractive. It was clearly observed that the interatomic distance decreases in spite of the fact that
mean interatomic distance increases with expansion, suggesting that an attractive interaction among like
charges, ions in this case, is enhanced. These findings indicate that the observed structural features are
evidence of the compressional instability of the 3D electron gas.

DOI: 10.1103/PhysRevLett.98.096401

Since Wigner’s pioneering work [1], the anomalous
behaviors of low-density electron gas, such as ferromag-
netism [2] or superconductors [3,4], has been extensively
investigated. The phase behavior of electron gas has been
discussed on the basis of ground-state energy, which is
conventionally given as a function of the expansion pa-
rameter r, (r, is the Wigner-Seitz radius in units of Bohr
radius). To date, quantum Monte Carlo calculations [2]
have enabled an essentially accurate determination of
ground-state energy and various thermodynamic quantities
have been deduced. An intriguing but established property
deduced from ground-state energy is compressibility. It
becomes negative when ry > 5.25, implying the thermody-
namic instability of low-density electron gas [2,5,6]. The
appearance of the negative compressibility has posed an
issue of the possibility that the electron gas undergoes a
phase transition resembling an ordinary liquid-gas transi-
tion [7,8] or a transition into a broken-symmetry phase
such as the Wigner crystal [9].

Negative compressibility is closely associated with the
negative sign of the electron static dielectric function (DF),
(g, 0), at a small |q] by taking the compressibility sum
rule into account [5]. The negative sign of the static DF of
electron gas is theoretically possible without violating any
causality or stability requirements, and appears only if the
exchange and correlation effects are taken into account
[10,11]. In a medium of electron gas with a static negative
DF, an unusual situation might be caused in which test
charges with the same sign, either positive or negative,
attract. Here, a question arises as to whether the negative
sign of the static electron DF really exists and is observable
in real systems such as metals. Although the existence of
the negative electron DF has been reported thus far in a
synthesized two-dimensional system such as the interface
between semiconductors, the existence of the negative
electron DF in a three-dimensional system has never
been confirmed [12].

One of the possible means of observing the negative sign
of the electron DF is to measure structural properties.

0031-9007/07/98(9)/096401(4)
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Suppose that positive ions in metals are viewed as test
charges put in the electron gas. An attractive Coulomb
force appears to work between the ions when the DF of
the electron gas becomes negative. Therefore, it would be
probable that the static or dynamic structures of ions are
changed. In this sense, ions could be a probe for inves-
tigating the instability of electron gas. Actually, it has been
suggested that the negative sign of the electron DF might
lead to lattice instability through the coupling of electrons
with the phonon system of the crystal [11]. Also, a similar
suggestion was given for the jellium model [13]: if the
constraint of a uniform rigid background is eliminated, the
condition &(g, 0) < 0 brings about a spontaneous density
fluctuation of the background with corresponding |q].

Expanded fluid alkali metals [14] are an ideal material
for solving the problem of electron gas instability for the
following reasons: First, alkali metals are a typical proto-
type of three-dimensional electron gas. Second, a continu-
ous and substantial reduction in electron density is possible
by utilizing volume expansion along the liquid-vapor satu-
ration line. Third, positive ions in fluids can readjust their
positions easily compared with those in solids, thus struc-
tural change might be more pronounced in fluids through
the coupling of electrons and ions.

We have recently devised a sample cell with x-ray
windows made of single-crystalline molybdenum resistant
to the high reactivity of hot alkali metals [15]. By combin-
ing this cell with a high-pressure apparatus [16], we have
succeeded in measuring the x-ray diffraction and small-
angle x-ray scattering (SAXS) of fluid rubidium over a
wide range of temperatures and pressures from the triple
point up to supercritical regions. We have obtained struc-
tural data using a synchrotron radiation source.

X-ray diffraction analysis was carried out in the energy-
dispersive mode at the BL28B2 beam line at SPring-8 in
Japan. White x rays were used as the incident beam, and
scattered x rays were detected using a pure-germanium
solid-state detector. Small-angle x-ray scattering measure-
ment was performed at the BL0O4B2 beamline at SPring-8.

© 2007 The American Physical Society
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Monochromatized 38 keV x rays were used as incident
beam and scattered x rays were detected using an imaging
plate. Stable and precise measurements were carried out
for the first time from the triple point up to 2123 K and
22.0 MPa beyond the critical point of rubidium.

The measured structure factor S(Q) for fluid rubidium is
plotted at different temperatures, pressures, and densities
in Fig. 1. The S(Q) data in the low-Q region were obtained

5 ; 7
10 ; Critical point

Pressure (MPa)

LA

500

1000 1500 2000
Temperature (K)

K MPa gcm®-
2123 17.0 0.53.
S T
2073 22.0 0.6.0

1973 21.8 0.68

1873 21.7 0.75

1773 21.6 0.81

S(Q)

373 1.0 1.46

FIG. 1. Structure factors S(Q) for expanded fluid rubidium at
various temperatures and pressures. Temperature, pressure and
density are indicated on the upper right-hand side of each data
set. The dots represent the experimental data and the full curves
show the Fourier transforms of g(R) in Fig. 2. The broken line
indicates the position at the first peak and second one of S(Q) at
373 K, respectively. The inset shows the phase diagram of
rubidium (7, = 2017 K, P, = 12.45 MPa) [14] in which dot-
and-dash line indicates the path of the conditions at which the
present measurements were performed.

by SAXS measurement separately carried out. With in-
creasing temperature (decreasing density), both intensities
of the first and second maxima decrease. However, the
overall oscillatory structure persists even in the high-
temperature region of up to 2123 K. As seen in the figure,
the first maximum slightly shifts to a lower Q with decreas-
ing density. On the contrary, the second peak of S(Q),
which is not completely blurred out, shifts to a relatively
higher Q region.

The pair distribution function g(R) is deduced from the
Fourier transform of S(Q) and is shown in Fig. 2. The peak
height of the first maximum of g(R) progressively de-
creases, whereas that of the second maximum approaches
one. Note that the position of the first maximum starts to
shift to a low R below density of 1.1 gecm™3.

The density variation of the position of the first maxi-
mum, R, is shown in Fig. 3(a). R, corresponds to the

K MPa gcm?
2123 17.0 0.53

1473 21.1

1373 20.9

1273 20.7

1173 20.5

973 20.0

773 10.0

, 1
R(A)

FIG. 2. Pair distribution function g(R) of expanded fluid ru-
bidium derived from Fourier transform of S(Q). The broken line
denotes the peak position of the first maximum of g(R) at 373 K.
Temperature, pressure and density are indicated on the upper
right-hand side of each curve.
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average nearest-neighbor distance. It is located at approxi-
mately 4.85 A at 373 K and is almost the same as that of the
solid state. It remains constant with a decreasing density
from 1.5 to 1.1 gecm™3 and then starts to decrease. It
gradually decreases with further density decrease and
shows saturatlon at approximately 4.2 A at densities lower
than 0.5 gcm™>. Figure 3(b) shows the density variation in
coordination numbers which is derived by integrating the
radial distribution function defined by 47R*nyg(R) (ny:
number density) up to the first-minimum position. The
coordination number decreases substantially and almost
linearly with decreasing density from 1.5 to 1.1 gecm™3
and then shows a strong deviation from a linear depen-
dence, remaining at approximately 6 until reaching
0.7 gcm™3

The structural change observed in the density range from
1.1to 0.5 gem™3 is quite opposite to that expected because
interatomic distance decreases despite mean interatomic
distance increasing with volume expansion. The present
results on R; are, in fact, completely opposite to those
previously obtained by the neutron diffraction measure-
ments [17] in which R, rather increased with decreasing
density. These structural features strongly indicate that an
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FIG. 3. Density dependence of local structure of fluid rubid-

ium. (a) Density dependence of interatomic distance R;.
(b) Density dependence of coordination number. The critical
density is denoted p.. The corresponding scale of r; is shown on
the upper axis of the graph of R;.

attractive force appears to work among ions in the density
range from 1.1 to 0.5 gecm™3. Note that the coordination
number shows a deviation from a linear decrease and is
maintained constant in the range from 1.1 t0 0.7 gcm™ in
spite of progressive expansion, which indicates the appear-
ance of a spatial inhomogeneity.

It is critical that local structural parameters (i.e., inter-
atomic distance and coordination number) be scaled by the
expansion parameter r,. In real metals, the effect of core
polarization by ions reduces the strength of the effective
interaction among electrons. Kukkonen et al. [18] pointed
out that an ionic background can be viewed as a uniform
and polarizable background by taking core polarizability to
be a constant. Thus, r, for the electron gas in metals should
be scaled with r; = r, /e, rather than with r,, where g, is
the dielectric constant of the polarizable background de-
fined by &, = 1 + 47na («: ionic polarizability, n: the
number density of ions). This corrected r,(= r?) is shown
on the upper horizontal axis of Fig. 3(a). As seen in the
figure, R; starts to decrease and the coordination number
shows a deviation from a linear decrease between r; = 5
and 5.5. This density range agrees well with the critical r;
(=5.25) beyond which the compressibility of electron gas
becomes negative and also the static electron DF becomes
negative at a low wave vector. The negative electron DF
generates an attractive Coulomb interaction among test
charges with the same sign—the charges of ions in this
case. The observed local contraction in the metallic state
below 1.1 gcm™ can be interpreted as structural variation
caused by the enhancement in the attractive force among
the ions. The local contraction indicates an increase in
local atomic density, which would generate a rare region
of density at the same time.

Such inhomogeneous structure was also observed in our
SAXS measurement. As shown in Fig. 1, the S(Q) at a low
Q less than 0.3 A™! starts to increase with decreasing Q,
which indicates the appearance of density fluctuation. We
derived correlation length & and S(0) using the Ornstein-
Zernike formula. Fig. 4(a) shows density dependence of
the correlation length for expanded fluid rubidium. The
correlation length is about 5 A around 1.2 gem ™3 and
remains almost constant around it in the density range
from 1.2 to 0.6 gcm ™3, which corresponds to the density
range where the appearance of structural inhomogeneity
was suggested in our x-ray diffraction analysis. Then it
substantially increases below 0.6 gcm™3 as the density of
the fluid approaches p.. Figure 4(b) shows density depen-
dence of S(0) for expanded fluid rubidium. S(0) gradually
increases with decreasing density and is observable in the
density range from 1.1 to 0.6 gcm™3. Then it shows a
substantial increase below 0.6 gcm™3 as the fluid density
approaches the critical one.

In addition to the measurement up to the critical region,
we measured SAXS at thermodynamic conditions far from
the critical point. Density dependence of & and S(0) at
constant pressure of 5 MPa, which is lower than P, is also
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FIG. 4. Density dependence of correlation length and S(0) for
expanded fluid rubidium up to the critical region. Dots represent
the data measured at the conditions as shown in the inset in
Fig. 1. Open circles indicates the data measured at the pressure
of 5 MPa.

shown as open circles in Fig. 4. Even far from the critical
point, the increase in S(0) was observed in the metallic
liquid range (0.9-1.1 g cm™3) where the measurement was
carried out, which might indicate that density fluctuation
around this range is not interpreted as a tail of the critical
one but is attributed to the fluctuation intrinsic to phase
behaviors of the electronic system. According to Pines and
Nozieres [13], the negative static DF of the electronic
system brings about a spontaneous density fluctuation of

negative electron DF could be frozen as in the doped
cuprates [24].
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The dynamic structure factor S(Q, @) of expanded fluid Hg has been measured up to the metal-
nonmetal transition region at 9.0 gem™3 (1723 K and 1940 bars) using high-resolution inelastic x-ray
scattering, at momentum transfers, Q, from 0.2 to 4.8 A™!. Analysis in the framework of generalized
hydrodynamics reveals that the frequencies of the collective excitations increase faster with Q than
estimated from the macroscopic speed of sound. The effective sound velocity at 9.0 gcm™ estimated
from the dispersion relation is triple the ultrasonic sound velocity. The present result suggests the

Fast Sound in Expanded Fluid Hg Accompanying the Metal-Nonmetal Transition

existence of fast sound in expanded fluid Hg accompanying the metal-nonmetal transition.

DOI: 10.1103/PhysRevLett.93.097801

The study of the dynamical properties of fluids is of
great importance both in statistical physics and material
science. In the last decade, the use of inelastic x-ray
scattering (IXS) at third generation synchrotron radiation
sources has allowed many new studies of the dynamics of
disordered materials. Fast sound in water is a remarkable
example among them. An early computer simulation of
molecular dynamics [1] predicted high-frequency sound
waves almost twice as fast as ordinary sound. Neutron
scattering experiments for liquid D,O was carried out in
1978 [2] and a branch corresponding to the fast sound was
first observed in a limited Q range by the second experi-
ment in 1985 [3]. After many studies on fast sound,
including computer simulations, IXS experiments for
water confirmed the existence of fast-sound waves in a
wide Q region approximately twice the low frequency
sound velocity [4]. The microscopic origin of the fast-
sound effect in liquid water may be explained as an
extreme case of positive dispersion, where the average
0-0 intermolecular distance lies in the repulsive region of
an intermolecular pair potential due to a large intermo-
lecular interaction in water [5,6]. We have now observed
the excitation energy of the collective mode in expanded
fluid Hg near the metal-nonmetal (M-NM) transition to
be much higher than expected from low frequency mea-
surements. The effective velocity deduced from the dis-
persion relation is 1500 ms™! while the ultrasonic sound
velocity is 490 ms™! [7,8]. The present observation sug-
gests the existence of fast sound in expanded fluid Hg
accompanying the M-NM transition.

Properties of expanded liquid metals have been exten-
sively investigated by heating them along the saturated
vapor pressure curve. Liquid Hg, a prototypical liquid
metal, undergoes the M-NM transition with volume ex-
pansion from 13.6 gcm™? at the ambient condition up to
9 gem™3 near the critical point (critical data of Hg [9]:
Te = 1751 K, Pc = 1673 bars, and pc = 5.8 gem ™).

097801-1 0031-9007/04/93(9)/097801(4)$22.50
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Studies on expanded fluid metals including fluid Hg
were reviewed by Hensel and Warren [10}. To clarify
the mechanism of the M-NM transition in fluid Hg, it is
important to study the structural properties for the ex-
panded fluid. Tamura and Hosokawa [11] carried out x-ray
-diffraction measurements for expanded fluid Hg. An
ab initio molecular dynamic simulation by Kresse and
Hafner [12] succeeded in explaining the transition at
9 gcm™ in expanded fluid Hg and provided a local
structure consistent with that experimentally observed
[11]. Recently improved x-ray diffraction data using syn-
chrotron radiation were reported for expanded fluid Hg
from liquid to dense vapor [13].

While it is essential to understand the dynamics of
fluids, there are few studies on dynamical properties for
expanded fluid Hg. Munejiri et al. [14] deduced an effec-
tive pair potential using experimental data [11] and ob-
tained a dynamic structure factor of expanded fluid Hg by
means of a large-scale molecular dynamics simulation.
Anomalous sound absorption was reported in expanded
fluid Hg at the M-NM transition [15]. These investiga-
tions prompted us to measure ‘the dynamic structure
factor, $(Q, w), of expanded fluid Hg. In this Letter, we
report S(Q, w) of fluid Hg at densities from 13.6 to
9.0 gcm™3, up to the M-NM transition region, obtained
using IXS.

This work has been done at the high-resolution IXS
beam line (BL35XU) of SPring-8 in Japan [16].
Backscattering at the Si (11 11 11) reflection was used to
provide a beam of 3 X 10° photons/sec in a 0.8 meV
bandwidth onto the sample. The energy of the incident
beam and the Bragg angle of the backscattering were
21.747 keVand 89.98°, respectively. We used three spheri-
cal analyzer crystals at the end of the 10 m horizontal arm
to analyze the scattered x rays. The spectrometer resolu-
tion was 1.6—1.8 meV (slightly degraded because our large
high-pressure vessel forced the detectors about 240 mm
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away from the sample position) and the momentum trans-
fer resolution was AQ ~ 0.1 A~

The Hg sample of 99.999% purity and 24 um thick-
ness was mounted in a single-crystal sapphire cell [11],
and He gas of 99.9999% purity was used as a pressurizing
medium. The high-pressure vessel, which can be operated
up to 2000 K and 2000 bars, had three Be windows of
10 mm diameter and 10 mm thickness and several smaller
windows of 4 mm diameter and 5 mm thickness, so the
x rays traveled through 15 mm of Be, 150 mm of He (at
high pressure), and the 24 um sample. The windows were
centered at scattering angles of 26 = 1°, 5°, 10°, 15°,
19°, and 24°, or from 0.2 to 4.83 A™!, and the 10 mm
diameter windows permitted the simultaneous use of
three analyzer crystals. For the crucial low Q region
near the M-NM transition at p = 9 gcm ™3, we collected
several data sets at different vessel rotations relative to the
very small (0.1 mm in diameter) incident beam. This
allowed access to a small range of momentum transfers
near to 0.2 A™!. We measured IXS spectra for expanded
fluid Hg at thermodynamic states [T (K), p (bars), p
(gem™3)] of (298, 2, 13.6), (773, 50, 12.4), (1273, 500,
11.0), and (1723, 1940, 9.0), and those at 26 of 1° at
several densities from 9 to 4 gcm™3. The He gas contrib-
uted significant background, especially at low Q. The
backgrounds were measured at each pressure and tem-
perature and were subtracted after being scaled for sam-
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FIG. 1. IXS spectra (open circles) of liquid Hg at densities of
13.6 and 9.0 gcm™3 after background subtraction. The experi-
mental data are normalized to their integrated intensity. Fits
(solid lines) were made by convoluting the resolution function
(dashed line) to a model function (see the text). Also shown are
model function (dash-dotted curves), Lorentzian (thin broken
curves), and damped harmonic oscillator (DHO) (thin solid
curves) terms in the model function at @ = 0.87 AL
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ple transmission. The signal from fluid Hg became so
large at low @ with volume expansion that we have
succeeded in obtaining good quality data.

Selected IXS data at 13.6 and 9.0 gcm™3 are shown in
Fig. 1. The integral, S(Q), of the spectrum, S(Q, @), was
used for the normalization, and S(Q, w)/S(Q) are plotted
in the figure. The resolution function obtained from a
measurement of a polymethyl methacrylate is shown by
a broken curve at the bottom. The spectra at 13.6 gcm ™3
have a clear side peak at around 10 meV at momentum
transfer of 0.87 A™!. The spectra agree well with those
reported by Hosokawa et al [17] The IXS spectra at
9.0 gcm™> have a single peak and the side peaks are
not distinct from the central one. Note that the central
peaks at 3.71 and 4.68 A™! are much broader at the M-
NM transition at 9.0 gcm™3 than at ambient conditions,
13.6 gcm™3, '

We analyzed the data in the framework of generalized
hydrodynamics [18]. The spectra were modeled as the
sum of Lorentzian at zero energy transfer, representing
the thermal contribution, and a DHO [19] for the sound
mode with the statistical occupation factor according to
Eq. (1). This model has been used with great success in
many experiments of liquids and was used previously for
the analysis of liquid Hg [17,20]. We take

A, T3 A
5(0,0)/5(0) = Bw)| 1 o L
0
4(0QFQ

} M

where B(w) = Bhw/[1 — exp(—Bhw)], B = (kzgT)™!
and wg = ,/Qf — I';. The parameters Ay and Ty are

X
(w? — Qé)2 + 4w2F2Q

the magnitude and the width of a quasielastic peak, while
Agp, Qg, and Iy are the magnitude, energy, and width of
the inelastic excitation. We optimized these parameters by
convolving the model function with the measured reso-
lution function and fitting to the data, as shown in Fig. 1.
Peaks in the DHO term are well separated at 13.6 gcm™>.
On the other hand, the DHO term at 9.0 gcm‘3 has a
heavily damped profile even at low Q. This behavior
suggests a much shorter lifetime of phonons at the M-
NM transition and may be related to the observed large
ultrasonic sound absorption [15].

Figure 2 shows the Q dependence of the optimized (),
(squares) at 13.6 and 9.0 gcm™3 together with sound
velocity (dash-dotted lines) obtained by the ultrasonic
measurements [7,8]. Also shown are the normalized sec-
ond frequency moment w,(Q) (broken curves) and dotted
lines with a slope of 1700 ms™! at 13.6 gcm™3 and
1500 ms~! at 9.0 gcm™3, respectively. Here the second
frequency moment is given by

w3(Q) = ykpTQ*/mS(Q), )

where m and 7y are the mass of a Hg atom and the specific
heat ratio (C, /Cy), respectively. We assumed no Q de-
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pendence of y and searched a proper value as a free fit
parameter. By taking y = 1.1at 13.6 gem 2 and y = 1.6
at 9.0 gcm ™3, the curves of w,(Q) agree reasonably with
the optimized , up to 4.0 A~!, and they seem to be
extrapolated towards the dotted lines at low Q where
reliable S(Q) was not experimentally obtained.

As seen in Fig. 2, at 13.6 gcm ™3 ), atlow Q disperses
faster than expected from the sound velocity and agrees
with the dotted line of 1700 ms™!. The amount of devia-
tion is about 17%, in good agreement with previous work
[17]. At 9.0 gecm™3, the positive deviation is much more
pronounced and the effective velocity, v,(Q) = Q4/0Q, is
estimated to be 1500 + 200 ms™!, which is triple the
ultrasonic sound velocity [7,8]. In the curve fitting with
the DHO model shown in Fig. 1, the x? per degrees of
freedom for fast sound took values from 1.1 to 1.2 at QO
from 0.35 to 0.43 A™!, while that at Q lower than
0.28 A™! had slightly worse values. Attempts to fit the
data from 0.2 to 0.43 A~! with the ultrasonic velocity
lead to unsuitable increases in the y? by a factor of 1.4 on
average. The peak position in the current-current corre-
lation function deduced from the optimized model func-
tion also indicates that the effective velocity is about
3 times the ultrasonic value. We plot the effective velocity
estimated at 0.2-0.43 A™! as a function of p in Fig. 3
together with the sound velocity measured by ultrasonic
spectroscopy [7]. The effective velocity of dense Hg vapor
from 1.0 to 3.0 gcm™3 is taken from a previous paper
[21]. In the metallic region, the positive deviation be-
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FIG. 2. Excitation energy, Q% (squares) as a function of @ at
densities of 13.6 and 9.0 gcm ™. Dash-dotted lines correspond
to ultrasonic sound velocity [7,8]. Also shown are the normal-
ized second frequency moment, w; (broken curves), and dotted
lines with a slope of 1700 ms™! at 13.6 gcm™3 and 1500 ms™!
at 9.0 gem™3, respectively. The static structure factor, S(Q)
[13] (thin solid curves), the integrated intensity of S(Q, w)
(closed circles), normalized by the square of the atomic form
factor and polarization factor, and S(0) (open circles) calcu-
lated from PVT data are indicated in the top figures.
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comes large with volume expansion and has a strong
maximum at the M-NM transition. With further volume
expansion to the insulating state, the deviation becomes
small. Thus, the large positive dispersion, or fast sound, is
observed only in a close vicinity of the M-NM transition.

We consider the microscopic dynamics at the M-NM
transition. X-ray diffraction experiments suggest that the
average number of nearest neighbors within the first co-
ordination shell around an atom is reduced with volume
expansion, while the nearest neighbor distance remains
unchanged [11,13]. When the coordination number de-
creases, a change of a single particle motion is expected.
In ambient conditions, the line shape of S(Q, w) at high Q
is similar to a Lorentzian function, which suggests that
diffusive motion is dominant in the liquid. With decreas-
ing density, the line shape at high Q broadens, as seen in
Fig. 1. To investigate this effect, we carried out fits in the
high ‘Q region (4.68 A™!) using a pseudo-Voigt function,
which is a weighted combination of Lorentzian and
Gaussian curves [22]. The optimized Gaussian fraction
cg at 4.68 A™! was about 0.5 at ambient conditions.
However, the ¢ became 0.8 at the M-NM transition at
9.0 gcm 3. This suggests that at 9.0 gcm ™ a free parti-
cle motion is dominant over short (less than interatomic)
distances. We note that the value of y of 1.6 estimated
from the present data seems consistent with this result,
being close to the value of a monatomic ideal gas,
v=15/3.

We discuss the fast sound observed at the M-NM
transition. The adiabatic compressibility, x;, is calculated
from sound velocity by x, = (pv2)~!. The fast-sound
velocity suggests that the microscopic y, is much smaller
than the macroscopic one, which means that the mean
square fluctuations of microscopic pressure, {(Ap)?) «
x5!, are very large. The enhancement of microscopic
((Ap)?) can be caused by a local deformation of a pair
potential, ¢(r), especially its repulsive part, as shown by
the pressure equation,

2000 —— T

v, [ms B

00+ .
15

FIG. 3. Density dependence of sound velocity taken from the
data at low Q (0.2-0.43 A~Y). The dashed line is the ultrasonic
sound velocity from [7], while the three lowest points
(1-3 gcm™3) are from [21]. See the text for discussion.
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p = nksT = (2/6) [ rag/ing(iar, @)
where n is a number density and g(r) is a pair distribution
function. We expect such a deformation in a pair potential
being pronounced at the M-NM transition, due to the
large fluctuations of local electronic states between me-
tallic and insulating ones. A sign of fluctuations at the M-
NM transition may be found in the present data such as
the narrowing of S(Q, ) at 0.24 A™! at 9.0 gcm ™3 com-
pared with at ambient conditions, and the rapid increase
of S(Q) at low Q with Q — 0. Thus the appearance of the
fast sound strongly hints that the M-NM transition ac-
companies intrinsic fluctuations induced by the local
deformation of a pair potential. We speculate that pressure
fluctuations in microscopic space and time where the fast-
sound waves exist are averaged and smoothed out as the
thermodynamic limit is approached.

Finally we comment on the discrepancy between our
microscopic y estimated from the measured dispersion
and Eq. (2), and the macroscopic thermodynamic value.
Levin and Schmutzler [23] measured C, for expanded
fluid Hg from 12.4 to 8.8 gcm™3 and deduced Cy using
PVTdata and a thermodynamic relation. The y calculated
from their data is 1.2 at 12.4 gcm™3 and 3.6 at 9.0 gcm™3.
Alternatively, using sound velocity, PVT data, and the
relation, y = yy/x,, where yr is the isothermal com-
pressibility, results similar to those by Levin and
Schmutzler were reported [24,25]. While our value of y
agrees with the thermodynamically determined ones near
ambient conditions, we see a much smaller value at low
densities near the M-NM transition. We speculate that
this results from the microscopic character of the IXS
measurements, which probe both small volumes and high
frequencies, and represents the essence of the M-NM
transition. Microscopically observed y, is small, so the
fact that 7y is small means y7 must be small, which means
that the microscopic mean square fluctuations of a parti-
cle number, ((AN)?) « yr, are small. In contrast, the
thermodynamic measurements appear providing the re-
sults commonly observed that for low densities approach-
ing the critical point y diverges as the macroscopic
((AN)?*) becomes large. The characteristic nature of the
fluctuation in the M-NM transition is that the micro-
scopic ((Ap)?) is large and ((AN)?) is small.

In summary, we have measured the dynamic structure
factor of expanded fluid Hg up to the M-NM transition
region. While damping of the collective mode increases
with volume expansion, we obtained an effective sound
velocity that is much faster than the low frequency sound
velocity at the M-NM transition. The appearance of fast
sound may represent fluctuations intrinsic to the M-NM
transition. Additional IXS experiments for expanded fluid
Hg are under way to obtain the w-Q dispersion relation in
a wider density range. It may be effective to observe a
long range structure in expanded fluid Hg at the M-NM
transition by means of small angle x-ray scattering.
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Medium-Range Fluctuations Accompanying the Metal-Nonmetal Transition
in Expanded Fluid Hg
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We have carried out small angle x-ray scattering experiments of expanded fluid Hg in the metal-
nonmetal (M-NM) transition region around 9.0 gecm™3. Increase of small angle scattering intensity
following the Ornstein-Zernike equation is clearly observed in the M-NM transition region as well as near
the liquid-vapor critical point at 5.8 gcm™>. The short-range correlation length, R, becomes twice as large
in the M-NM transition region as in the critical region. The enhancement of R in expanded fluid Hg
suggests a new type of fluctuations reflecting a first-order M-NM transition.

DOI: 10.1103/PhysRevLett.98.185504

More than half a century ago, Landau and Zeldovich [1]
pointed out that fluid Hg is a probable candidate that
undergoes a ““first-order”” metal-nonmetal (M-NM) transi-
tion with volume expansion besides the M-NM transition
on evaporation. Theoretical investigations on metallic flu-
ids have actually reported that the volume dependence of
free energy indicates the first-order M-NM transition {2,3].
However, there has been so far no experimental evidence
of the first-order M-NM transition. In fact, the first indica-
tion of the M-NM transition in expanded fluid Hg was
electric conductivity data by Hensel and Frank [4], which
showed a gradual decrease of the conductivity in the
transition. Many experimental results [5] suggest that fluid
Hg transforms to a nonmetallic state continuously with
decreasing density, p, from 13.6 gcm™> at the ambient
conditions to 9 gcm™? near the critical point (the critical
temperature, pressure, and density of Hg are 7. = 1751 K,
P, = 1673 bar, p, =5.8 gcm™3, respectively [6]). Strong
thermal agitation at high temperature has been believed to
obscure discontinuous nature in the first-order transition.
Thus the prediction by Landau and Zeldovich has been left
without further investigations.

Recent technical developments have made accurate
structural studies under extreme conditions at high tem-
perature and high pressure possible. Inelastic x-ray scat-
tering (IXS) technique has been used to study dynamics of
expanded fluid Hg and an anomaly has been observed that
the dynamical sound velocity at low momentum transfer
from 0.2 to 0.4 A™! is triple as fast as the adiabatic sound
velocity in the close vicinity of the M-NM transition at
9 gem™3 [7]. Now small angle X-ray scattering (SAXS)
intensity has increased clearly in the M-NM transition in
expanded fluid Hg. These experimental facts as well as
local structure obtained from wide-angle x-ray scattering
(WAXS) measurements [8,9] indicate that the M-NM tran-
sition in expanded fluid Hg is strongly correlated with
fluctuations and structural instability. It is quite timely to

0031-9007/07/98(18)/185504(4)
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reconsider the Landau-Zeldovich’s prediction to under-
stand the real mechanism of the M-NM transition in ex-
panded fluid Hg.

The experiments were carried out on the high-energy
x-ray diffraction beam line (BL04B2) at SPring-8 in Japan.
The details of the beam line are given in the literature [10].
For SAXS measurements at high temperature and high
pressure, 38 keV (A = 0.329 A) x rays monochromatized
using flat Si(1 1 1) surface were incident on the sample and
the scattered x rays were detected with an imaging plate of
300 X 300 mm? located at 2.9 m from the sample position.
The accessible Q is from 0.04 to 0.4 A™!, where Q, the
modulus of the scattering vector, is 477 sinf/A, and 26 is
the scattering angle. A vacuum path was mounted between
the sample stage and the imaging plate to reduce the
background from the air. The imaging plate was exposed
for 20 minutes per pattern. To make absorption corrections,
the intensity of the transmitted x ray was monitored using
an ionization chamber before and after each SAXS mea-
surement. We estimated p of the fluid sample using the
transmission data.

The Hg sample of 99.999% purity and 100 pum thick-
ness was loaded in a sapphire cell [11]. No parasitic
scattering was observed from the cell even at high tem-
perature. He gas of 99.9999% purity was used as a pressur-
izing medium. The high-pressure vessel, which can be
operated up to 2000 K and 2000 bar, had diamond windows
of 6 mm diameter and 2.5 mm thickness for scattered x rays
and 3 mm diameter and 2 mm thickness for an incident
beam. Using synthetic diamond of the highest quality, the
background from the windows was much reduced com-
pared to the previous high-pressure vessel with a Be win-
dow [12]. We measured SAXS spectra for expanded fluid
Hg at 1750, 1800, and 1930 bar at temperatures from 1273
to 1860 K. The backgrounds were measured at the same
pressures and temperatures. By comparing the observed
SAXS spectra of He gas with the calculated one, we could

© 2007 The American Physical Society
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determine a scaling factor of the absolute scattering inten-
sity and deduce the structure factor, S(Q), of fluid Hg [12].

Several S(Q)’s of fluid Hg in the M-NM transition
region at 1930 bar are shown in Fig. 1. S(Q) has no small
angle scattering from 13.6 gcm™3 at the ambient condi-
tions to 11.4 gcm™3, where the electronic property of fluid
Hg is known to be metallic. With decreasing p, S(Q) at
small Q starts to increase around 10 gecm™3. It becomes
gradually large when the M-NM transition is approached.
Clear increase at small Q was observed in S(Q) around
9.0 gcm™3 in the M-NM transition.

With further volume expansion, the critical opalescence
was observed near p.. We analyzed the spectra using
Ornstein-Zernike equation [13].

5(Q) = S(0)/(1 + £0%), (D
where ¢ is the correlation length of a density fluctuation,
and S(0) corresponds to fluctuations in a particle number
((AN)*)/{(N), where AN = N —(N) and () denotes the
average. The inset in Fig. 1 shows Ornstein-Zernike plots
of S(Q) at 6.3 and 9.1 gcm™3. The spectra satisfy the
scattering law of Eq. (1) in the M-NM transition region
as well as in the critical region.
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FIG. 1. Selected structure factor S(Q) in the M-NM transition
region of fluid Hg at densities from 11.4 to 5.7 gcm™ at
1930 bar. The successive spectra are displaced by 0.5 for clarity.
The inset shows Ornstein-Zernike plots of S(Q) at 6.3 and
9.1 gem™3,

We carried out least-square fits for the Ornstein-Zernike
plots from 0.04 to 0.15 A™! using Eq. (1). The optimized
parameters, S(0) and &, are shown as a function of p in
Fig. 2. The S(0) and £ at 1750 bar take a maximum at
6.2 gcm ™3 around p.. With increasing pressure the maxi-
mum become small. This is a self-evident fact that the cri-
tical scattering becomes weak when the critical point is re-
mote. Note that the maximum positions shift towards
larger p with increasing pressure and the shift is more re-
markable in £ than S(0). It should be noticed that S(0) and
£ do not depend on pressure at all in 8 < p < 10 gcm™3,
This behavior is in contrast to that in molecular fluids such
as water and carbon dioxides. In molecular fluids plots of
S(0) and £ as a function of p are almost symmetrical with
respect to p. [14].

We estimate microscopic fluctuations in the M-NM
transition quantitatively. (N) in the sphere of £ in radius
is about 100 and (AN) is about 17, deduced from ¢ = 10 A
and $(0) = 3 at9 gcm™3. An estimation indicates that p in
the sphere is fluctuating from 7.5 to 10.5 gem™3. Kresse
and Hafner [15] pointed out from their first-principles
molecular dynamics simulation that 6s and 6p bands
open at 8.8 gcm™3. Experimental results of a cluster
beam for Hg reported by Rademann et al. [16] revealed
that an isolated Hg,, cluster has a sign of metal. Then ag-
gregate of about a hundred atoms is enough to be a real
metal. These facts suggest that the electronic property in
the sphere is fluctuating between metallic and nonmetallic
ones in the M-NM transition. On the other hand, the same
estimation indicates that p in the sphere is fluctuating
from 5.2 to 7.3 gecm™3 at p,, suggesting that it remains
insulating.

To obtain further information on the fluctuations in the
M-NM transition, we deduce the short-range correlation

100 . T P —
o 1750 bar
80 & o 1800 bar ]
S 60¢ o o & 1930 bar -
9D 4ok OODEEUD J
o0k {&Mﬁ% M-NM ]
0 ®$ i %@O—
40 T T T T
» o 1750 bar |
30r d o 18g8 Bar—
- o 4 19 ar
< 20t O‘;uifg% }
. r (E'Daék %
U -
S % 8§ 0 12
plgem=3 ]

FIG. 2. The optimized fluctuations in a particle number S(0)
(upper panel) and the correlation length & (lower panel) at
1750 bar (O), 1800 bar ([J), and 1930 bar (A).

185504-2

32




PRL 98, 185504 (2007)

PHYSICAL REVIEW LETTERS

week ending
4 MAY 2007

length, R [ = £/4/S(0)] [13]. R is related to the second
moment of the Ornstein-Zernike direct correlation func-
tion, c(r), as R = \/—na, where n is number density and
a, the coefficient of Q?, in the expansion of c(Q), the
Fourier transform of c(r). Here ¢(Q) is related to S(Q)
by 1 — nc(Q) = S(Q)~!. Figure 3 shows R as a function of
reduced density p/p,. S(0) and £ in fluid Hg depend on
pressure clearly as shown in Fig. 2 but R hardly depends on
it. In general, p dependence of R is moderate in molecular
fluids, as an example of supercritical water [17,18] in
Fig. 3. Near p., R in the supercritical water is close to
the nearest intermolecular (O-O) distance. Similarly R in
expanded fluid Hg corresponds to the nearest neighbor
distance as seen in the pair distribution function, g(r), at
p. [8,9]. These facts are consistent with the central as-
sumption by Ornstein-Zernike that c(r) is strictly short
ranged at the critical point [13] and suggest that the primi-
tive length describing the divergence of ¢ is the nearest
neighbor distance in the fluids. However, with increasing
density, R in expanded fluid Hg increases gradually and
shows a maximum in the M-NM transition region around
9 gcm™3. The maximum value corresponds to the second
peak position in g(r).

The anomaly in R arises from the fact that S(0) and ¢ in
p > p. have pressure dependence completely different
from those in molecular fluids as seen in Fig. 2. Thanks
to the careful studies of the pressure dependence of SAXS
in the wide density region, we could show the origin of
SAXS in 8 < p <10 gcm™* different from the critical
scattering around 5.8 gcm™>. The present results indicate
that the SAXS observed in 8 < p < 10 gem™ is closely
connected with the M-NM transition. The fluctuation in the
M-NM transition region does not vary with pressure and
the distinct SAXS is characterized by the small values of
S(0) of about 3 and ¢ of about 10 A. We carefully inves-

plgcm3]of Hg

100’ .5...‘10.
| Hg o 1750 bar
8 & 1930 bar
"water + Morita et al 7
i = |nuietal
__ 6 ; 4
0£ L
4L - -
, k"
- "am -
2_ M-NM
PR | i " l*- n gt}
Y- B
P/PC

FIG. 3. The short-range correlation length R as a function of
reduced density, p/p.. O and A denote data from SAXS at 1750
and 1930 bar, respectively. Also shown are R of supercritical
water at constant temperature at 663 K (+) [17] and at constant
pressure at 400 bar (H) [18].

tigated S(0) values from SAXS and the thermodynamic
rule and concluded that they are consistent with each other
within their experimental accuracy. In addition, the profile
of SAXS spectra in the M-NM transition follows the
Ornstein-Zernike scattering law. These results suggest
that the ionic structure and the isothermal compressibility
are determined self-consistently with the fluctuations in the
M-NM transition.

R is a crucial parameter because it is related to the ther-
modynamic stability of fluids. For an inhomogeneous fluid
where the local number density of particles, n(r), exhibits
slow spatial variation, the deviation in the free energy, 6 F,
as a function of 6rn(r) may be expressed by [13],

5F = j dr{agdn(r)? + (—akpDVon(E + - - ), (2)

where —a = R?/n and kg the Boltzmann constant. aj is a
constant depending on thermodynamic states. —a >0
means the increase of free energy with increasing spatial
variations in 8n(r) and a large magnitude of —a corre-
sponding to large R acts as promoting phase separation.
Kitamura [3] investigated the M-NM transition in ex-
panded fluid Hg by varying —« and reported that the M-
NM transition behaves like a first-order phase transition
when —a is large. The result shown in Fig. 3 gives the
experimental evidence.

The origin of large R in the M-NM transition must be
related to the variation of electronic properties in domains
induced by the fluctuations. Although SAXS does not
observe the electronic properties in expanded fluid Hg,
the effective pair potential, ¢(r), deduced from S(Q) by
WAXS and SAXS measurements may give the information
on the electronic properties. We estimated ¢(r) by means
of the inverse method proposed by Reatto et al. [19] based
on the modified hypernetted chain approximation [20]. We
iterated a Monte Carlo simulation using 3375 or 4096
particles varying ¢(r) until the experimental and simulated
g(r)’s agree with each other. Figure 4 shows ¢(r) obtained
at several densities. In the vapor phase (p < 5.7 gcm™3),

15
FIG. 4. The effective pair potential ¢(r) at densities indicated

in the figure deduced from S(Q) obtained experimentally. Each
o(r) is shifted by 0.25 eV for clarity.
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FIG. 5. The normalized second and fourth frequency moments,
wo(Q) and w,(Q), calculated from S(Q) and the ¢(r) at
9 gcm™3, respectively. Also shown are the excitation energy
obtained from IXS and the adiabatic sound velocity by squares
and a broken line, respectively.

©(r) has a profile like a Lennard-Jones potential as re-
ported by Munejiri et al. [21]. With increasing p, the
minimum at 3.2 A in the vapor phase becomes shallow
and changes to a repulsive soft core while there appears a
broad minimum at 5 A in the M-NM transition at 9 gcm™3.
¢(r) in the metallic state in liquid Hg at the ambient
conditions is much different from that in the expanded
states but it seems consistent with a reported one which
has a purely repulsive profile [22]. These results indicate
that the variation of the attractive part in ¢(r) is closely
correlated with p dependence of R.

When the phase separation of metallic and insulating
domains occurs as indicated by large R in the M-NM
transition region, the lifetime of the domains is expected
to be long. To estimate the lifetime we examined the fast
sound in the M-NM transition [7]. When ¢(7) is known one

dynamically the discontinuous change in the first-order
transition is disrupted by strong thermal agitation. These
results clarify a real picture of the first-order M-NM tran-
sition in fluid Hg predicted by Landau and Zeldovich [1].
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1.3.1 BEBERTH

— B O BRI L BRI B S P R BAT IS b L
Vo ZOBREBOT— 5 ZRONTWA, Table 1.1 121k, 77 ) &REHMAD RS
ERHERT Bl BILRICLZICONTHFRE, EHEBITKRELED, B, VTV
LDF—FEERTF -y o ONIEETH 2, RENLZERKAETD 2 KEOHERES
(T.=1478 °C, P,=1673 bar) L k&I 2 &, TV AH ) EBFERENPERL, BFRIRE
BENWZ EPHHTH L, TN ERBHAEOFTL, VDY 4 (Rubidium: T,=1744
°C, P.=124.5 bar) &t 7 4 (Cesium: T,=1651 °C, P,=92.5 bar) (&, D7 V7
EBRILHE B L CTHREE - ENPMEL, ShETEECDERT - OERIPDH L,

Table.1.1 Critical constants of alkali metals[3].

Metal T. (C°) P, (bar) p. (g/cm?)
Rubidium 1744 124.5 0.29
Cesium 1651 92.5 0.38
Potassium 1905 148 0.18
Sodium 2210 248 0.30
Lithium 3000 690 0.11
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L TR E LT 20 BRFRRE D I3 B A SR i T B S 2 2%, 45 IR
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Fig.1.2 (a) Experimental results of the electrical conductivity, o, as a function
of pressure, P, and temperature T for fluid rubidium, (b) Electrical conductivity,

o, versus reduced density, p/pc, for a constant supercritical temperature 7'/7T, =

1.05. (after Franz[9]).
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Fig.1.3 (a) Measured and calculated electrical conductivity of liquid rubidium
(after Gonzalez[10]), and (b) cesium (after Winter[12]) as a function of density.
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Fig.1.4 (a) Liquid-vapor coexistence curve of Cs and (b) liquid-vapor coexis-
tence curve of Rb. (after Jingst[13]) v
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Fig.1.5 (a) Thermal pressure coefficient yv of Rb and Cs versus molar vol-
ume[17]. (b) Comparison of experimental internal pressures of Rb and Cs with
those calculated with the pseudo potential approach[18].
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Fig.1.6 Magnetic susceptibility, x4, of expanded liquid cesium and rubidium
measured along the saturation curve. (after W. Freyland [19])
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Fig.1.7 Electronic, paramagnetic susceptibility of liquid cesium (derived from
data of Freyland, 1979 [20]) as a function of fluid density. (after Warren [21])
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Fig.1.8 Composition of Rb versus density along liquid-gas coexistence curve.
Shown is the fraction of free electrons (continuous line) and of electrons localized
in atoms (broken line), molecular ions (short broken line), and dimers (short
dotted line). Critical point (C.P.) is indicated by arrows. (after Redmer [25])
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Fig.1.9 (a) Structure factor and (b) pair distribution function of expanded fluid
rubidium. [11]

1.46 g em™3 Tld, Q=152 A1 IZE—C¥— 730, BELFIHEVEENMETT 2
E, E— I NEIFEQAINERE L, ¥—ZIBE7u— FIZhbd, BREICED D
WRBEBM D S(Q) PHEARL., MAEFOFEED L EOMKERL TWbH, “HaHAEK
g(R) (Fig. 1.9(b)) %5 E M S N/ R R A & RO % EMHAFNE (Fig. 1.10)
WENE, MEOBEMET 5 L &, BEVEIEBLZ2925 3 FTIRIZERNZEL %
R o — . RUITERETFEET A% T DM AEZRT, YL L Cidfmo TR 2 E
BCH o7z, BREEEBTEIBERNFORmKEBEIRICBIT 2 T2 E5REr HF o T
Bo¥. EREELOMBEERL TV |

Winter 5 [12] it, FIU < FBFEIFHEIC LY. Fifkt s v 20EHEREYHEL T
wéoﬁ%%VWAW%ﬁE¥®%E&ﬁﬁ%%ﬁ%Kuﬁﬁf%D\%ﬁ%ﬁ%ﬁ%%
BE% ECA D, REROBEOETE L b ICHITERICRST 5 2 EABES AT
%o BT TE Hosokawa & [31] 12 & 0, BUE % Al v 7z X METEBAMT b T 5,

50




#
it
5
el

o o
o
T T
(2]

O

8 0B 05 0B 10 15 15
9lgemd] ———

Fig.1.10 Density dependence of the nearest neighbor distance and the coordi-
nation number of expanded fluid rubidium. [11]
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Fig.1.11 Dynamic structure factor (at the momentum transfer of 1.0 A™*) and
longitudinal current correlation function (at the momentum transfer of 1.3 A=)
of expanded fluid rubidium. [32]
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Fig.1.12 (a) The position of the first peaks of the pair correlation functions g(R),
calculated in the MHNC approximation, of several expanded alkali metals as a
function of density d scaled with d,,, at the melting temperature. (b) The density
dependence of the coordination number of several alkali metals, calculated in the
MHNC approximation.(after Hoshino [34])
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Fig.1.13 rs dependence of the ground state of electron gas. The question mark
in the figure indicates the phases which have been suggested but not established.
[38]
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Fig.1.14 Inverse compressibility of electron gas (1/k) compared to that of the
non-interacting electron gas (1/kr). The values calculated with three theories,
Hartree-Fock, RPA, EPX [38], are shown in the figure.
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CDOBED SR Z 2, BREEBRTHAIBT WO VT L 7o K2 T3 HEfR
SNTW R WVETJZENAREEDOME D WTHRR, 7 EBHRAEDHIEIZ O HIE
HL7Z2bDTHAZ L ER~RT,

2T TIL, EBRICEREET VYY) £BRAOEREIT) LTk b EEREM N TIRE
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ETHLRABBHRORFIIOVTRNTz, K TIE, BFEEOBRFEENMCERT L
DI, RIS IR o 72T VA ) SIETAOERN 2B REEEZFHT 25, BREEE
BT 2EREESEET T KEHOBD TEWT VA Y EBIREz ZEIREL, &8
POREHE X MR - BELERR 2 1T EE & T 2 BUEE R OBINFE IS DWW TRz,

EIETIE, TVH)EBRATHA2MENVEY T L extG e Lz X #EHTERIZD
W7z, SPring-8 BT A MG EHW T, @AEE»CHERE B HREET
I BT X HEFEEZEH L, BONTTRHRICOWTERR L 72,

BABTIZ, AV ED Y A%3R E L7z X BVNABELERIZ O W TR 7z, SPring-8
BT BHEHEE AT, BSEE» SRR LB R 2 REEIEBIZB W T X #/N g
BELEEZEH L, BoNTERICOVWTERAR L7,

EHETIE, AR THOLNIHEREBFT L., BONTHIREROER BT,
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2.1 FHBSKFEERODLEMN

R MEBE BT AT VA ) RBRAEOEEERTIT) 720I121E, 1500 °C, 100 =
FE#HZ5ERSEOBIREN T TRECHRA L RIET 2 BEHE Bt ) P LET
Hbo BinBELEGETICBT 2TV ) @BRAOHEEERH O LVIE, 1980 F12
Franz[l] &2 & 0 /EB & 7= T EHT O b OSHE—CdH %o Mo EEE NV ELTT
VA &R EDIDHEDERNE) 77 vz, L, BRSO X #HEEEIL 0.2
mm CTHY, BEBITOBAPHEFTIEREE 2620w, XBERAWLHE IR
EL, Z0FFCHEHXBEAVIHEEERICH VS Z LIETE 2\, F=MMREHEH
ROBHIZED, INFEFTLH SBRRIEEOHVHSHLRZFHET 2 REIE Y, &
BEOWEERDTEEL 2o T\nb, SOITHEFICHEL T, B — L% (~ 0.1 mm)
REHTELRHETIE, BN SLTEIENTELD, BRSE L L OB
BTICBITL2EEICOANTHE, LrLiado, TOX)BEHETIZBTLTVA )&
B ARDOHEEEBRAOBE LV OBRREIIERE <. AR HWIBRASEEIIBTET
V) ERIRAEDOHEET — S IECNETHFIEL 2ol 2OX) RHEREOL L, Aiffs
TEHT7VH) &RHEALSREEEGTTREIRET LI L TE, B2 X#%
7RO R B VORRE 1T 2 72, [2, 3]
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28 X MBI - BEUH R E R

22 HHEH
221 BHBHOBK

Fig. 2.1 12id, AR ICBWTER L 723 VOB 2R T, At VOMEIZE
EVTTFUERFER LI, BYTTURY VAT VEOBREERE L. bk RO
B2 T {, BRIZERHIE [4] KRB (equation of state)[5] DflEH DK
BELEeLTOHVLNTEY 4], BIRTH T VA ) ERE L ORILEDERWHE L LT
DEFEEHRT D, AFLVid, EBOBEERIITIG LEEZ &), Fig. 2.1(a) I
T & 912, #ME (outer pipe) [FME 4 mm PEE 3 mm KW (1)], P (inner pipe) [Ft
% 3 mm WE 1.5 mm XH (2)]. FHEHED (reservoir) [H (3)]. #EAX—4 (sample
spacer) [H (4)]. Z=2D 7 14 A7 (Mo disks) [(5), (6)] PA2DEHmE N %b, =D
DFA4AZIEXBOEBBTHY, R 2071 A7 OBICREFEENL, REEA
i, ABAR—FOER LY REEND, REHEOICEA S N3BHT, NEICHITS
N7z 05 mmBEOREHE), S HHEEAR L ORISR S NZBHz#E-> T, SHE
BIEMOMEHENEEA SN D, BB, MBAXR—FIE, BERBOEAZESHIZT S
72, B0 &R E%F, Fig. 2.1(c) IWRT &9 12 “CEOBRICMI 2 ML 720 X B
ABEBROLH O ARG L, BB LV EFMICHEE SN L. IRAOEEL X BANES
NV E IS, SMEOERIE T —/S—TIRICIT &2 M L7 &, PfE. Aehg o, e
AR=FDZDDERIIL, SREHT) 7TV EFHCTEEOEWMIIC L W ER L4, 4t
&, P, AR, FREFRAVIIAHELTH ), EVRIZAVICL VHRoab S
NBo —F. TARZEGIIE, BEGRE) 77y 2l RETTHRRS X912, B
MERAVAEZLET, ZRREIVIENY 2 VTV FEERTLIENTE S,
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(3) reservoir

(@)

(1) outer pipe

\\ $0.5
5 mm (2) inner pipe
sample space
(b) A

// \(4) spacer (‘C’-shape ring)

(5) (6)

single crystalline Mo disk

Fig.2.1 The construction of a sample cell made of molybdenum, (b) the enlarge-
ment of the area enclosed with the broken circle in (a) and (c) a ’C’-shape ring

spacer.
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£ 28 XA - BEUHHARELS

222 HEZTUIFUEFALEXBEOELR

WEAB PO 70— FRgEl X e BE L (BT 2 BT, SABESE> 5 ORELI
TR VERT 2 EFLEEND, 3BIITHREBT S X910, ARFETERT S X #E
PERI AN —GHETH ). AFHXBMIABRXBTH 2, to T XHEBEILE
WEEREHWSES, LRI EEBICH ) Brage 42507 SN BFER, BT ANRY
MVICKERNY 275V RIAZXBBHEEND, (Eo THEROFIMITIUEL %25, L
L., BEREHVAL LTH Bragg £ SNABEOERRIFHET 720, &
NODARY MPKRIBBFICA o 12HE I, KRERE—7 & LTHMS L, kD5 DR
EXBOANRZ PVEETURENS S, CROOE— 22\ T— 7 IZH RV LD
T 720, SHICHBEROFMEFRBMLTT 1 A7 (X HERR) ORI, B
HEIIE, BEROFMDS, il § 5 SERFHEED 20 T Bragg £H M S 20 &
HICHFERBM O L 21T o7z, ZBEESEAMIE, BHBEERICE VERINLZD
D () 754 70 7 VA8 % FH L7z [6].

EYTFUTA4 R OV ERDTICHRRS, FTHEERE) 7784 %2 =T =
FA=F ANy FIZHOAT, 99 AXAZ L)V EHBEOBELITo72, YUY HLE
75 (123) T & % 2 & 9 (BB M TARIC 38 L CABIRICE 0 L7z, (123) BIE. 5 &
FROBEZ T LA =M L THOLMHEICEE L, KREHR AT 5HEAH (100). (110),
(111) X D EENZATEICHEET b0 - T (123) % X MEBEBEOWmE L TEHRA L%
A AS X #iZ (100). (110). (111) T W R L TH HERIS AL (20 > 19.1°) &
BRLUTAHET A &% b, RICWTN OB A L TAS X BAMEH TASHT
6&5&%%K&%&\%W%KiDE~7&LTE%&W%ﬁM%6%@®‘@ﬁf—
o ISE TV —FB (20 ~ 130 keV) PICEN 2 THEMEATE < % %0 BIZIZEY 757>
? (110) H D 20 = 4° |81} % Bragg 5ffid 82 keV Tii/z S, O I A )V F — (LHELEL
WHT3IAVICHET 2, o T, RELLOEMARZ PVEET I LIIR 5, @S
TEDWENE Y Y AOBERTIE, BLZFHEEKS A~ FTT, 2122 0IRENLIK

BT b0 ZOWKERE 7 /N—F 5BERHOHERIE. EAMOD 20 = 4°,7°,11.5° T
HH, TOMET Xf%x_l_’“#%@[il?ﬁt—ﬁwﬁfﬁ%f‘%éf:b)‘@:&%@‘%ﬁ%ﬁ%%o
DX HEEHIZE ) ROFFECER L 50 T%XﬁLL @Eﬁu%u%)
L7
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KT, B0 LA (123) %5 & 9128 ) L7k % MRS Ic L ) 2 5 4
ALT, EA250 um DT 4 A7 2 ffB L7, T4 A7 % &5 ITHEMBFEIC L) 80 um
FTHELL, 20%, BRMETAZLICX) 40 um FCHEBE/LT 2, ZOMEBUICE T
HEALT 2L, MIIRICBITE7 4 A7 ORDIFVERIC, BADPESHIZBAINS &
IMEL D Do FERPOEAIT YV IHEE 7O — FIZL, &R L LTERIFANRS bL
I~ Bragg ¥ — 7 SHNTLE I 20720 X MASEENIEBT 27 1 A2 Ol FEE
DH = HERAL L TEROREZ®mO L% E, BADADIZSWBRICTLLEFH L, €
CTFA4 A2 2.7 mm ® ) b, HEAE 2.0 mm OGSO REHE Lz, BRIIC
i Fig. 2.2(a) WRT LI RAT Y VAEDY) 7 (ME SUS304) 2 EHT 2 Z LI &
0. PLEDOAZEBECL2T 4 A7 ZER L2, ) ¥ 70E, FME 3 mm, AE 2 mm
T, EAD 100 um BETH 2, S0V ¥ 7 2§l L BEMHED 5% Fig. 2.2(b) I
R o

EYTTFUOBBHBRE LTAY /= )V ERBORAE (REL 7:1) A7z (7,
T, BE LTAT Y VAR (ME SUS304) 2l L7ze ATV VAR 7% DH
WTEY T T TART kA, by PMETHATHD L) CEET 5, & 51T
PO, BUIRLAZE ) B AT Y VABOZ ) v TEERELTY) Y 7L 714 A7 24§
AEIEMSEDL, EMELIELS V. EFFFMIE 3 min TiTo72, AT VR Y7
LT L2EY 77V EEPBEEMICERMEINS,, 2OXLHIZTHZ LT, XHDE
B BERSAT100 pm LLFDEY 770 714 A7 #ERET L ENTREE ko7,

Fig. 2.3 1213, {FRLABEROE) 77V 714 A7 21T, % BHPIIEFERICHE
ANR—=HZRT T4 A7 OFREPEDIZHE L TEELINTHE Z b h b,
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stainless ring

t=100 um

(b)

Tweezer

Electrolyte

1+
L
'|' |

DC power supply

_ ) o Molybdenum disk
Stainless ring

/ \
Stainless clip Stainless plate (cathode)

Fig.2.2 (a) A stainless cover ring for electrolytic ecthing of single crystalline
molybdenum disk. (b)Schematic illustration of the experimental set-up for elec-
trolytic etching of molybdenum disk. The electrolyte is methanol-H2SO4 (volume
fraction 7:1) solution.
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Fig.2.3 A single crystalline Mo disk and a sample spacer with ”C” shape.

223 OYfTAIBIC L3 EILDOES

LB, BRIV TH S Ru-Mo &K E AV 0 AT X ) Eif
L7z [8]e B oM OEEMBIEIE 43wt.%Ru-Mo T& 1, Mo-Ru A& 0 4L &Mk 123 I
5, AiEIE, BLZ 1960 °C TH Y, T IfFIFRLEIL 2000 °C OFHBILIIC L 1 FE
L7z BARRZEROBEAETEZUTIORT . 7 Fig. 24 R T &9 ICAMICHE
BH xR LA, AEICET O 0.5 mm BOREMLREESTZODEY) 77 /NN
(pin) (HHEREIR) 2 AT %,

RIZFNEFNOERR DA LRI 43wt.%Ru-Mo &40 7 % Fig. 2.5 D L 9 IZ8A T
%o ZOIRFET, BIREZIFT 2000 °C, 5 min DEME AT . BEZEEIL 1 x107° Torr
DFThsd, CORMBIZI YOy MIEHL, BEHMNTOy#HETE %, XIZ, £hE
NOBKEREE) 77074 A7 20ME, AREIICEST 470, Fig. 26 DL H1I2&T 1 A
7w EARIZE Y L. Fig. 2.7 IR L& IC 43wt.%Ru-Mo £4& U 7 # & &4
T5,

ZD%., BE 2000 °C, 5 min OFMLE 21T, Fig. 2.8 ICIIBMLIEO/ME & A
MERERT, COEIICLT, 4. ROHAFIZEY 77y 74 A7 Bu s b,

KIZ Fig. 29 1R T L9120, BBAR—Y 2/ ICHA L, NEOLmATTE A <—+
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reservoir

(1)

outer pipe

T 1]

. a (@)

pin

Fig.2.4 (a) The first step of assembling the sample cell. The reservoir is screwed
with the inner pipe and a small Mo pin is inserted into the hole at the right end
of the inner pipe. (b) The photograph of an inner pipe and (c) a reservoir.

reservoir

43wt.%Ru-Mo

(2)

outer pipe

I.___:: pink

Fig.2.5 The second step of assembling the sample cell. :The brazing metal
(43wt.%Ru-Mo alloy powder) is filled into the connected area. : L
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(3)

outer pipe

: r“" inner pipe
> [ AN — 1|

Mo disk Mo disk

Fig.2.6 The third step of assembling the sample cell. Two Mo disks are set on
the inner and outer pipe respectively.

(4)

Mo disk 43wt.%Ru-Mo

43wt.%Ru-Mo Mo disk

Fig.2.7 The fourth step of assembling the sample cell. The brazing metal is
filled into the contact area between the disk and the pipe.

(a) (b)

Fig.2.8 The photograph of an outer pipe (a) and an inner pipe (b) after molyb-
denum disks were brazed with these components.
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£2% X HEET - BEHEHRE G

(5)

sample spacer

Mo disk

I

I
|

Mo disk

Fig.2.9 The fifth step of assembling the sample cell. A sample spacer is inserted
into the outer pipe and they are screwed with each other. The photograph shows

actual components made of molybdenum.

WCHEMLTIEEFS2EFTALRAD, 20, Fig. 210 IZRT L) 12, AAEEAFORLD
BRI 43wt.%Ru-Mo &4 1 ¥ % #47 L, FEEE 2000 °C. 5 min OMMIEZ 175, %3
T DBEEESICRIA RV L AHBT 570, (4) OTREL, (6) DIREIAY
G FAT IS BRETA N RO, U s BBV LR AL, ST
AN FECOVTIRRETBNB, wiE, ERCHERFTICTHER SN, %ibT 3
2. ENBEE LTHAE B TE Y, ARBERTIE, REHEOBOWE I NS h s
e X MOBEBBIHMESNBES £ 45T ¥ A5 5 LT, 40 pm ISHEBL L7255

BRIZEFELIBHADP PO NI L2 —D2DHE L T0nh,
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— 1 ‘|||:

43wt.%Ru-Mo

Fig.2.10 The final step of assembling the sample cell. The inner and outer
pipes are screwed with each other, and then the brazing metal is filled into the
connected area.

The left end of Mo cell
(cutting plane)

sample thickness 0.4 mm

Fig.2.11 (a) A sample cell made of molybdenum (b) and a cross sectional view
of the left end of the cell.

Fig. 2.11(a) 1213, ®#EBITEHR LR VOBEEZI/RY, Fig. 2.11(b) i, EBR®

TRICEVOEMTRBE L. COMEBEZBBELCLDOTHL, HDOT 1 A7 51
VSN, TOMICABESTER SN TS Z LA bbb,
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224 TBTXAIMNAE

REEVORBERO DIt VORBEEDND %, 2.3 Hi T2 AFEARICIBIT S
EETHRRLA, LVORBHEOES D5, BV EEMORBETICHARISEA SN D /-
IR, FUYEETIC) - 2B EV I EPVETH L, LVORET A MR, E
V7T VEICRET A P HEEAERLCE/ L. NV TLA =0 TAT I8 =%
)= E LTHWS DT, Z20%EMKE Fig. 2.12 IR ¥ . HVIEEHPIIRY
;5Kg§&wv«®$m%vbéﬂ\ﬁEﬁﬁﬁKf%x%ﬁ%méﬂ%iéuééf
Vo

BREDO 7T v VLRV I YL, OTing &N ¥V —VEND, 77V VITEZ20
HZER SRR, FHICYY 30 F2— T2 ERL, S50V EEHEEN S, He gas
O VL, V22V T ALY =2 745275 —[O VAHE LS N/RET, Main
Valve & V3 2B &, $¥0 -2V —RV 7 TEZLEF & (H5&) 24T). ZOBEIC, &
Wl E B2V D Yy (IS ERRICEZRG 2 Shb, €0k, V32 L V4 ZRIT. ~U Y

vacuum bell jar

Molybdenum Cell
O-ring
“ Brass flange
=R =@
Main Valve
viove V3 He leak detector
(Helen (Anelva))

Rotary pump

Fig.2.12 Schematic illustration of the experimental set-up for the leakage test
of the sample cell. L
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L) = T4 T 08—l EBHEERE (K&) 27V, NUYL) =T TAT I =D
BE=0M e FiET 5. Main Valve ZFA U721, VI ZHBA LAY 7 4% V1 & V2 OERE
WIZEAT 2, 2DH V2 24 ICHVWTHEDN) T LT APLVIZEAINS LI
T5, bLENMCY = 2Z7EFFHILUE, BBV I YWICAY 7 L0, FEORE %
BOTANYTL) =7 T4 775 —THRIBEENE, V=27 BRFIUEN) 7 a3 sh
T EVOREUTHERT LI LN TE S,

HZERVY v 2 VT MUl E VD vl & [ ICRET 2 BT, IV OsLE L NS
DENZEEBNNELTHIET, BOHERET) 77271 A2 (~ 40 pm) ~DJEH]
B ATREZRVERL, 714 A7 NOBADEALE 720 TH D, MPIiE, &k
THFIREBEOL VDT A FOFEFERLTWED, KRET A MIFHRO L) 2oy {717
M OEP TR (Fig. 2.7 O) ICBWTAEM Lz, IVIZ) — 78 o 5121,
BERBBEIC L ) ERO Y R - VR R L, BEO M ZEBRAEICEM L TN
MEEAT) o BE MO BIMORFESHER I NIRRT, KOOI TP LZ Ee L 72, &
HIIHME E NF DR HVE O T 7 AF I LB % 4T 5 724 (Fig. 2.10), &&ED ) —27 T
A M EEHL TRELHRL, ARV ERK L,

2.3 FURIELY) ] K OER & A Rl
231 JO-TKvy 7 ZADOFIA

BRERLKEDHENISHEZET LT EBIEIKAFTHOHE) T EPATRETH
D, ZORDFPNEZT O =T Ky 7 AP TERL 2, 7A@ —7 Ky 7 A3 MBRAUN #t
D labmaster 130 Z 72, WENIEMEANY T AT APERLTB . Oz IREEIX 2
ppm LT, BIUHOREIZ, 1 ppm L TICETEREBIN TS,

232 BHBAFE

SPring-8 |2 B 2 S HEEBRORIC, 70 —7Ky 7 AR CREEVICHRE ZEAT
BEERAT) o EERTRTITU=T Ry 7 AR TEET 5, VEI 7 25 E % LV IE
AT D722, Fig. 213 ICRT LI BTV r— 8 2 Hn-REEA KL /o —7
Ky 7 AMZHE LTz, BTV — NI, ICRT LI v et se—4 —
RFIT7, M — 7 —id, AROTVICE VS HAENSE L) ICHEMT 2L, 44
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JEBIC A A= bR LT 0L BEMNTbDTHE, TI7r—FDFEITEIN
V7 V3 ZH LTI —AF2—7 (Swagelok) ZEAf L, BKUIRT LI T FITHUEL
TN VT (VL V2) 2B 1T 720 RAD/NVTIZIE, 861N —XF2—T%
FRL T, Zu—7Ry 7 ZHMCRO L, B—5 ) =Ry 7R L7z, u—5 1) — &
TRV T (VA) 2B 1720 Fig. 2.13(b), (c) Iid, 7 0—7 Ry 7 25
B LCEROEARBEOTEEZRT,

TV ORBEO &V OHABIRIT, BO TRV ANRIZ LN ERI N TV L, o
T, R EAT B2, BUTISEN2 X9 122 Ve % — BIE L CREHRAHCED
FS 2 LEDH Do EROBATTEOFIEL BB, & 57 LOFEL L ORBHED I
BEHRLED T L3 BZ Yy T2, RIZVIAVADNNVTDI B, V3 & V4 ZBIF, VI
ZRVTT Y- 2EZB5|E LCRVEAD ZRET 50 £ — T T ~-0.1 MPa 12
WETHESINZS, VEY T LD/ (39 °C) DLEICEVEINET 2, D SEHE O
TEM L2 ERMERB LR, VI ZHL, V2 ZHWTAY P AT ALY For—s A
V=0T 5, N)YLFT AL YHEHBOOWENL DY LOREHME S, 3REHE
LV FEmERIZE THEAZINS,
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2.3 FARHHLY o % OFEHE A AT 41
r= Glove DOX- === == mmm e e e

(a)

vacuum desiccater

Molybdenum cell

T.C. Aluminum
stage

Heater_| |

(b) 0

Fig.2.13 (a) Schematic illustration of the experimental set-up for introducing
liquid sample in the cell. Introduction of liquid sample was carried out in the
glove box. (b)(c) The photograph of the actual experimental set-up installed in
the globe box.

2.3.3 Eld XHPEAE & FA L -ABE AR

JU—7Ky 7 ARTNVED T LB OBEAMEEL T - 72, EBFISEHED LIV Se sl
DHEBENEA SN 0EDPZ T v 7 THLEND L, REOEAMEZRIT, &8 X
DOEAERRNDL I DAiTo7z XBEBICEVELY b T502, Z7U—TKy 7
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28 X BT - HEUEHEE S

ARV ER)HTLERH LD, TVHIEBR2 KETICBTILETER v, fEo
T, Fig. 214 CRLBHEGRZERL, 20RICEVEANDL Z L THRICET I L
% XML B2 EBRREZFHNTZo NWAO FAEO = v 70 ETIZ, AEBEO 7S > 7
T30V 05T, k=Y YT ERWTARE Y- VT 5, =y TIVOMIEIZIES
mm ZORZFT AT P VEEZEE L, XBOEAB LRI 72 WERIZIEE VO EE S
NDEIICHEML 2L 2HEROT VI AT =V 20T 720 TVIDRAT—TIE,
VDY MY ELTOMEIFHESNS L) ICMIABIN D, IL~ORE
HADHNI, HBOA> TVRVEVEBREFRICEY P LT X BROEBBELWET 2,
X I, BIEEA O X M5 EEE (RIGAKU H8) 2 MV, X B, EEEd
BERIZL 25 Mo-Ka#iiToH b, RICENVERHBRHRZ /7 U—T Ry 7 ZOHIZAND,
232 HiTHRARIEVANDRABEAEEDOK TR, 70 —T Ky 7 ARTIOHEHEEHD
FEZRET, EVETVIZAT=DICky b5, LEEZROR, BHEASRE I OU—7
Ko7 20 B L, X B5AEREBICEY LT X BOBBELHET S, Mo-Ka
AT BN E DT LD X GRS, BE, AEEADP L RO LN 2 E BT FOFHE
L. B2 EAT2RIBROEBROBIERNET b, Eill LizEBEORILLFTHEMELED
BAEMETHI LT, REDEASINZL O LHIT L7, REOBARERRE. 25120
I BEAOBERRIC LY FLT SPring-8 DY — 4 F 4 Y~ A L7z,
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Center ring (NW40)
\ Blank flange (NW40)

/
7

Clamp (NW40)

Molybdenum cell

H Aluminum stage

Capton foll

e [EEE=)

Capton foll

—— Nipple (NW40)

Center ring (NW40) — —

Clamp (NW40)

Blank flange (NW40)

Fig.2.14 Schematic illustration of the sealed container for checking the introduc-
tion of the sample in the cell. Whether the sample was introduced in the cell was
checked by the change in x-ray transmission after the operation of introducing

the sample in the cell.
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3.1 #%8

TN E D L OREFEAIHE D RITEEELICOWTORIRZREL 20, BEEEH
W7z X RO EER 4T o 720 BEFEBR T, HRAFEEOKTICHE, 25 OfF 55
EMET T4, o T, BRED X MEITART IV ESFS 0121, REHRSH I
B BRI P OBEED X BAVEEG L %D, KR TIE, WAEVED Y L0 X #RH
PrEE & KA iR SPring-8 @ BL28B2 € — 4 F f Y IZBWTEM L7z, BL28B2
V—b 94 3, BRESESGZERT L0084 ORI IV — TR LI2EEN A
FEfim a2 <8y, BESEEMEDO X HEHFERITE %,

3.2 IILF—oEd XREAE

M ERIT, A XMELTAB X MEAVZZALVT S TH L, %k 2 &
Iz, RN T AEREIC L B MEARXZ HVTB Y WERESEAFD 1500 °C %
W2 AWRTH L7200, BELXMOMY HLEERE (T2 i, REOBEDPSFH
5T RV, TAVF-SHEOEHRERTHILE, XHEN) HTEROFELZKRELTS
ERLIC, BB X BBETULELRZHEANZ MVOEBERET LI ENTE L7720,
BRI LW BREGICBIT 52 ERIEEL T, Fig. 3.1 1213 BL28B2 ¥ — 4 5
AV DOREREERWITRT

BL28B2 i3 €/ 7RI 7 —Fd %, RABBA»OBEETTL 206 X #
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48 £ 3E ML X BEITHEIC L 2 AV EY Y LD RPTEE

EAVD, TAVF—#iIL, 5keV L ETH D, AFX#HE LT, RABKALHHT
CBHHAR1T0keV OHE X HEH W, BEFE L ZAVF-0FVwHE X HE2HWD
CEICEBREGMEIZ R v P ETHELES N2 R X 072012, EBENY THD
Ny 27TV RPBOTRKEL BB ETHE, TNET— FBITOBRICHEL %%,

—Optics hutch1——45~Optics hutch 2~§§———————O0ptics hutch 3

Fluid sample slit 2
O
TCslit \
White x-ray O
—_— . 0 S N

Scattered x ray /

Incident slit

High | Gamma
igh pressure vesse stopper

L (4
» »

Fig.3.1 Schematic diagram of optical set-up for energy-dispersive x-ray diffrac-

tion measurements in BL28B2.

pure Ge-SSD

High pressure vessel

Fig.3.2 Apparatus in experimental hutch at BL28B2 in SP:riﬁg-S.

feoT, ¥—=b 954 O ERIMNET S TC A1) v b (Tra‘néportiChannel Slit) % 7

BLCFD 0.2 X 0.2 mm? 15D, EBNY FHAAFNE—LEEBA LT, 02 &2
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D BNy 2 7Sy FRERTALAIENTEL, EBNY FTHIZEA SN A X 44
Y'— 24, & 512 incident slit (0.2 X 0.2 mm?) #@o> THBT 2 HERHFON) ) 7 L
BoOXBREBIZEAT 2, SEFHENHOREHE»SBEL SN X #iIE, Zo0X ) v
F (Slit 1 (0.3 X 0.3 mm?), Slit 2 (0.5 X 0.5 mm?)) @8 L T, F¥rIV~=7 L%
B FET & F 5 84T (Solid State Detector: F v ¥ RFH) (2L ) T AL F -
B ENS,

321 =SHEBEH

Fig. 3.3 1213, WEICHWIHNREOEESSEZRT (1. 1900 °C, 200 MPa £ T®
BRI T T X MRETEREIT) CEPTHETH 5, 2OMENE (a)., LERE (b) 12
R BEERE, ETO 750083 ) ¥ —olERENns, LFTO75 091, &
FEHADENZ L > TEENRBEO 7L -2l LT 5N BB THEHES NS, BEAS
DOFHEICIERE VS Y P E N5,

K (b) HAEO X MEZELCTAS LA X, AR L v EE S D, BEL X
BT BRSO KB AANIRIT 72 720 X 4 (20 = 4°,7°,11.5°,15°,20°, 25°,33°) &
DL S, BAICKREIN/ZSSD IZL WL I NG, XBEIZIZ, EFBXY Y 74
(5 mm /&, 4 mm %) THW, BNV =8I Tw5b, 72, BEHEFELTXH
WIARELD /N AN 7 LA & T,

B, BEAEHNOL — ¥ —BiR L HEFOEAFS I, Fig. 3.4 127" T Bridgman
BEN Y =V I N T 5,

Hil X #iL, €— L4+ v /¥— (Beam stopper) (2 & DiEfRS L5, BEREOYIEL
DS NEEL X B, SSD IS X ) TAMF -G &N L, EIFF— 51k, TRIVF—
A 2 EREL X MOBES A E LTIES NS, SHIHENRY MV (A VE-LEE
BROBOMENPOROOND) \IT2REFMICIE LT — 5 » 6, EEOMIEL
1o kicdy, ERREOBERFCEL T2 L0 TE%, BERTFEELT 720
DT — F T 3.2.3 BiIC TR 5,

Fig. 3.5 1, SEABRELIHOMBEEIZOVWTRERLEDDTH b, MEFRITHESN
#3C, £ —% — (Main heater) (21X 0.4 mm BN ¥ v VA5 y#ER VT, £ T
7 BoOFLE (M Molybdenum tube) (22 VAEEHAFHA S, FLEDIMIIZ L —
¥ —HEEMNIT L, FLEIHREOER OO THD, b—F—DOfEEEL LTI, N
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50 ¥ 38 B X BEFTEIE IS X A EIVE DY LD FETEE

He gas water
inlet cooling (a)

e
|
|

Mo cell
é
beam rﬂﬂ :] Be window
stopper 3
]
water cooling \
(I
electrode 5cm

lead-through

(b)

\\ Be window

T

\
/
/ N

5cm

33° beam
stopper

Fig.3.3 (a) A side view of the high-pressure vessel for energy-dispersive x-ray
diffraction measurements. (b) A top view of the high-pressure vessel with seven
windows for scattered x-rays.
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BB REX

FT28v

ARTULA < 3 2 oo
R=DFb — R
%ﬁ Fo0y ;}L@'})d
TR
R—=0Z4k ~ F70Ov
_ AFULA TS
Fo7ay

weE

(a) | | ®)

10mm

Fig.3.4 Bridgman-type high-pressure seals for electrode (a) and for thermocouple (b).

0.6 mm, SME1 mm OFMET VI FE (577 v 8 AL23) 27z, FURHRE
X, B 7T RLE ORI AAENCET 72 1.3 mm O IZ W-Re (W-26%Re:W-5%Re)
HEGEHEAL CHET 5, BEST, FLEOLTOIZOORIZENETIFAL, £1
5 OSFH % HEHREE & L7z, PID #If1C & 2 BEFRERT AV, BEOHIEEE IZE 0.5
°CTH 5, sEHERIE 1000 °C 22 2 HiR T TMEAIND 20, LIVEFOBRE|Z X
DAERBORED FALTLE ), BEORE LRI VRBPERL BTS2 L%
Bilk 3 272010, sEHES L% Cu BOWHRA 7 — JICEMmE ¢4, $7/2, VidsEs
BOWAHBEINTBY, WEHPAN) LT AL OVMEEINL I ETEHEIMENS Z
ExalRR7enS, RSN AHHOREREEZ V7% LTHBOEBERRICT 2720,
WRTAT Y VAR F v v TEAER L2, 2B, Fyy T3 vbwsgel LEBREL
THBY, WHIFETRZEETHERL TWE, B0 OGO TEIZIE, 7
b—%—% A7 Y VAROFLEZN L TE T 72, NV FEmDFHEHRD A2 EHT 5
L. RBEOWIRICL AT TF VT A AT ADIBHAMIIERE SN S, fito T, EBRORK
WEY T =5 -2 AT, ABHEO OB 2 BITEMR L Th 5 IV SEN O BURHES = 1A
L7zo F72. BERZNOBHEIZIE, XBEDONRXZZHNT 1 mm BEOT NV I FR—-VeT
Bl TVIFR-VERBETLILIZLN, AU T LFAOMRIC L 2 BEFRFDON
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553 E A X BEHTHIREIC L B iRMAVE Y T L O RTEE

stainless cap

W-Re thermocouple

stage

Alumina tube

Fluid sample

Molybdenum tube sub heater

scattered X-ray ¢— ] — incident X-ray

Aluminatube  Molybdenum cell

Tungsten wire
(main heater)

W-Re thermocouple 10 mm

Fig.3.5 The construction of the Molybdenum cell and the heating elements of
the fluid sample.

BEDRE FAZHCIEDNTE L, T/20 TLVIFR—NVOFEIT, EERBANOED
Z2FEEEZ RO T EV)REDFEE b TnD,

3.2.2 BIEFIERBEIESZE

WETTLEBEALLZEB VR 70— TRy 7 AR THERZFIZE Y b L, SPring-
8D BL28B2 U — LT 4 Y ~\FEB T L, E—L T4 Tld, KA v FOREEL, %
DIBRELIT) o FAEH, EBNY FICRESN-T=F A —F IEEERT LY L
720 BIERHRORER, BERBFOAFRB~NOC - LB LOEEELIT). E— L o7
%, SSD 2 #HE L T, BEEDLK 20 AME COREEEORBELEITI o

RICHE 2B L, EEOMEICAS, 937y H—1lLo5T1MPa $THE
L. Z0%Y 7 -7 — @& L THAEHEOET % 80 °C £ THIRL 72, DK, kL5
ORI 40 °C UL EE 2 ) | FmEBORE b BZEIZ L VBT 5, RKIZa¥ T Ly
P—IZLVEHWDOENETESISIIHET S, 2DH AL V-7 —(THEEL, BRDORE
FCHET 2, TOLIICLT, AAMTELSBEREEBRHEACREEISEM4ICTX
FEEHT A2 PIVOBIE % 1T - 720 Fig. 3.6 I21E, WE YT LADKMIEFHR L FHES %
T 373 K. 1.0 MPa %5 B M % LR T % X 9 ICIRAEWIRBEE &0 T X MElrsE
BEAT o720 1 DOFBEMAIIBIT Z0EHF A7 MVORIERREIEN 20 5 TH %,
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Fig.3.6 The liquid-vapor coexistence curve of fluid Rb and the measured condi-
tions (open circles).

BT AT PVEREIEER, A XBAXRZ MVOERICLELRSREAE (FETTR) D
WEEATo 720 SHRHABDODAF X AR FVOPIEIL, #E 3.2.3 D7 — ¥ T
Tk R%, Fig. 3.7 12, X BEHTER L DV EONAMEANRT PV EIRT, BELA 20
X4° TH2, 45 keVAHEDOE — 27, WMAENVED Y LOBERTOE 1 ¥ — 7 ITHLST
%o B LRIV, TRbEEEOETIMHFN, AR PP 7 H— FiZko Tk
T bh %,
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Fig.3.7 Raw diffraction spectra at various conditions of temperatures and pres-
sures obtained by energy-dispersive x-ray diffraction measurements.
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323 T — XM

IANVF =GB X AT OBEART PV L) A OBERF2ENT 572
DL, A OBWIEETILELNH S, £L LT, (A) #ik: Ge-SSD O A7 bV IZ
T BHIAT—THIE, (B) AR XBARY bVORE, (C)NXv 2 7F v F, ar7 b
YEELOBRE, BIOSEOWIMHEE (N 7 A7 A, X)) v LAEER, {EEL (€Y
TFU) BB (VET Y L)) Tho, BFICF— S RFFIIC OV TERS, 209 b,
(A). B) 3= ANVF—FEHEHEEDOLDTH L, 7— 7 OFNTIZE L Tid, Nishikawa
5 [2]. Hosokawa & [3]. Tamura b [4] DfFFFLEZSR L 72,

(A) #i# Ge-SSD DIRHE A RY MLIZHT B I X — THHIE

fi: Ge-SSD Z#MHER & LTHVARE, WhWAI A — 73R EE 25, T
AT —THELIE, REBEAR L XBOZANVF -2 ELT2L, EIXBITE XK
MY -2 X0 b, Ge DEIEX MDA NF — (Epg, Eyp) CHST 2572 HET AL
F—FE —Epo, E—Epg DEZHIZHNS X BBEY - PBENLBETHL, S5
2. NS DHAEDLETHD E—mEgy —nErg DILANF— I E—I 05BN G, T
AT = TRRE, A X BO—ERIC L Wi Sz Ge 75 Ka #id 2 \wid KB B
X e B, MESFICHRIS A TIINRICERE (X5 —-7) LTLEH) 2 &2y
HEULDHRTHD, 20720, MHBENPLDO/VAEE L, T A7 —7 L7z Ge DM
XD RINF =GRS b, KERT — 5 OBHFTTIE, BRAWIIDOZAT —
TRIFRORIEERIT [2-4]o

(B) A&t X$EZX YT MILDRE

IANF GBI L VRO N7 XKROHF AT MV OFITIZIE, AF X BOMEE A
Ry MPVEBEL CRET DLEND B, REBRTIE, HAEKEOHE & ERIC, ES
1.5 mm OFEN T A ZEHERLHFICE Y b LT, FEICT AU — 588 X @EdriEic
LNARZ MVEREL, ZNEHAVEZLICL ) AS X BOBEANRS MVEEHL
720 DTFIZEFDBEIMAERBRND REF T AOBEN & 5 EHERE A <7 N VIZER
ICRDEHIZEL LD TE S,
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H3E  HEHE X HEHTHEIC LAV EY Y L O RFTEE

I18%,(20,E) = Io(E) - P- N-A(260, E) - (£52.(Q)*Ssi0,(Q) + fS5F (Q) + 416, ((Q))
3.

1

ZZT.Q = (4rsinf/hc)-E, P 13mEHAF N BHECEHF T T2 EFH A0, E) 3k
AT AL BEEROWELETH S Be I L 2WINHF O (Asi0,(20, E)-Ape(26, E))
ThHb,

S5i0,(Q) WFHEN 7 ZADMERFTH 5o fS5.(Q) foior (Q)v f516,(Q) % SiO,
DEFEELRF. 2> 7 b Y BEEF. THARETEEICBIT 53 7 b HELSL
? incoherent FXELATFTH Y, LTO L HITkdD O 5, FNENOMEILHK 5] 228
L7z,

FEb(Q) = (f&M(Q) +2f8"(Q))/3 (3.2)
FEOPQ) = (FE™(Q) + 2£5™P(Q))/3 (3.3)
F86.(Q) = (FEM(Q)? + 2f&™(Q)%)/3 — f525.(Q)? (3.4)

P> T, Bl SNAGIEN T ADEHF AR bV IS (20,E) %, (3.1) ROGHL In(E)
PADETHLZ LILL ), AFXBREL KDL ENTEL, B, AEFTAD
HERF Ssi0,(Q) 1. Kohara[6] (2 & ) AESBETHE SN/ DE AN E LTH.
720 T72, RXHETF P

1+cos?20 (1 —cos?26)II(E)
2 * 2

22T I(E) WIREEZFT . RERTIIBEDEE X ML L TRV TV 272010,
Mg X E 100% ¥ L TV, & TR I(E) = —1 & LCTREET I,

P =

(3.5)

P = cos® 20 (3.6)

ELTHNZ4T o720 GREBHOLBWEADETSH 5 20=19.8°, -14.9°, -24.8°,
327 BHDANRY PVEAVTASF AR MVOBENEITo/2, TRHD 20 225D R
N7 MVEEHTEILICE) . TR AR XBARS PV EFE L, Fig. 3.8 1
COHFFECEIVEONIAGT XWARY PIVERT,
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Fig.3.8 Spectrum of incident x-rays estimated from SiO; measurement.

(C) ERFOEE (Ny 775> K, a7 FoBEDORKE. &L URIVHEIE)
AFFART bV Io(E) ZikE L7z, EEICVE D Y LAORET AT b IVOENT %47
W, VETY Y LOERTEER TS, £7. ERICL VBRSNS EHEA RS PV
I, VED T L)L OE. FEESREPOOHELE AN T AT AL OFE.OME LT
TO@BNADEIIICKRT I ENTED, BT, TTHEDIC, EFELAXZ P2 b
N7 LT ADELE ARG O OBELEZ= LTl <,

1% (B, 20) = Igy(F,20) + Ig.(E,20) + Iceu(E, 20) (3.7)

otal

FHIE, UTDL)IZHFT %,

Iry(E, 20) = C-Io(E)-S-P-Agy(E, 260)-Acen(E, 20)- A (E, 26)- A (E, 20)

x [nrplrs(F5 (@) Sro(Q) + f(Q))] (3.8)

Ire(E,20) = C-Io(E)-S-P-Apy(E, 20)-Acen(E, 20)- Age(E, 260)- Ao (E, 26)

X [nielae(F72 (@) SHe(Q) + Fire(Q))] (3.9)
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Ice(E,20) = Agy(E,20)-Ap.(E,20)-125,(E, 26) (3.10)

ZITCCEHEILER. Io(B) EAF XBARZ b, SIEE—L% 4 X, P3RS
K. Ary(E,20). Aceu(E,20). Ape(E,20). Ap.(E,20) &, V¥ Ty 23K, ~Y
TLHAL RER (Y TTY), BERHEONY Y AORINHEFTH L, ngy i3V
W AOHERE. Ly REEATH L, T2, fOR(Q) 1k, WEV Y A DB THAR
T faQ) IV LA0ay T P VBEIRTTH Do nge 13N T LADOEEE. g
FBELICE ST 5 7 L H AD path length TH b, %5, SFWNETFIE, UTFOM®EY
Thd,

Apy(E,20) = exp(—prs(E)-1(20) r) (

Ape(E,20) = exp(—pme(£)1(20) 1) (3.12
Aceu(E,20) = exp(—pceu(E)1(20)ceu) (

Ape(E,20) = exp(—ppe(E)-1(20) Be) (

FRIRNHETIE, ENENOFRELEARTEERIURE (7] 0L VEHET 52 05T
Ebo N LFADEREIL, Redlich-Kwong DIREHERX 8] L V& L7z, 2B, E
BAZIEANY 7 AT ABED L OEKELIZ/NE . £ ((3.9) X)) oF ST ITEMR TS
bo F72, B=IHIE (3.10) Ko & 910, EBICZOHERERZMWEL, TRIIVEDY T L
HEEAN) T LI BMRIPFIEZAT) T & Ty @FELARZ PV EDELFIWZ, 2O X
LT (3.7) ROE—IH Ipy(E, 20) 35N 5, Ipy(E,20) & (3.8) R & 5 i F itk
LR & FET GRS 52 ), LTO L) ICBHTE 2, AT HMHEELK
5 BT HBHEER S TH 5,

IRb(E7 29) =
C-Io(E)-S-P-Agy(E,20)-Ace(E,20)-Ape(E,20)-Ag(F, 26)

xnrolre fi5 (Q)? Sre(Q)
+ C-I (E)'S-P-AR})(E, 29)-Ace”(E, 20)-ABG(E, 29)-AH6(E, 29)

XanlefglL)C(Q) (3.15)

BERT S(Q) 2Rk 2720121E, In(E) ARZ MVEMVED T LD YT b VL
W fine(Q). SWRINEF5 HFHE L7288 HOFETHEMHELR G ZE L5 <o RICUT
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D (3.16) K. VbW L, "HEOR VI L2V E VY LTI L 5 EELRE” 2 5HE L.
CHICE D E—THDO THUHHER S FE L 2 L2 X o TREWIZVE Y Y 4 OfERF
Srp(Q) ERKDBZ LN TE D,

C-Io(E)-S-P-Apy(E,20)-Aceu(E, 20)-Ape(E, 20)- Ape(E, 20) nrolro f (Q)?
(3.16)

Fig. 3.9 1243, 373 K. 1.0 MPa DIREFENFHICBITENVET T LD 20 = 4° (2B
HEH AR PV ERT, EEIR LA AR PVid, X BEBZE (Mo BT 1
A7YDFMETAZAZHEIS L THIEIL TWaRWARZ ML TH D), TEIR L Z2EH
ARY PV, TA AV EICEEZFAOMERTNEZ <123 > & LTT1 A7 Z{E8L
725D THD, LEOZANRY PVITIE, 82 keV fFEIZEY 77 2 @ (110) E A 5 D [EH
= BN TBY), VEI T LOMERTFOE 2 ¥ — 7 (ST L5314 LTRE %R
NI TGY RIAXEZoTwE, CZORBEVHPLOAEHY -2, §4bb TR
Blid, WIPFEZ L TEBELANRZ P62 L5 T EDTERITITE L v,
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%38 U X BEHTEEIC L 2RAENVE T Y L0 RFTEE

L] T 1 | L] 1] T 1 | T ) L] T

The crystal orientation is not
controlled. (arbitrary direction)

Intensity (arb. units)

The crystal orientation normal
to the X-ray windows is <123>

0 50 100 150
Energy (keV)

Fig.3.9 Comparison between two diffraction spectra from fluid Rb contained in
different cells. The upper spectrum is that from fluid Rb and the cell with its
crystal orientation of the windows is not controlled and is in arbitrary direction.
The lower spectrum is that from fluid Rb and the cell with its crystal orientation
< 123 > set normal to the surface of the windows.

T4 A 7R A5 S M OB O BEMEIZ OV TIEE B TR 72h5, FIOHHE
DERWLT — 5 BT OEEEY L1723 ETLEE 2 %, Fig. 3.10 121, 373 K. 1.0
MPa lZBITANVET T LD 20 =4° OF/EEPLDOEFFTANRT FVERLIZOBDTH 5,
X @EBBOFMI Fig. 3.9 IR LAZ <123 > HFNOBDTH L, P OEERELEE
(Total scattering intensity) 7> 5. ZEDFE LIV %5 D Background, KONVE YT LD
FETHHHERELZ LT X, HEOLWIL LoV E DY LETIC L 5 ERELIREE (Self
scattering intensity from Rb atoms) & DIIZ L Y S(Q) »WEHETE 2, B, THN
F— OHEEBANOERIZIEIFHO®EY) . Q = (4nsinb/he)-E ZHW5,

FHEADP L OBEERT S(Q) ZREL. REWIENLZEEGLEL I LIZL -
T, —2ODREENFHITHET 5 S(Q) ©EHT 5, Fig. 3.11 121, 20 =4°,7°,11.5°
P HOEITANY MV OEERT S(Q) ZEH Lz DERT,

HHL7: S(Q) #UTOREHWTT — ) LI H 2 LIL Y G HBE g(R)
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16 — 1

10

Intensity (arb. units)

Total scattering intensity

——————]
fluid Rb, 373K, 1.0 MPa |

Self scattering intensity
from Rb atoms

0 50

Energy (keV)

Fig.3.10 X-ray diffraction spectra of fluid Rb at 26 angle of 4°.

” 4

S(Q)
g
I

373K 1.0 mpa |(@)

373 K, 1.0 MPa

it

S(Q)

1(b)

Q (A1)

Fig.3.11 (a) S(Q) data obtained at different angles for fluid Rb at 100 °C and
1 MPa. (b) S(Q) obtained finally by merging multiple S(Q)s at different angles.
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62 ¥ 3% B X BEHTIER L 2iAENVE T Y L0 RFT#EE
ZRD D,
B 1 o0 sin(@-R)
o(F) =1+ e [ (5(Q) - )T M0 (3.17)

— ZRATIC L RO TEER T S(Q) 1ITiF. ABEV» LDy 77T 2 FLUALC
by Ny TFHORNKL EIGEBETE 70— RNy 7 750 R E2 G ATV AIGED
Hbo CDXIRNY 7TV S(Q) VECHEE. g(R) BT A R DO/NS H#EIEUC
ghost ¥ =27 BBbh b2 ed’d %, O ghost X KrFT %121, Levy 5 (9], Kaplow 5
[10] KL WRES TR HT — ) TEROFESEH TH 2, 1. ERIITKD LN
72 5(Q) 5 g(R) KD B, KIZ. g(R) D R = Rypay TTOMH7— ) LEHE S'(Q)
E3%, g(RYDE 1Y PHBEELETOME R=Ry $TDg(R) 2 0 LBV
SABEE g(R) % ¢'(R) &L, SNAM7—VIERLZLOE §7(Q) LT 2. S(Q)
& 5"(Q) DEVPHIEMBIITIET 50 REBRT — 5 DBTICBWTHEL DFEZRA
L, 7= T e @7 —) TEMEELHIAIT) 2 L, BELEERT S(Q) &
A% g(R) & HE L7,

3.3 EEER
331 HBERE

Fig. 3.12 12id, RlfOEED & BEFREIBICE 2 FRELENHEBICBIT 2 ERT S(Q)
TR Y o BELNR FVEBICBIT AERFO T — 713, B4 EITEND L) ITNA
BELEBRI VEIZ L7200 TH D, MDD 373 KB 2EERTOE 1 ¥— 1L, 1.52
AV ICRBLTEBY, fAMEICBY 2V Y Y 4 OfEREE [11-15] L AOMEY
RLTW5,

BE LS (BEET) I, $1E—2 2 V-2 0BERETLTV, LaL
RHH, B2V IIREICHELTLE)OTIER L, 2123 K £ TZORFIE- T
WD IZEDPRHMTH L, ORI, DETICHE S M7z Franz 5 [16] ® Winter 5 [17]
DOWELIIHBEICR LB TH D, F1E—7ONEI., 1473 K T, HAL K Q
27 hLTWwL, UTB3KICBIA2E 1 ¥—sDfiEld, BLZ 146 A1 Thsr, #
DHOBEETISH LTI, I3IZ—EEER L, —7. #2E—7OBE, BWEET
VB QENCY 7 LTV S Edhrd, 313K KB A ERTOE 2 ¥ — 2 0
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G

(K), (MPa), (gcm-)
2123 16.0 0,50

d
(]

]

: 1973 21.8 0.68

] —— Senonpensbuatpioio iy
\,,/:\ 1873 21.7 0.75

]

1773 21.6 0.81

1673 21.5 0.88

S(Q)

1573 21.3 0.93

1473 21.1 0.98

' v -
! ' 1373 20.9 1.05 |
] ] .

1273 20.7 1.10

1173 20.5 1.15
PR

v~

973 20.0 1.26

773 10.0 1.35

573 5.0 1.43

e

373 1.0 1.46

Fig.3.12 Structure factor S(Q)s for fluid rubidium from the triple point up to

the supercritical region.
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%3%  HEHE X BEHTHIEIC L2 AV EY Y LD RS

BIRE iRt

Q, (A7)
w
o
I
@
o
—@—
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o
—@—
@i

1.6 1 1 I ¥ |l T T I l T 1 1 I

%f*

Q, (A

3 HiRE g

1.4 1 1 I ] 1 1 1 L 1 1 1 l
0.5 1.0 1.5

Density (g cm-3)

Fig.3.13 Variation of the position of the first peak of structure factor, ()1 and
that of the second peak of the structure factor, Q2 of fluid Rb as a function of
the density.

&1L 2.85 A~ TH b, ZOMEIX, 1473 K (FFE ~1.0gcem™3) 27 T3.0 A1 ic
FTY7hL, E5122123 K (~ 06 gem™3) £TIZ33 A1 IcFTY 7 +T 5, Fig
313 1EZENS DY — I M EBOBERIFMEIZDOVTRLZ,

FARDFFEEERGE B L TREMEOSWERZ RS 720123, S(Q) & Q ik T THl
ETLIEDIMOTEETHS, LL, INFTICHEINLHREVE D Y L OKEE
IS BIT S S(Q) 1L 3.0 A" FTTHY . RERICBIFS 5 AT THIES B
T\, fEo T, Bl S N-E Q I D &7z S(Q) DEALIE., EBEERMENE YT LADH
PR b DV D, — T KEELNZ PVEBICBWVWTY, HE1.0gem 3
fHERS S(Q) WAL TE), COFEEBEEILOFEEDL EOHBELTERL T2,
INEBELOFEROFEMILES 4 BIZ TR,
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3.3.2 ZHH#HEK

Fig. 3.14 1213, BERTZUTORIH-T7 =) BB LI LICt ko ons:
“ARAB % g(R) AR o

IST3KIZEZET, B1E—7OBEIIRAIVETLTWS, =4, F2E¥—7 D&
BEIZOREEFTICRELRET S, £ 1 -7 OMEIX, REHEDRE T ICAHY
T5, TONMEIIX, 1473 K FTIEIZ—E T, TN LOREEBT R O/NSWAIZY 7
FLTWL ZEbh b, BE05gem™ fFEL 513 g(R) PE 1 ¥— 27 ORIKIZZR
FTORRICHEL TR Y —7I1h ), COBEMETOEHOELEZRL TV,
Fig. 3.15 i2id, WL D9 DREENEEICB VT, g(R) D 1 ¥ — FHEDTHIRE LK
LTHELZDDTH S, 1673 KFFETIETTIIE—2F RO/NS WIS 7 LT
BT ENRTENS, 1973 K, 2123 K T ELIZFDOY 7 MIWAKE %2,
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K, MPa, g/cm3
2123 16.0 0.50

2123 17.0 0.53

—
1573 21.3 0.93

———

, 473 21.1 0.98
1
\ 1373 20.9 1.05
|

1273 20.7 1.10

1173 20.5 1.15

973 20.0 1.26

773 10.0 1.35

573 5.0 1.43

373 1.0 1.46

R (A)

Fig.3.14 Pair distribution function g(R)s for fluid rubidium from the triple point
up to the supercritical region.
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3 4 5

6
R (A)

Fig.3.15 Variation in the shape of the first maximum of g(R) at several experi-

mental conditions.

3.3.3 mIER RS - RUBOBEEKEFYE

Fig. 3.16(a) 1213, g(R) DE 1 ¥ -2 25X & Ry DEEMRELELRT. Ry 13k
FHEOE T B CHUT 2, 373K 28175 Ry OfiE, 4.85 A T, 1ZIZEEKICBT
BRI OME (4.837 A (at 5 K)[18]) 125 L vy T NIREB AR IR L
THEEE ZIZFAROEHEHEELRET 2L VI HmE 19 L AFET S, R 3. BE
llgem 3 FCTETOERTHEMZRLOD 4.8 A BEOEEZRT, SHICHEENKTIC
v, ZOETHEAASEL, 1.1 gem™3 LT CTIEBBEIC Ry MET LWL, Thbb,
Bl MR S > T, 0.6 gem P fHETIX. Ry OfEIX 44 A T, B&KIGIZ 05
gem 3 UTFTIHA42 AMET—RICAS &9 REHARLTVE, 424 L) R, ©
EIZVEY Y ADOILZJH T4 T (isolated dimer) OB BEEE (4.17 A) [20] I2E W
BTHY ., BREBEEMNECBT A2 ZEFDFOFELZRBEL TVDE, 2O i, BRA
BB 2HHEOWD. T2b b TN 255 L L CrsRillE [21] 25 b HEl S
NTCHLZHTHTOFEL S FE LRV, %8, Fig. 3.16(a) D EBOA T — 1V Th %
rEAZDWTIIEEO 3.4 THMT 2,

% ;
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ry
8070 6055 50 45
I | I T I
Ty . .._.(a)
os‘__4.6_‘pc iiii 'j
14 44—‘ {ﬁg 7
a2t ¢ ]
L { s . L L | L o
13 —
12 F
1F 5
10 + %

Coordination number

1 L

O —_NWPHAOIO N ®O
T
f—
O
e,

05 10 15
Density (g cm™3)

Fig.3.16 (a) Density dependence of interatomic distance R;. (b) Density de-
pendence of coordination number. The critical density is denoted p.. The corre-

sponding scale of r; is shown on the upper axis of the graph of R;.

Fig. 3.16(b) i2id, AN YT L ORMBOFEERFE 2 RT . RAERMLEIE, &
PHEE L EHET L LT, REERFEEEE D CEELERTH L, BEERE L2
BWFARTIE, MBI —RICEDLZLETERVD, 0 L) 2IAEICBT 2 RAK
DFHEICIE, W OO FEPLUEAORES N TS 22, T 2T Fig. 3.17 [ZR T
51T, ZOo0HETER L (1,3,22-24], ,

E—DBEE. g(R) £ 0. 4nR?ngg(R) TEF S WA BHESMEEE g(R) DFE—¥ —
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Method A Method B

3 3

2 \ 3
£ ' &

o \ 24

5 ' [
<t ' <t

R1 R R R

min

Fig.3.17 To obtain the definite coordination number from the diffusive and
broad g(R) pattern of the liquid, we tried two different methods of calculation.
The first one (method A) is the method of integrating radial distribution func-
tion (RDF) defined as 47R*nog(R) up to the maximum position of g(R), Ri,
and taking twice the integral, where ng denotes the average number density of
rubidium. Coordination number derived by this method is denoted as N4, which
represents the number of ions coordinated at the shortest distance in the first
coordination shell. The second one (method B) is integrating RDF up to the
first minimum of it (=Rmin). Coordination number derived by this method is

denoted as Np, which counts the nearest neighbor atoms within more distant
range.

JETCHEGLZLDOE 2L TRONZETHE, 2T ny ZEOBKEETHL, Z
DHETEE EINLEMNE Ny &35, COFETER SNEMNEIE, RLHERED
HTHROAMICHLEF2ATBY ., — . BEZOHETRKOEMNE N &, wEiEE
TOBRMBERDLVEFATEZ TWAZ LICHBT %, Fig. 3.16(b) LV b»2s L9
12, NoA BREEOETIEN 146 gecm™2 12BIT2 695 05gcm 3 1B % 2~k 1(3
IFEHRIIET T4, SOHICEENMETT AL Ny id110E9<, —h. Ng IBEDK
TV 1.l gem ™2 FTIREFHIHEDTEH, 1lgem™2 L) IBENMETTLE Ny
EATHFRIGIC F DR TEEIIREZICZ D . BE2SOTRERT, 1.1 gem™3 256 0.7
gem ™ DT N lE5~6DEEZRT . BWEA0.7gem 3 LLTIC% 5L N ldHUR
BL, AREDEL 25, Np DSHIEMED S DREZRTHEES 1.1 g cm ™2 fHTid, &
THEFREERE Ry O THEM D FREICHEE > TWAHEBICHES L TWwb, £/, Ng %
KO BEED Ryin O, 13I1Z5~6A THoto,
RERTH O N ROl R FHERE, R E vo R Eo R bIE, ek
FEIFFIZE VHE SN TV L EE) [16,17] EHEICRLZ > TWA I EDPHBTH L, F—

103




70

£ 3% MEHE X BEHTHIEIC L 2 AV E T Y L0 RS

B Fig. 1.10 I3 R LT, RHETEINIC L )& W EEmEDEiE, BE
MET T 5 & RO BEFREEEEL 4% oMK E R L, BAEEITIZIEHREICES T 5, 20
E9 I uBRMERNE TNV T OB/ T AFRETEAEIND ZENL, TVA) &8
AR T H ARERNIAH T AT, Tobb EMEOBREN EAETHLEELONT
7o REBRICIVHOLPIZENLEET LNV EY Y AORFHEEIX, 20 X9 2 EHE
REVIHBTIRZZZLRTERV, UTOETIDOI 7 uBEOEIIIONWTESR
5,

3.4 #E%=

AEBO X GEHIC L D ELNLFRELV Y DY A DRBFEEDBEMREMEIC L L,
REE (0.29 g cm™3) 258N 1.1 g cm ™ OEBRAEE T CIEEEEE O£
BEHNTWDEZEPHL N & %oz, REERFREESFEEVKTIHEWECZD), &
FREETIZ 485 A OfEN 06 gem > T 44 AICETHL 2D, — ., Bz, 1.1g
em ™3 FHED S F OB THEMAFREIC R 2, MAITERL TEEFMETL TS LW FH
EREZETLE, LEROBELZLIRAETIZ1I gem ™ DTOBEHEBT, 77 A5 —
ERED I 7 uEOREYEERE L TVWALIEERTHIDE VWD, N Xk RKDLED
Ronin DED 5 ~6 A THBEI LDOFZOREGERD A r — VIZHEI/NE WV, D X9
A EWOHFAEE, Shimojo & [25] 12 X 28— B T8 %78 2. Chacén 5 [26]
@éyfﬁwuvilv~vayuiof%ﬁﬁénfwéo

BTHRE T Ry AEEORT I TIRT§ 5 &) ZE)d, Pilgrim 5 [27]
£ 2 PETIEM MRS & D HEB S LT B AT O ZE T T OFE L OME Y R
o Ll EODPEM L - ZRF 5 F0OE— FISHES 5 A7 PVOMBIL, #fAE%
BF06gcm 3UTTHN, FADPEHUL TWD I 7 0lEORbDEL 2 HEHEE 1.1
gem ™3 X QEFEERTH 2, 0.6 gem™> LTOFEHELTIE, T4 DEBRT—5 b
Ri 7% Rby, O#FIMEEE 4.2 A 12, F2REBORMEB Ny 281 IED &wn) T eicsy,
TEFSTFOFEEEPICHET IR 2> T0E, L2l D, 1.lgem™2 &
) EEEOBMAEEPOCIRE S I/ uEEORLIE. LAY TR —EROMIEE 5 X
TBY ., HoPHMAEN ED T LADERERICT 2 TV EHRR, T 2bbitkho Z 40
FORBEZOHFAELROBREVIBETIIRIONE V. LA, DTIHHELTY
&)1, BT ROYHEEICEDLIBELRNTH LI REELZ R RRT 5,

(]
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£ 1B CTHRRZERRWEZ ZLOT NN EBRAEICET 2 2T TOS L OERE
B, EHEERICB T 2EFHEOEERLIERL TV 5 [21,28-30) LA LA,
:ﬂif%%ﬁ%@%%&ﬁ%@s7mﬁﬁ(4¢>®§@mﬁ)@@@ﬁmowfu%
EHoll@msnTtniv, COREZEET 57201213, 1 ZBEORFE TRz, TIvh
) SRR OIREEF P =ZKRTCET AV AOBEBHL2ERBITH L & O, S EER
DELENDL, COBHMBLIVUZOERIIDWTIIHE 1 EICTRRZBEBY) TH D,
FHAETNIIBIT 2 EEREBIEEFHOPYEREICHE TS ry /37 XA =512 X D FFE
HIF o, 201, 85 A= S FETEMEEROWEE b, r, /85 A — 5 DEHIE,
(1.8) ANTHALND, o T, X METEERD SH LN/ EEMEEL 2D ry /8T A —
FIZED A — VT B LIIFEREEZLND,

REOEBETIX, WEEFIZL 50WER (core polarization) 7% ), £ ETH
DAHEIEHAZ§50 5 & 9 IZEA$ %, Kukkonen 5 [31] Hid, 2O A4 ¥ a7 D45k3E
TEBICRETHIEITED, A4 V2R BB OSBEEE & 27T 2 LA EE
THbLILERLI BFAAETIVIZBWT, ETFHOME/ERAOMSIZHYT S r,
NTA—=F1E, HEOWHEICBI A A4 AT OGBEREZIT)IZLICL), DT X
IICHAT—IVEND,

rr= 10 (3.18)
€B
ep 13, FEREHDOFERTH I,
e = 1 +4mna (3.19)

TEFIN L,

ST a3 F Y DGBER I T Y OHEETH S, Fig. 3.14(a) O _LE O EIT
IZE D AT —VERT WD, 123, VEV Y LADAF AT DGR o = 1.5 x 10~
3B EHVTERICED rg IS L THIEEZITo72bDTH B, FEHTRE L, B
BOBMER DI O TN TRRIBIC R V16O, TR FHEMORTEm» R E 2
A, 72 ~B3IHYBLTVDEEN) I L THD, F1EBOBEBFTAOWHICET S
FRTOBRXRP, BFFAETIVTIE, rg OBKRITHEV 5.3 THREEEFEPLANE
L, SNE DD r, PERT ZREEERCEFRICEIAREEDIRET 2 L) B
FMlAH 2 [32,33]0 BB RTLETH A TIREDEMENTERNIC LB STV
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33 REHE X BEFTEIEIC X 2HREVE D Y ADRTEE

34]

BT A AETNVICBY 2 AOEMEE, EMFAMA [33] 1L hid, #OFEMHK
£(q,0) 7% |q| — 0 CEIZHR B Z L EEKT % [35], Dolgov b ik, BEFROEDEHNFEE
B, EBTROKH - HEAME L ZE L GAICOARE L, HRMICHTRERTHAS Z
L AEEREEE LA VHEEF A TREMRIIACZO AV LEEHL TV
[36]c F 7z, Takada[37] (3. BOHWFEELIT, FFFOT A PEFHOMEIERZ5I
T 2 L OFIEEIT> TV b, o T A4 YHOMEMER b IEFEICEN XD 5]
T BEEZ LN,

S0, BOBWFERIIT. BTV AORENSEBICER LIIRE, $abbEM
%ﬁ&“ﬁngmﬂwwm@(DW)@%&%@Kﬁ%?étwﬁﬁﬁ&éﬂTW%
[38]c L2 L. rigid C—HRZIEBM DNy 7 75 Y FelETL2EF AT AETIVTE,
FROSCDW REZEETA2D1E, KELRZ7-O VIR VF -2 LELT L0, EBELZ
2D L) RIRBENOEBIFRI 2 DIE, ry ~85 L ENTW5 [39], L Ladb, i
B OAF VIIREBTETH), BETFRICBIZ 70 Vya A MEMETL LI, A4

YIRETAHIEDVHEETH D [40]o o T, A4 Y ROEMEEIL, EFROZEMI %
TR, CDW IREEZ KBS 2 WREMED D 5. FMRZTERIE, 51 BICB T HRE
BEET T AOHMBEICB W T Ll Pines b [41] KL o Td I T 5,

—7. BOFEEBICET 2EEOS RITZ\WAS, 25 - MEAMHEERIC LS CDW O
HIRTENE, Overhauser 5 12 & o T SEERAY A7 A % SN TH Y, Hartree-Fock 71l
CEOE, BEOHBEEOTIVAYEEIZS CDW OFEPHEGHRIICTFH ST 5 [42],
Overhauser (2 & 1) #8f§ S L7z CDW 13, HEZEM T 2kp (kp 13 Fermi J%%0) (ICH4 LT
BY, EEECEBLIZ5~6 AREORYEAT 5. JOMIE, HED Rupin PR —
W&Eﬁ% —HLTEYH, CDW W72 2 AHRIRRE &L DBEZ /R,

RO RIE, WETH) ., A FYREEFRIIEVICHIFEEL TV D, fEo T,
BFRDVZEMY 2 BEERRANOAZEMN 2 AT HRIUETIE, BEFEEHICHEL T
VREABGINET A URENSH L, AEBRTREIN/ 2 r, ~ 53 UT., §2bbHE
1.1 gem™® LTOAYERRIL, BFROALENE (T2bbADERHE, BEOHNEE
) IZEBAHEREOMBETMIZ L > T 7o SN T B D LRSI L,
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TIa) SR EDRISHEDERNE) 7T Y RHOREVEERL, @AFEVED Y L Zxt
G & LT, RIS BRI E 2 IRILWE B IS BV TREE X Er R
TEBRTHI LRI Lz, BIBICE W BoNER 720 Ao mBEdz8m L., &
HEERE D ZLIZ DV TRz, /BONTHEMIZUTOEY TH 2,

(1) HHOBEICEY, FHORTFEEILT > T2 00b 63, K54
M oBoN 2R EFREREIEISHEDN L, BEBEOKTARE L % 5% EHEE (~
1Llgem™) BHEET LI LPHORE L o7, SO L) AL, AP IZBVTHEE
AEEEPELTWDE Z L@ RTHERTH D, ORI, ERBEINTVZT IV
) EBIAD I 7 0 BRI CEDERTH ) REEALT VA SRR
BHRTHHAREDT 72« T - T=VAFRKEZES RLLEGY 2RI EPRALPE

ol

)

(2) EFHENTA=F v Lo THEBBEZ AT - VT2 T, LiloRERL
7 UREE DB N LA, R, BFROSHEHEFRICL ) FH SN TOEHEERET Y
DIEMENEICET LI FEEREBOTIV—HERLTWEZEERE Lz, BFTA
IZBIT2EOEMERIT, Whw 2 ETFHROMAEIER (SRR, HEMR) ISERL, &
DHBEEBEERT 5. BOFEEBUL. 7 A NEW (14 >) BOHERRAZ31091C
L. BEREEROEREMFICOHLT L, COFEERTHIAL RGO I 7 afEoR
YEME, BF AT ADOARLEWEEOBERNTH L Z L2 RRT HERTH 5,

F 2
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Fig.4.1 Schematic diagram of the optical set-up for SAXS measurements at BL0O4B2.
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Fig.4.2 Experimental apparatus for SAXS measurements in the experimental
hutch at BL04B2.
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Fig.4.3 High-pressure vessel for SAXS measurements.
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Fig.4.4 The liquid-vapor coexistence curve of fluid Rb and the conditions of
temperatures and pressures where SAXS measurements were carried out (open
circles).
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Fig.4.5 SAXS intensity spectra of an empty cell at 373 K and the cell and fluid
Rb at 2123 K and 14.0 MPa near the critical density after absorption correction.
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Fig.4.6 Scattering intensity of pressurized He gas at 20 MPa. Open circles
indicate the experimental data and the solid curve indicates the simulated one.
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142 gem™2 75 056 gcm ™2 FTO S(Q) %, Fig. 4.8 121k, 0.5gem™3 205 0.45 g
em B AT E T S(Q) 2R T, BB, £ S(Q) DAY PVIE, 05 F O EHFMICY T &
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Fig.4.7 Structure factor of expanded fluid Rb at low @ region (in high density
metallic liquid range). The condition of temperatures and pressures and the fluid

density are shown in the figure.
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Fig.4.8 Structure factor of expanded fluid Rb at low @ region (near the critical

density). The condition of temperatures and pressures and the fluid density are

shown in the figure.
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Fig.4.9 (a) Comparison between structure factors of expanded fluid Rb at low Q
region and those at high-Q region. (b) SAXS spectra at three different densities
in the metallic liquid range. (The enlargement of the area enclosed with the

circle shown in (a).)
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S(Q) D Q — 0 BROME. THbb S(0) RUTFORD & 3 ICHTROES X & WA
F D,

S(0) = ———~— (4.3)
¥ 7o, TR p LSRR v 2 VT,
S(0) = pkpTxT (4.4)

DEHITEREINL,
NAFELERR L 01557z S(Q) & UL T @ Ornstein-Zernike R [6,7) # V2 Z L12 &
D FENT R AT 5 720

_ 500
1+£2Q2
CIT, ERFERS EOMHBEETH 5, Fig. 4.10 121&, S(0) 0EEMLRTFEL RIS

4.2.3 BIOBEEFNES & OHIESRMETHBR7205, Fig. 4.4 OREREDEGEDINCL, E

J1% 5 MPa, 10 MPa, 15 MPa, 20 MPa & #EREICEE L, €OERERFEIZOVWTD

F7zo Fig. 410 2R 2 & EIEHFOENICIZIZE S 12, BEIT L TRKROELAF

MeRLTWAH, Fig. 4.912B8WT, MFELICL D ELNL S(Q) ZILATELD S(Q)

EHELZGAIL, FOWMARIHNTL 25BN 1.0gem 3 fHETH B & 23R L 72,

Fig. 4.10 TiE, S(0) FFEIIH L THRA IR 2MEAZ /R L T 25755, £ 08 KM

21.0gem 3 HEPSHEE IR > TWh,

Fig. 411 121X, W22 DEEIIODVWT S(Q) ' 2 Q2 izxfLT7uy b (Wb b
Ornstein-Zernike 72 v +) Z/ R L7 b DTH S, BHEEMTIIEFHREIVNE LD
XRKEVL OO, EMHICIIWTREEN BB ZRL TV 5,

E 512 Fig. 4.12 121%, AERTHEL Nz S(0) & Franz & [8] IC L W iThbh /T
BEL. RO Pleifer & [9] 12 & DATh 72 REFRAOBIZEIC L Y FES Nz S(0) DEEK
HHEWBLTRLAZDDTH D, RERTELNL S(0) 1d, THODHEERE b X
W—HZRLTW5,

S(Q) (4.5)
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Fig.4.10 Density dependence of S(0) for expanded fluid rubidium.
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Fig.4.11 Ornstein-Zernike plot of S(Q) at several densities.
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Fig.4.12 Comparison between S(0) measured in the present experimet and those
previously measured by neutron diffraction[8] and the equation of state[9] (ther-

modynamic measurement) for expanded fluid rubidium.
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Fig.4.13 Density dependence of the correlation length £ for expanded fluid rubidium.

433 BEZMEEREE L influence parameter

Ornstein & Zernike[7] i, BT 1 & 2 L OMOMEL 2 00FG o642 b0E L,
DIFICRTHBEEZIC O WTORKRA, bW b Ornstein-Zernike equation ((4.6) & %
WiE (4.7) RBA L, UTFIZENIIOWTERRD, JRF 1 & 2 EOMDOMEIIHT5 2
DOEHEGDH B, 1 OFHFSE, BEROMEERAKRTINS DEFORMIAFEY MO
BEFDIEF LR 21 LTETE2MEMEHTELE T, BT 1 EEF 2 ORICER O
5 RAAPEEMETH L, COEEMMEZHA Y 5% T (direct correlation function)
c(riz) &35, —H. BE20F5E, BT 1 &2 THEEOMHE» LR T, BRF1E
MOFEFEI 2L 3 EOMICIZEREME»S ), HF 3 LETF 2 OMICHBE S S & &1
B EF1LE 20— EOoMBEEZTIZRITILICESL, THITRFL & 2 OMENZ
#HPE (indirect correlation) T® %, - T, EF 1 & 2 DLMEIEE (total correlation
function) h(ri) 1&, 2 2DF 5O & LT,

h(ri2) = c(r2) + P/ c(r13)h(raz)drs (4.6)

ZF)Z)V‘U:\ T12 :Irlzr\ T3y = lI‘ll——“’F’\ 7"13:|I'—I‘/l &Lf\
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M@:qm+p/qu—ﬂm@mw (4.7)

DENITEFELZEDNTEL, SCTpRHEETHL, X (A7) OWMA%E 7 — 1) T4H
TAHI LX), EEMEEREKO 7 —) ZEH o(Q) 13, &HEEED 7 —) £ h(Q)
ELUTD L) ICEEMFIT SN A,

(@)
Q) = — %7 4.8
@=1—"5 (48)
S(Q) ZEHERE h(r) 7 — ) ZEM A(Q) THVTLUTOL ) IZEHFSINS,

S(Q) =1+ ph(Q) (4.9)
o T, DT ORIEPND,
S(Q) = — (4.10)
11— pe(Q) '
ERXoWHE LD L
S@=1-p@ (4.11)

—7. S(0) = pkpTxr TH Y, BFEHMTIIEMESRER. T4bDE S0) PWEHET 2
DT, S(0) =0 E%D, HoT, ZDOFLH HRETIE O ICHIET %,

1—pc(0)=1- p/c(r)dr —0 (4.12)

ﬂm=1+pmm:1+p/ﬁamr (4.13)

THBH 0, BRAMETS0) BFHMT L L) T EiE, 1+p [h(r)de B5ET 2 Z
LEREWRL, UL A(r) PSRRI ERC EERT. — . X (4.12) 1, B
RS c(r) 2SEEHIC R RSO TH Y, r OBWRIZHEN h(r) L DL 01242 2 & % Hik
LTWd, 2O EDHFSEEICBIT 2 c(r) OEHFAEOEE TS 5,

X (4.10) £ Q DEHATEMT S &,
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96 FAE BUDE X SUNAEELIIEIC L 2AVEY T L0 - RS

1
"1 p(e(0) F 2@+ )

b, 22T QOFHKROEIT, LTOXK (4.16) DEFRITREINTVD X912,
ERICIBREICHEL RV, WhW 2/, Thbb Q D/NS REHT, (4.14) K
DEROE (ZXULE) BEETE 2 LTET S &,

5(Q) (4.14)

1
1= pc(0) — pea@?

Yib, ERO o(Q) DRMNARERIE, UTOLI 1245 (10

S(Q) (4.’15)

c(Q) = /c(r)eiQ'rdr
/c(r)eiQ"" 03942 sin Gdrdfde

> sinQr ,
47 e(r)———rdr
| e

oo 1 1
Ar [ c(r) |1— Q% + =Q%* — .| ridr
0 3 51

—ar [T etmars |5 [Ceortar] @+ [T [T etntar| gt

Il

I

(4.16)
o T, c(Q) DEFRD Q? DRI o 1T,
[ 4
Cg = ——+ c(r)rdr (4.17)
31/,

b,
—J\ e(r) DZRDE— A~ b (2nd moment of c(r)) £, [rc(r)dr TEFES ., L
ToOLHIEREND,
/r2c(r)dr =4r /;o c(r)rtdr (4.18)

o Ty oo &oe(r) DRDE— A Y MIWHIERIZH Y . LUTOBRKAH Y L2,

o0 1
cyg = _%7'1 c(r)rtdr = -5 /rzc(r)dr = —-% X (2nd moment of ¢(r))  (4.19)
. 0 E

128




4.3 FEERHER 97
r*
80 7.0 6.0 5.5 5.0 4.5
150 ] | I ' | '

__100f
<

e [

O

i >

! L i " ! L 1 1 i L 1 " 1

02 04 06 08 1.0 1.2 14 16
Density (g cm-3)

Fig.4.14 Density dependence of —pcy for fluid rubidium. Open circles indicate
those obtained from SAXS measurements. Closed circles indicate those deduced
by the second moment of c(r) obtained from a wide angle x-ray scattering mea-
surements. The corresponding scale of r; is shown on the upper axis of the

graph.

Ornstein-Zernike 3, (4.5) 12 £ 4LE, —pey = €2/5(0) TH 5, o T, £2/5(0) 3k
WHIEIZEY, —pey ThbL, BEMBEEEO ZROE- XY MIRHT HEEFE
TEHIENTE D,

Fig. 4.14 1213, Ornstein-Zernike X% AV S(Q) % 74 v b4 3 LICE D EBEH
7z —pcy OFERAFEERT . Evans 5 [11] 1&,

R® = & (4.20)

LT, iR MERE (short range correlation length), R % & A L. Ornstein-
Zernike DAHBIBEHE € 13 R% D BREAECHEFEERENOHEICE EEL L &R
BLTw5, EB TLVIT U RETRERDEECE T2 ROMEIZ4A (12 BETH S,
COZ i, BEMBEE c(r) P BRREFEIIBNTH, ZORSHEIHEETDH
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98

4T BODE X SUMIBELIEIC L 2BV EY Y 200 - REEHEEE

HZEIGERLTWS, 5|2 Fig. 414 1B ABHMI LRI EVIE, TOENF 1Ll g
em ™ THRAKZRTMEMICHZ2IETHE, 2L T, BRAEETIE, —pey DEIXTL
Hllgem™2 L) /R EREEE-oTE) ., BHMERD Ao, FA AGAE L FERD
EEERL T o,

Ornstein-Zernike 3, (4.7) 12X 0. c(r) IZ2WTHIA D £ T 5720121, ¢(r) & h(r)
% BRI 2B L % %, Percus-Yevick #1f, [13] 12 & uid, EEAHBBEE c(r)
Lir@k%wkpéf\uT®ﬁ®i7:h%ﬁ@ﬁﬁﬁﬁ$77?¥wwﬂ&%%ﬁ
oD [14] |

o(r)
o)~ = 1 (4.21)

o Ty ofr) DZROE—A Y MIHHIT 2 —pepy $2b b R? OEIR. EHERIICE
FOMBEMERORSEHEEZHMWICRMT28EEZONE, £/, HEEAKRT YU r
N OEFFEERGOEACICH S BBEZIT 5, o T, R? o¥RIE, KFHOMEIERF
FUYVYNVORAEES 1l g em P MHETROLEHBICKSILEERTONDET RS,
Fig. 4.14 DBEHT/RL7ZHIE, 5 3B THR X MEHES» &M L S(Q) ZHW
Te(r) RO, EOZRDE—A Y ML —peg ZEH LB DTH L, #EE LTD
D LD, EEAIIINEEELDY SR D7 —peo & FBDZEE) 2R L TV 5, Munejiri
5 [15] &, BERT v v VEHGR T HWEEER > OB A 4 CHAEERZER L, i
TV Dy L OEEELICE N, BRA 4 CEMELEH OG5 735 05 R ERE & & Dfg
WziTo T 5,

—77. BERFE (0.29 g cm™3) fHEICBIT 2 —pcoy DEBILHBHB L % L, TOH
T, Ornstein-Zernike OAHEFEEE 3L LARITWKRT %, c(r) O R SEH M EAE
ART I x v o(r) ORSEFHLFEARETH L Z Lo, MHEER E OBARIT, “EHEM
BAAMEIE T HAE R & L CLEHICE TZOMBEANRE” L) HAAGML EDOBRF A
FEICBI 2588 L EENICIFABOEEH 2R LTV 2

Ko FBR L7z r2 i3, 88 3 BEIZBW TR F ¥ a7 OSBEMIEEAT - 72 1
NG A=FTHb, IFOE—=27251.1 gem 3 fFETH Y, ri TS5~ 5.5 DHIZE
L. Bolt B T R R s O RFEE DR IR L 2 FIREFEL T2, 20
P ST A= 512X B HRILEOEETHNS,

BEW S X EER L AYWERAEDOER (Gradient theory of nonuniform fluid)[16-19]
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99

IZE i, FOHBHIZ AV —1E, BEOREL EBEICELLTWE ETHIE. BATE
Exn(lr) LT, LTOLHICHEZ 61D (18],

F{n(r)} = Fo —I-/ [%(n(r) —n)? + —g—(Vn(r))2 dr (4.22)

ZZT, Fy i3, WHEREOBHBEZ AV F—, b ZREOREAR Vn(r) O "RORK
T, BELR T A ¥ —425%., influence parameter” & [ AL, FEARD FH T AV F—
MY A2EE SN TW5 [20], O influence parameter 13, Yang 5 [21] DEEIZ &
D, EEMBERBD ZROE—-X Y MIHBIT S, LT &) 2BRKA Y Lo,

b 5 r“c(r)dr (4.23)

o Ty (4.18) 1T UL, 3T LBARFITON G,
b= —cokpT (4.24)

Fig. 4.15 1%, influence parameter OFEMAFMEZ R T o —pcg DEE) & RIT Y EH
B IZARETH D, 1.1 ~ 1.0 gem 3 HE TR AZRSERNTDH 5, ThbH, (4.22) I
BT 5 b OE 2 BMICHRT WL, COBREBRBRTREOHKE T A F—I3RL T
D, BMELREOZEMENMIITANVF —ICAF & R RIUTHIET 5, Z0O%H%, 51T
BEMPMET ¥ 5 &, influence parameter DEIZET L T <o FHZANVF—2ET T
52 EITE ), ZEICO MBMERBEENRZE ) &L PRI NI WIRTEAN L
BITL T EEZ NS,

53 ETIE, X HEHTEEIC X 5 BErEEDEIZ DOV TRz, £ORRIZLNIL,
1.1 g em 3 fHE2 5, MEBEORT IV REER T HESE Ry 25/ L, BRAZED
ETPEIEL 20 RICBIFLIAHEUPHERL T o XBNATELORKRIZ I T,
FIREOBFEEE > S S0) R EPHBELIED L, 2D X )12, X BEH C&FL Wz BT
EOELE, MNABED» D/ ONTMEE T A — 5 OBALT 2 HEEEBIINICERLTH
D, ZOWLED, WHhOLEROLELIIRL L, BTROARERIGERT 205 ¥
THLUREMEZRT . LT, ZOMEIIOWTELRT 2,
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Fig.4.15 Density dependence of influence parameter for fluid rubidium. The
corresponding scale of 7} is shown on the upper axis of the graph.

4.4 ER

SOEEPHARRIBEEE, R 0N influence parameter SR KZ RTHE X, BFEENAT A%
T C5~B5INEBTAIERBELL, £/, BFFAETVICEINE, BTRICEA
DHEMEN rr = 5.25 TAIET 2 & W) ERmElBEERTE 1 BT, T2, EME
ROALLTEFRICECOFEERTT CTICEDENDPREL TS [22,23], 2D
LiE, BTHEORELICLY ., REFEUEENICIEL L9 & T2 REEMEmMERL
[24,25]. »AHHEOFI N RERICER S NS ZLE2ERT L, — ., [AHEED L 12
HBEE L&) &I 2 AREM [26-28] . Wigner #& @ ~OMILB OB 7R3 b D
ThodLVolEHbH 5 (29,300

TV ) ERTEERIE. BTREAF VY ROZHEGOFEMFRTH L, MEREDOKT
R, A4 VREBTFRVFERIERFEENMT 205, VEI T AIZBT 5 rl =5.25 3
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101

BEET 1l gem ™3 ICHNUT 2, Ko T, [IBRERAFE L ) QL ICHN-EBHO%
FEHEBTETRICE T CICHERLIANEEMNEL L LD, FE1ETHRRALD
WETFHTAETNVEFEUT 2EMBREICIEENOFGVEEIN L VWDHIZ, 2O LidW
T L RAEOMEREEK L\ [31] EBICRICHERITR 27200 XEEHR DA
BIZIUAE L 2 1T e b 2\, 2D LiE, RERDENEER Kiotar DIEADT, ELERIIZLL
TOEIICEBFRDOFG Keloctron £ A 4 VY RDEG Kigp WO R D720, 7L 2BTHRD
FEFEERARM L CE DRI E > T, REFDAZENIEES L WEBBEINTVD
[23]c ThbE, LTORIZBVT, 1/ketectron DRI > TH, 1/Kion B2 NE L 5
THIET L2 EICL), REKROLEERDPHRINL L V) ZLETH L,

L - 1 (4.25)

Ktotal Kelectron Kion

L L%ds, EBFRP—RRICIHEL &9 &3 2EmI. Mo 20 THENS TREMD
Hbo IEDNY 77Ty FHPEEIrigid, T%05 1/Kkiop = 00 THNIX, BFRDA
PGS 5720 1IEMHED 7 —a > TRV F— (electrostatic energy) DHERPFHEIN
bo o T, BEDA F V54T rigid THRWIEAIZIE, BFRDO M2 IUHEERIL, 1
F (A A 2 R) O—RIRER & 722 o THN L EFREIND, A A > O—RRIUE O IETIE
EMERITHEE q 25 0 ICEWEIROF I I EER R E S Z L 2/RLTHB Y, influence
parameter D RIE, FOIEERMLAZIDEEZ BN D, O influence parameter
DR LHEERBIL, BF T AOEMBRPFAIIETLI2HFEEABE LI (—FHL LI L
»H. EOREE.LE OMEZERT,

TA) EROMME LIZBIT 2 BEEORMAKIKE T, RIZE DA & OEES
BTGB S I, A+ LERETFEL £ & o PR T (neutral pseudo-atom) &
LTHRE) (320 612, A4 YHOMEMERKRT ¥ ¥ v VOGS OFGIFRIEDT
WCHE L THARNS O BERREERFEZIRES S 2 2L D AEERE T VA L L
B LD BIEF O BMBAETSH 2 [33]e —F. BRFEHETIE, WEISFHEEE O,
TN ) ERAFETICEHEORBECTTRFOFIFET 5. TNOOFROMEIERIL
Ty T D= VAMEERTH ), 205085, r0 OEFEEL 0. AED
&77V-?W-7~wxﬁ%f%%ij>ﬁ¢®ﬁﬁ@ﬁ%ﬁ%Rﬁ4A@%U\ﬁ
TEFRGMEAST B RS RN L [12] # ZE T UL, EEHAEO R SEFE IR E R
THEREOEHF L V2 5. AERIZB 2 M FAHMERE,. &0 influence /7 X —
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102 BA4E PR X BNABELZIC X 2BV E D Y L 0h - EIRHIEE

§ OFEARTFE. Bl OB IRIREE D & R L O 5 FHORIREE & RF
BAREAEAD LT A BT, TNOHDNTA—FICKREREDPELLZEEZRLTS
D, ZOZALDET HHEEBIL, BREEEFROANLEMEBLBOTE C—HT %,

AEERAEDOBHIZ AV F— (4.20) OB HE2 6, EFRO—FRIIGEERIZ, FHO
BREAEOEOHREOEAR, T 2bbRALANF -0 RMERE L THA TV S LHEE
ENd, DL )IC, BTRIEIAA Y RE7 - VHEEHTHEEAELTBY ., ETFRD
HO—FRIHEIIZ 7 — 0y T X POEREME D o T —HRIUROMEMIZ, 14~ %D
—RIUHEOERMEFRT 2, LPLED S, 44 VRO THEHEROEFG R 1 4 VR
DOFEENRETHIEDENICL Y, &fE LT 5 2 &id, HEMIZIZIH S iz
WRICH B EEZ NS, —FRIUEOMERNL, A 4 2 ROZEHWIREQDE 2 KT 518
MEEZFOMEETH Y, T DIRIAT influence parameter DI KIZKEEL T2 b D EFH
PRS-

—F. BIETHL» L %o ZRAEENELIZ L IUE, 1.1 g cm™3 LUT OFEEFHEIR T,
FHOWEFREIZET LTI 00b 5T, RbrBEFREESE 20, BEALHD
BENPELE, 2O X, B4+ VRO EBRT 2L T&, BOEMHE
F0d BT ROBN M B REELED, BEILRI R L ) A 4 ¥ RO
BULoTHRESNTWDL LW HIBERET S, 1.1 g cm™3 LT OHE T influence
parameter 23R4 (KT L CWAMEANL, 20 L) A 4V ROBENZIBEIZLY . B
CEWEPEEIN, HEEHORSEHINS Lo T ZEERTINDTHE, D
R %A 4 RONHE (@5 &) DR —Vid, BEROL EDOR 7 —VIZHE L TED
THhS VPR TH L, FIZTRIECRRIBRHBEER DO AT — IV id, EHZEMT
2kp IZHIL L, ZOEEMAT— VA5 ~6 ARETHL I LEHH LIz, EBRICLY
BONTEIEHHEERTA Y THD EF, HAEFELLIgam 3 UTT~5A LI
DT/NIRETHL, 2O ki, BHSN/IAFT LV ROOLED, BTRICEFOD S
KICRETAb0THE I L AREL TV, ;

B EE A SR SN 2 BHE TR T, Mott MREEEICBIL2F Y ) T
BEORVRKRAT T, Z20MWETHEZ KU L CHSENOALEMAZ R &2

(RBENTVD [34-37)0 LALLRD S, 20 X9 ZASEHEMIE, 14 R0%) Oy
ChBPE. B — B ATE(EROMAL L ) BESNAEAEET 5. 20L) %
BT ROH 5B (electronic phase separation) A5fHE & ﬂéf%%&”i\%ﬁﬁ 02 EF D%k
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45 #5 103

il

FBLwIET, 44 RO [38,39] . 7+ / Y HEEEF [40] KEL S Z
& ATEERAYIC S BERRIYIC b i ST B [41-45]6

REBROERIL, BETROALEWREOBELRM LB RTRRTH L, TDLIH %
AR E T RICBWTBH SN TV R ERFEEIL, EFRONTEMEREOHEELRL L W
IR EMNIHERT2bDEER D,

45 *EE

TRV L it e L, BT & BRI T 2 IS VSRR ST BV TR
6% 7 X UM BELERE E T 5 & I L. MR L D30 AR
F# 5. Ornstein-Zernike X% F\ T, HEW & X, RUHED & XOMME, LIHHH
BIBEBE R? (= —pey) EH L, Z2OBEEELIZOWTHRN . B 5 NER LT Ol
0 Ch B,

(1) WHEOBRIZHEY, BEOS X S(0), HEWDLH EOHBERIIEKRT S, ENH&EMA
DENITIZTLOTIC, Llgem™3 ~ 1.0 g em 3 (FEOBEEHEEB» L FEW S X, MHE
HREDME R b N7z, FRROBTEELED b RFTEDO A (IR T REEEE. BAE)
PEE L), MAEDBENZAEEEEZRL TWDLH, ANABELOERERIIZOZ
LEXFETHIDTH b,

(2) BAEEISEOCIZONT, BHEW®SL E S(0), HE® L TOMBEBEMIIRE RERE
RUT2e WAV E DY L OBREEIERT 2/ MIBERRE OB A Z, RERTHD TH
HL7zbDEEZOND,

(3) /usnpFAAHRIRERE R2. KU influence parameter D HERGFMEIC LiUE, Zhoid 1.1
gem B HECBAREZRT ZEPHLDE L o7, MTHOMEMERORAHFEL, 20
BEHEBTREL B> TWBIEERTODTH D, BRBEMNETIZ, FOBEMKENE
FIFEAERL, HHTARBTHESN TV LB LEOMENZR LT, 2O &I,
1lgem 3 fHEPOHETL2O0 EN, BROLELEFRLZLWOLETHLILERT
bDTH %,
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104 F£4E HEHE X BUNIEELIIE I XV EY Y A0 - REBEREE

(4) BFHENRT X =% r2 12X > T, ERONT 2 — ¥ (SE4FAMBEERE R2. influence
parameter) ¥ A7 — VT DH L, TNELDNT A —FPEAE L HHEEBIT, v A
5~ 5510 L, BNFENLAREEEETAELL2BEIHET 2 EFMHL L R o7
B ROBNFNALZEL L X, BFRVEREZHREL, 2B DEMEAIFERL TAIC
B3 AR TH B0 THIUREEPIHET 5. THbEEINNEERPREERIIFRES L
TWw2IReEZRL, BVWory —a AR TR CEE LzA 4 2RI FERIC—HRIX
MEOMER (REREDSINMENEH) 25726 Tb0EEXONE, 20 L) HZKRRTICH
7% S5(0). £ DRBR/NES 205 EDFAEIT, BFROARZEREBREL LI T4
VROBHGEECE L LTRZZZENFTE, BTFRICAAOW S XIGERT 230
EEZBND,
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FA¥E
e

N2

BEEALZTVAYEE TR, BEFFEORT 2L, ETMALIEHOZEI R
DTKREL LD, TVA)ERPOMETHEF A AOEBHLEBBTH Y, EKHEA
B BT ROMBEOBEMFIL, BHBEEFROWEZ I LD, Ko 2YHOBEBENOMH
BrH 2LV BEODL L, KR EET Lz, WAEOBEFREZFATAILIZL
D, REHAREEEL T, BETFRELERNICE(LS €5 2 L TETREROHEHO
SETEALTTREMEIC DWW TR L 72,

BREIFRL), BEO L) AR TIIEFREA T VR EALTWD T L
Mo, AFVRBPFOTU—T LB LICEBL, TVAYEBHRETHLHIVED T L
Extge LT, X METER, BLOX BNABEER LT o 72, MEERIE, F=H#T
KRE e iEs% SPring-8 ® ¥ — 4 7 4 » (X #H#T: BL28B2, X #/Mi#iEL: BL04B2)
ZBWTERmL 7,

BB T V) &R % SREERG T CREICRRET 2720, TV ERED
e NE) 77 v AWzl v ERE L, 2 ORICB W TR ROEATIRRE
REIRT A EDNTE, ZLT, WAEVE DY L OR SIS SRR (2017 K, 12.45
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HAREN) —=DDETNIIEDNTHRINT WD, LL, RBZFEICEDHEL IR
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T DB &L, AEOMO 7V 7)) €RITHETIIUT 2 5T THNL Do T D
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B REEE 522281005, E6I2, BTROAZEEZRIERL T 2HRWIED
BEROHBRNORENL BP0 THL EEX D, | |

142




113

W

& X Hk

1] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244-13249 (1992).
2

3

S. H. Vosko, L. Wilk and M. Nuisair, Can. J. Phys. 58, 1200 (1980).

1]
2]
[3] J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048-5079 (1981).
[4] G. D. Mahan, Many-Particle Physics, pp.352-356 (Kluwer Academic/Plenum,
New York, 2000).
[5] G. Giuliani and G. Vignale, Quantum theory of the electron liquid (Cambridge,
2005).
6] S. Ichimaru, Rev. Mod. Phys. 54, 1017-1059 (1982).
[7] D. Pines and P. Nozieres, The theory of quantum liquids Vol.1, pp.206-210 (W.
A. Benjamin, inc., New York, 1966).
[8] Y. Takada, Abstract submitted for the March 2006 Meeting of The American
Physical Society.
[9] Y. Takada and H. Maebashi, private communications.
[10] J. P. Eisenstein, L. N. Pfeiffer and K. W. West, Phys. Rev. Lett. 68, 674-677
(1992).
[11] I. J. Maasilta, Subhasish Chakraborty, I. Kuljanishvili, and S. H. Tessmer,M. R.
Melloch, Phys. Rev. B 68, 205328 (2003).
[12] Y. Takada, J. Superconductivity, DOI: 10.1007/s10948-005-0081-3, (2005).
[13] A. M. J. Schakel, Phys. Rev. B 64, 245101-1-6 (2001).
[14] K. Takayanagi and E. Lipparini, Phys. Rev. B 56, 4872-4877 (1997).
[
[16] M. Tachiki, M. Machida, and T. Egami, Phys. Rev. B 67, 174506-1-12 (2003).
[

]
15] Hoang T. Tran, John P. Perdew, Am. J. Phys. 71, 1048 (2003).
]
17] F. Chen, J. Shulman, S. Tsui, Y. Y. Xue, W. Wen, P. Sheng, and C. W. Chu,

143




114 ZE Ik

Phil. Mayg., to be published.

[18] Tudor D. Stanescu, Ivar Martin, and Philip Phillips, Phys. Rev. B 62, 4300-4308
(2000).

[19] D. R. Penn, S. P. Lewis and M. L. Cohen, Phys. Rev. B 51, 6500-6514 (1995).

144




o B

AR A BT 21570 . Sk HHIEE, LIS ) ¥ LAFHAs sk
FgeRl #0% MR SESGE CHAT LS BILH L BT E 4. AEROFTITL, B
YroBHBLMIEE L MBS 2 EE T LLBEREREREMBEIT A ICE <
AL L EIT S, 370, BEFBIBRECOMEEEDS ETHE LATEE E LAEH
REFZZHI INOEBRGEICECRIBHLET T, 3510, REROBEHRERD £
LB RS0k L, BE2 IS 2EE T LSy 88de Brussk,
R L BRRL R 207 SRR IR SR L BT E4,

A&t 794 P~ 7)) TOUAMERIZEI EE ke ERKI2E, EEOHR 55
BEBE T, REICHYHESHNTESE, BEOEELRT FNAX2THE L L7z, K
YO TS LCHES, RERROSERICHITCIRHTES E Lz, Z2IEB1L
HLETFTET, MELSTIA4 K70 7B BEANRZ RIS HEESFERIC
OB THATES F Lo $70, SEESERIC CHMEZRLTHE I L, LT
54 F7 ) 7OVEE FREIIE (ARG T BB L LT E T,

T/, REBRHFOATHR THLEHEHT) 770 T4 A7EEOBICEEOFH %
BT F L7 i8R F R FER TRl i i T, MBhEde FEfiidged, [
B FHARELE, HRFMIRESKEHNEE MASHZELICREHHL EIFEd,
B RS DX 7 4 A 2 BB LB ICEE 2 CHE b TEE F Lz, BEHL LT
e

EHERE JORHERISE L > 4 — (SPring-8) OMBERIH K, MNEEAIE I, B EER
BT L, REBWERICRD E Lz, BESBILBL EFET, 7. BLEHZTER
e B AINAAMERICIE, BEHEERICE L T4 0 TR, TS, CHHEZTEEZ L
oo BB L EITE T,

WL R eI Ed% S HRREE. [RERFRARFiEdE BEAZHE, ER

145

115




116 B 5HE B

KEFBEIE FTHRABHEAE L, BARTICBWCIHE., THRcTEE T Lz, i UEHH
LETEd, RUEBRFETEMAR Bi#dR Bakiis. FEdR AhmEset (H HaY
M TSR I ERT CHA 27 FNA ZAZTHE F L7z, EHHE L ETFET,

R LEPET LB L, FEARELFMER SR TEE4L, MR FHEH
etk FBF BARERAEL U O, FARFE LEMERE LFEROHEER ICITEE
GZIXBLECHEEZHEE L, EATEKIHBLLETES,

LB RFRERIFE By F HRIRATRICAE . KRR SEHA e & e e B A BT
to. BSTREAE BRI ESA SR 2R BT FEACTSRE I, BV E LET
WNARETAEEF L7 STIEBILEBEL EFET, $/20 AEBRICTHITES £ L7oEY
TEFFRE ORFEL, FE E 2K, FREAR, BEANEREK, ZMHEFK, ERLPR, 2
BRZK, BHERK, FFHEIK, 7. EBEWEFRE Rkt Mg R, ZHEG
B, WEKERK, KRR, BIFHHRTIZ U0, IEEORRICRHHL EFET,

146




iR E T Lo S s RERE X ARIEFRIEGEL SRR

FERR R T 7E 7
(BB LEH )

DE

YRk 19 4 2 A

147




B =

BT EECEREEAE, BT ARIIHEEEHZ A VE -2 EE = AV F -1
XL THRB & 2 DIRENEBITY 2. ZHRETHR I, HEEROBEL 2L E
HEERADS, BFBOMEERIGER L €, REEEE CRICET L2 FRILTW
. BOREMEREL T, BTROBREN 2L EWR L, T -EmERMANC X,
HNFEEBOSRERBRICBWTADELZ O DI L 2EWRT S, t- T, 510
VERADRERIIHFRE SN, REEVERENICPHET 20 EESEZ ONL. BT
HALZBWTEROEBMII—FKTH ), BEOEHBRICEBTOEFFIIETN TN
TV HEDORTIIIEBMAAROES O/, 0L ) RIUEIETEI 67,
BT T ADBDOIEHRIILT LS RERKOREENMEZER L2V, L2L, KD
L) ICIEEMAEETRE CTH 2356, HLEIL Z DAREWESBEIELT 5 TRk D
b, KIFETIZ, EBFAAETNVICESK ) EENBET VAN BEDIVE Y T LI
DWW T IERME X EELER 24T, TRV © Y A O IR EL IR S Bl
WEDOEACDOMBFIZE D A, EREBOSFERI O RES o /- FH L BE
BHEICEVBON TV IMATREL LB L/ 25, BT RIAREL Z R TIE
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B 1 RT & ) Wik - SR ER 2 03 5 & 5 ICREE 2 HI#ES 5 &, — KM
BERITI &% G - JAEMOERN ZBELMPERTEL. 20L& ) 7
BEl 2 KB, ERCIRES TIE % A0 L) ZARRBR TR O TR L 2
5. Thbt, ZEANEOBRNFNEATIERTE 2 VBN 2 BERSEERT
HZLNTED.

GBI RE & BE I T 27286, fil L7z & 9 B EF O RIEALER & Bk
LT, BTRICEAE OHERCAREEITER § 2 WHEEEPBRN LR D 5. K
IZHAED &9 ABARTIE, TOEFIRBIIA A Y ROFA T I 7 ALBMAELT
By, BFIREOERLIEA + VROZEHEEICHVEEL RITT. o T, 414 YRD
ZHBECE, T abbiEid, EFRORECRIEE LT U -T L% 5.

1.2 7ILAYEERRE

ThA) GBI, —MEETH), ZOWEIEBEBTEOFTHROESHHEF T
AETIICHE) L ENTWVE. 2O L) WED, BRI L TSN 2ED2 TN
FLDHEBATIEZ VA, Ziman 12X o> T, 7V H ) EBHAETOMETD £/, 13ITHH
LETLLTERABTETH S I LARENTVD [3). EKFEEA LT VA ) &M
LTI, VED Y4 oy AR, BTIEE [4], BERIEE [5][6] % &Y
BAZNETICHESINTE L, ERERICINT, T 6 0YHEbiL, lRRA2S
BENL 7 LB B O B W TRARSEIR D D BRI T 5. BE, BRIZEE L, BATEDOB
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MZEEIERIIZ O RERELEZHRO TS

1.3 EFHX
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BT A AET VDT 5 EMESIE, BRSNS 2 ® IS 772010 — /% IEE
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BT OEMEOFSIERINTEL T, H T THLETROA 2 EE LI EHE
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CHDMEL Vo FTEAREMIANCSH B T L ZFERT 5 [11, 19, 20, 21]. FIRDOBEERH
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EWIR O N o7z 72, ZRIHORFIEICE LT, llEDH#E L 1400 C 200 bar 7>
HNRIZImEEZ T TNy 72 75 FOBEZ T2 TV 555, HEIOHIE & [k 500
CULDWUERESFFICBVWTRELZEVEIRON o7 DEDZ X NFY
TLT AR DERER L SREROBNCL BNy 775 FOERIZIZZEVWEE

2T X,

27
177




o~
Q
~
=
£
~
~
S
Q
~—
g
8
~

-10 O 10
Ao (meV)

21: BELA XS v

20 -20

(a) 100 C 10 bar
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-0 0 10

Ao (meV)

(b) 500 C 200 bar




]total (Q’ 60) / Itotal (Q)
]total (Q’ a)) / Itotal (Q)

20 10 O 10 20 -20 -10 O 10 20
Ao (meV) Ao (meV)

]total (Q’ m) / Itotal (Q)

22: BRELANZ FJV. (¢)800 C 10bar  (d) 1100 C 200 bar
(e) 1400 C 200 bar
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@
10 Tq

2

-20

LRI (e LTt L

b

g

Iy (O, @) / 1y (Q)

AT e

-10 O 10

hAw (meV)

23: N\w 759 K.

20

(a) 100 C 10 bar

10

-10 O
Ao (MmeV)

-20

(b) 500 C 200 bar
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@)
L0 Cl
R PR AR TRESSS

o O Perice
g €y RRRICRRCC
SRy e

L RAIRRRY;

Ibg (Q’ a)) /Ibg (Q)

20 10 0 10 20 20 10 O 10 20
Ao (meV) Ao (meV)

Iy, (Q @) /1, (Q)

2 Ny 77T K. (c)800 C 200bar  (d) 1100 C 200 bar
(e) 1400 C 200 bar
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BRI ODWT, HELARS "o Ny 2 75y v FRELGI Z LT, BiiiE
WrzE8H3T5. 2O K G) ITRT L) ICHKEBOA - -RBEGHEZORBESRET
DEEBXBEDOIICE DNV 72759 v FORPHIEEZIT> TV 5.

[sample(Qyw) - [total(Qaw) - It[:)tal [bg(Qaw) (6)
g

T I T, Lotaly g EFENEN, REOA o 712, ZORAMEHFCHELLLED
BB XRBETH Y, Lample(Q, w) FHAENVEDL T LD ARD L OFEERT. flE LT

500 OCa 200 bar, Q =9.71 nm-l GZEHZ.) [total(Qaw)v Ibg(Q,w)> &Us[sample(va) %

25 127K,
T ‘ T b T l 1
| © [total (Q» C()) OOO 500 C _
A 1, (Q o) 08 @ 200 bar

O g &
i [sample (Q: 0)) OGI%:’O 9.71 nm™

Intensity

25: Isample(Q»w) O)j‘?’;tﬂ

Isample(Q,W) %%ﬁﬁ‘?ﬁfi, T&b% [sample(Q) Tﬁ*%ﬂ: Lf:ﬁ‘liﬂiU\T@iﬁ“@@JE@Tﬁi%
BT S(Q,w) L EEDIF 5D,

[sample(Qaw) _ S(Qaw)
Isample(Q) B S(Q) (7)

ZZT, S(Q)ES(Q,w) DIESHETH L.
UEDOFMETREMEICBIT AN E DY L OB ERTFZEH L7 X26,27 12

"o N ERIMER 2R

32
182




S(Q ) /S(Q)

20 10 O 10 20
Ao (meV)

26: BjRUREERF.  (a)100 C 10bar  (b) 500 C 200 bar
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SQa)/S Q)

20 10 O 10 20

Ao (meV)

SQwo)/S(Q)

SQa)/S Q)

27: BhAyRE & N+
(e) 1400 C 200 bar

(c)800 C 200bar  (d) 1100 C 200bar
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100 C 10 bar T3, BELREEDVN S W 2 EREELN 7 P IVEIBIZBWTARS b Lo
FAZELIAS 5 b OO, EELEEYIC & 2 BIREZ IEHME E — 7 PRl s hiz. 20— f
EITEEANRZ POV BEIT 5. Q =3.19nm ™ 2 LEELR Y M VA RT 5
IHE JEAE Y — 7 OB IFE T ANV F—HINEBITL T, LA L, Q@ =831nm™!
THEIC,AEEHIEIANVF AN RBE TS, Q =1825nm™! DLEDOEEL Y b
WVARISCIE, R Y — 7 IR Y — 2 O ICENR T L E o TV A 720, 2OME L
FRET B EDEL VD, ART MVOTEN Q DR ER LD > TWAEZ EHhS FH
URIANF—AANERBITL T D Z eI S NL. tOREFEIEETORER
ROLI, FNICHELIEHEEY -7 RNV 0D, AT PLVORIZIZE Q
T D72 ) FEREDOZACER AR TIN5,

RSN T S(Q) O&E— Y — 27 OME KL T 2 EELN 7 FVAHE T, BB 2%
EHEENIE L (BT 2 &N TV 5. de Gennes narrowing[27] & FEEH 54
Tdh 5. AEOBPESMETH S 100 T 10 bar 75 1400 C 200 bar (2B T, HaIHEER
FOER—E—Z7IZ15ATMHRICAS L, ZOELR 7 N IVEEECILE RN 2 £ RLES)
FELBET 2 EFRIND. AEBRTEE SN BB ERTFOA~Xs M VL

l¥ de Gennes narrowing % X L T\ 5.
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3.1.2 ERBERT S(Q) L DI

LR TI N T CICHIE SN TELNVE Y Y L OBHEERT (DT, S(Q)) x v
TARIOBIET— % ##EET 5. 28 12 100 C 10 bar, 500 ‘C 200 bar, 1100 C 200 bar
J ¥ 1400 °C 200 bar 122V T, S(Q) E AFEERTHE 5 N7z Lampe(Q,w) DIETHRE % L
BL7ZbDTHD. Lample( @, w) DHETREZEFHER T O ZFLRFHERFICL - T
BHILL, 25128(Q) =BT A5 L) ICEHEL TV 5. lP50h5 &) I2, HEK
TR, B BEANT POVIREYE, HICEBICBV—EERLTWS. TS HEOHIE
7= DIEEETIRTY.

- © 100°C 10bar 1.45I gcm-3 .
A 500°C 200bar 1.31 gcm-3

v 1100°C 200bar 1.04 gcm-3
X 1400°C 200bar 0.89 gcm-3

(@)

28: S(Q,w) DT WE & S(Q) DIE
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3.1.3 S FEREERA%L

BEELANRZ S WVIZDOWTHIE L7 5fFRe 52 50 29,30 1SR T, 7 — Z f#FTIZIE =D

Da—L VBB TRNFET4v T4 T LI DO ETIVERE LTHW.

0.15 | | . ] 0.15¢ , \ T
Q=319 nm" - — 0=453nm™" ;
2 01f 1 & o1 y
7 §%
= S
] r 1 Q
+~ i N
= 005 {1 S o005f .
0 I . I N 1 . I . 1 O L I s L L h n 1 )
30 20 10 0 10 20 30 30 20 10 O 10 20 30
Ao (meV) hw (meV)
015 —m——r——7——7— o5
i 0=831nm" ; r Q=971 nm" |
2 01f 1 2 o1l .
& i = i
= < i
] r )
= L ~
= 005¢ 1 5 oo05- -
o i ) ! " . Lo 0 L 1 N | 1 " L L ]
30 20 10 0 10 20 30 30 20 -10 0 10 20 30
Ao (meV) hw (MmeV)

29: ZrFREERE %L
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015 T T T T T T T T T T 015 T T T T T T T T T T
i 0=11.05nm" | I Q = 18.25 nm™'
01[ ] 01[ §
-a L J 0(71 L 4
= I ] & I ]
2 [ ] & I ]
= 005 - 1 & 005 - .
i . I . L L L | " O i . t L 1 L. L { L _
30 20 10 0 10 20 30 30 20 10 0 10 20 30
Ao (meV) ha (MmeV)
0.15 1 0.15 , —
[ 0 =19.60 nm-' | I 0 =20.94 nm"’
0110 -' 0.1} i
-a L J .a L 4
= r . e L i
Q [ 1 Q i 1
N L 4 N o -
= 005 - 1 5 005 .
0 i ! . | [ | . ] 0 L [ L | ) L ]
30 20 10 0 10 20 30 30 20 10 0 10 20 30
hao (meV) haw (MmeV)

30: S ARRERI S
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3.1.4 BEHAMIKET (Damped Harmonic Oscillator) E7IVIZ L3 S(Q,w) D
T4y 7427
IANVF—BEESOIHILT 20— L YK E, FEE— FICxInT 5 RER
#=E)¥ (Damped Harmonic Oscillator: DHO) [28] 2> 5 7 % € 7 VEI%k (LM%, DHO €
TW)TS(Q,w) DT 4T 4 ¥ 7 %ATo72. DHO E 7 M, fifhksR [29] 7 &) ARIC
B9 55%  OUEEROBHIIZB W THEI Z IO T A, DHO ETMIE TR TRE
KRR 2 EAREDZR SN TV 5.

S(Qw)  hw/ksT {AO I, Ag  ATgy/9% —Th } @

S@) " T—e kel | 7w w2+ I | whsTh (@ — O3)7 1 4wl
ETENERM Y — s b 20— Ly F TV ETIEDSIERME Y — 7 £ 725 DHO T

BB, Ay & To lZERMEY — 7 OME LIRICHST 5. £72, Ag, Qe F LTI lk%Fh
Zh IR Y — 7 DR B IRICHYS T 5. DHO E7 )V ERERIZBLTHIE L
72 FRREB B TR AR HIES ATV, S(Q,w) WM LTHRNZE T AV T4 V7T 5

7N
ET, LN T A=Y OREILEAT o7, T4y T4 Y7 O—BI %K 31 ITRT.

o Iexp. SI(Q, o) /S(Q)I.‘:

. b 500 C
— fit S(Qa)/SQ) i 200 bar
02 | B—L2vEH 1]
..... DHO n 453 nm

S(Qw)/S(Q)

31: DHO ETNWIZL S S(Q,w)/S(Q)DT Ay T4 7

OmeV, ¥ meVOMNEIZROND FFFITFNFho—L 57 DHO IZHB T 5.

EBEOT 4T 4 v 7NN S(Q,w) FEBTRLTVA.
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3.2 #R
3.2.1 EHBIED 5 BRIk

S(Q,w) IR LIFFIEE — 2 £ b5 HELAY PV OBALIHE) - 7 B OBAT
BRONDLZEDL, RAENVED Y LWNICEEN ZEFE2FEL TWAEZ LR
SNz, HEvt R % EAIRIRI%L (longitudinal current correlation function A%, J,(Q,w))
RO, FOE— I NEEXRAENVE D T LNICHFET A EREESOEZ AV F—L L

7z, ZOEHOE, S(Q,w) I DHOETFTNVTT74v T4 Y7 L2 D HWTWA,

J(Q,w) D—BI [ 32 |2/ Y.

T I T T ‘

i
o1 | S(0.@)/5(0) if\-.‘ 500 C
| — J(Qw) | 200 bar
. ~ N 4.53 nm-"

-20 -10 0 10 20
hw (meV)

[ 32: e RE EAHRIBIZL (current correlation function)

BRMICBV TR S NENEF O H MRz X 33 12777, 100 T 10 bar 22\ T
1 Copley 5 937 o 7- FEHME R MEFHELIEBRD 320 K DR L IEFICEVW—F 2R LT
100 C 10 bar #* % 1400 C 200 bar  TRHMHITEAL L TV 5. EHELNZ b IVEEET

(SR D LS, EHBE T AV F — 13§ 2 @M H 555, EEELR 2 VR
BT ICHMOER A H 5. Q =3.19nm ™}, 4.53 nm L I BIT A EBEERAELE DY

L DRI ARERRIC L DD TR LN
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< O HB>—0—
<> —0—
<
O d
O

Ao (MmeV)
LN
|
X < O b—0—]
>
—o—
]

I

© 100°C 10bar 1.45 gcm'3

A 500°C 200bar 1.31 gcm'3
X 0 800°C 200bar 1.18 gcm™ _
v 1100°C 200bar 1.04 gcm™®

X 1400°C 200bar 0.89 gcm™3
| . |

0 10 20
Q (nm)

X <0

33: HEu R wE EAR BB E) & 8 L 7 HIphike o -8B 4%
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DHO MBI, T OFELN Y PVRFR L 34 1R Y. SRS R S WA, K#
BT PV S 5 BEARFE ORI TRE 72725, Bl 7 D VAR B ITKS
FTIRIZEKROZMERZRL TB D, To DEIFEENZ PO e B ART 5 1H

MIZd 5. T Z0SEAEREGHORRMER IO LTBY, 2 ORBEEIET 7L

SHDF—F—Th D,

1 l i vl
v
3 r _
v
R O ﬁ ]
B _
oMY L1d
= v 0 o9
S 1
o) 1 L
1 L 1 —
1 © 100°C 10bar 1.45 gcm
- A 500°C 200bar 1.31 gcm™= 1
O 800°C 200bar 1.18 gcm™
0 v 1100°C 200bar 1.04 gcm=
X 1400°C 200bar 0.89 gcm3
. 1 . [
0 10 20
O (nm)

34: DHO OiliE T D KB BIT B EEN T bVEAFHE
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3.2.2 HEE R EDEER

W/QWREDRTEFHOI LI H05 L)1, RIERMBERICEIT 258 EED
8 X ZWFES R ICHIN T 5. EBERAL E D L OREERIZ OV TIE, Arnold 5
DRI VREEE DI B W OBERIIE 21T > T 5 [30]. AERTH LN 75HH4
FRICBITS Q =3.19nm ™, 4.53 nm ™! OFER & FEFICOWTHEERIEICLDES
T B WL EE % X 35 12783, 100 C 10 bar TORFELE #HOEIL, Ohse DGR [14]
HAWTWE, &M BWT, Q =4.53nm ™ IZBIT AR T AV F — IS HIC

FLTIEIRZELTWAZ LD DR 5.

5 . I T T T T T I T
ho Vg
| o 100°C 10 bar 1.45 gcm-? 4
A ==--- 500°C 200 bar 1.31 gcm3
4 O 800°C 200 bar 1.18 gcm-3
vV =—-+=— 1100°C 200 bar 1.04 gcm=3
L X —--= 1400°C 200 bar 0.89 gcm=3 A
_ 0
3 — /’, ."“ 7
3 P
E | A%
3 oL
LN /’/- P ’ '/ <
SO s -
2 I~ /,, "’ / - |
L ’—' ):’ ,/
AP
_ s |
,I ‘.' ‘/ /’X
R
(S s
1 | ,/'.:/ "/' —
o ard
/:" ",/
//-{/"—‘// 7
i /—/"'./
£
‘2
O il i | ! { 1 | L l L
0 1 2 3 4 >
Q (nm-")

35 Q =3.19nm™ 1,453 nm  IZBIF L EFEGOREL A VT — L
WrhE & D B
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Q=319nm ‘e Q =4.53nm™! TORBELA IV F—DORBAERICT T HREOR
BRI ZR 36 107 Y. Q =3.19nm L IZBWT, fifex F )V F—d 2 meV HEDE
% & DD, IR DREEIL 1.5 ~ 1.8 meV TH 5. ft-> T, Z OMxHMEIZEEMEICK
B 720k Lz s, 1.1 gem 3 AR OB EETEIR & 551 R O W EEMAF IR LT 5.
1.1 gem ™ LA E OB RSB TIERBEEALICE WEAMER 2 /R $ 2%, 1.1 gem™ LLF D8
BT —BIlEDLECHEMICHS. Q =453nm~! T, 100 C 10 bar IZBWT, HTF
DIEDREDVR O N EKEEALL TH ZOREZIZIEF—ETHLHH, TNIER O EEE
&7 % 1400 C 200 bar IZBWTHIKT 5.

HDHEENRT M VIZB VTR AV F = 2SS I L CEICRET 5 L)
R, TOBENT PVISHIET 2RO FESWHAETEL ) QEVEETIED S
TrHREFELTVAS, Q=453nm P IFEEZMETI4mm BEORA T — VIZHIET 5.
o T, HWEOETIIHE Q =453 nm ™ DR ANV F —DREFERT L Z LT,
AN EEDS AL, 14 nm BEOBNES DA LGOS Z L2 BRT 5. —
J, Q=319nm M FEEHET20nmm BEOAT —VIZHIET 5. Q@ =3.19nm™!
B LT, € DREMREEA L TR T 5 2 EAMTITER T 2 21350706 2w,
@ =3.19nm™', 453 nm ! #IT REDHEMAFMI LA R S W72 BEHEBUTEF5R
BAREE L 7 BRI L Tn b,
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(a) 40 T | T | l
i 0 =3.19 nm™ .
S 20F ]
o _
© - i
X 0 - 0
Qi B o)
X | i 4
;% xn o)
s | » -20 - -
‘Q - —_
_40 1 ] ] | ]
0.8 1.0 1.2 1.4
p (g cm)
by 40— ' - | |
i 0 =4.53 nm~ 7
0\3 20 B 0] -
S I ]
X
O _
- 4
X |1 - i
;g X
3 X 20 .
<
_40 I ] 1 | ]
0.8 1.0 1.2 1.4
p (g cm3)

36: Q =3.19nm™,4.53 nm ™! (2B A EMEE O FFE T AV F— DRF

B vaq 12X D ITEL
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SRR D EHEE RED 0, WS R E KB 5. SEEROBEEL RS NV
R —REMTTIAvTA 7L, ZOMEE L) FEERD72. K37 1 IWEhEE & 580
BHPLH/ONTERORETH L. BHITHHEMR L ) RED o 728 ®E, ERITBER
BEBICLVEONTVDEHFH[B0] THD.

SEERL D EED o - FHRIE, WAFHE R —BHL TV, ROYBREETH S
0.88gem B IZBWVWT, RECIEIURET AR LT o7, ST, REVED Y LA,
HENEFEHERY, TRDOBBECESPFLET LI L2 MR TERTH ), BERYE M
PELTWAILEZXHTHLDTHA.

] | | |

— HREE
1200 -

v(ms™)
—
o
()
(a»]
|
|

800 - -

600 - -

0.8 1.0 1.2 1.4
p (g cm?)

37 THERD O RAE D o 7o E R & WEE R & DB
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3.2.3 EIIE S EOBEMEEOBEKREFH

REOHPMEREER 1 L AUSB VTR & EORBRARER ILE M LT OX TR I NS [32).

5~ V@ - F@ )

wi(Q) W S(Quw) DAKRDE—2 Y FTHY, MTFORTEMENS.

3ksTQ? 3sin(Qry)  6cos(Qry)  6sin(@Qry)
wi (@) ~ —— —+w§(1- o " on)E T @ny ) (10)
Wy = %?- /TQQ(T)————dqujn(;) dr (11)

m IFETOEE, wg 1371 ¥ a2 s 4 VIREE, r (ZRFOREHE, #)F0&FICLD
RILERTHD. Q) =wr(Q)/Q FEFWHBBETOHFEZ/RL, Q@ < 10nm™
D Q WU BT, I X MBELERR &L D B o N A VAR v(Q) = we(Q)/Q L B
(=Bt 52 EAHREINT S [33). FHEOBPIEA R LA IZE L2 b0 %N
38 ITR LTV %25, ot X MEELEBR Cla oI RE W E CHIETHETH ),
cr(Q)=v(Q) £ & 5.

c, (O)
v(Q)

¢ (9)

e

38: FIR O P BAMA
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wWo(@Q) X 2RDE—-X Y FTHY) (12) RNTEHLSNS.

Q (12)

INFETOXH/MAFEERE XREFERICBWTHE SN S(Q) EHWT,
(12) &L Y ZRE—A ¥ POBHERAL. LAL, Q < 5nm™! OEELELRZ b IVE
Bz L Tid, ERICHIE SN TV R W QB H 5 Z & FRENRKE S ZRE—AY
FPEBHLTCLE) CL R EOMBEEND Y, ZRE—XAV FOERIIRETH - 7.

ZZT,Q=2831nm 9.7l nm ! 11.05 nm ™ 122V T, wr(Q) ITIEARERTHEL N
7o BAR wo(Q) =AU, ExX & 0 ARFIRER 2 8 H U7z, X 39 (MR M o 3 BEAK
R R, RRERFEAKE WO, BELN 7 PVIRFEICE T 23T TE RV,
AR 7Y a0t — 57— 285 BBEELICEWENT 2 EmTR S/

04 ! I ! | ! |
o Q=8.31nm"
i A Q=971 nm" I
v Q=11.05nm" -
— 03 B e Q nm -
73] A
o
i o |
e s v
0.2 ° | -
- 6 -t
0.1 : . : : : :
0.8 1.0 1.2 1.4
p (g cm?)

39: FRFNER M OB EARKF
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3.24 BFHIAZRDODALEMEDRE

BT ROANLENDRICG 2 DEEBEL TR 120, BT-H AEG O 5 HER L EHT
H. QIO BT HADNY 7 757 2 FIZid—tRZIEEMzIRE L TWa D, BEF
ROBITFRNIAZE & % D), Bl ATEAE B, (Charge Density Wave: CDW) 34 U
A, ROBELINE DR LD, LT LIEEBHI—FL L ETHL L
EBRO v, 22T, EEBMEROEELHFAET S (deformable jellium) €7 )V &% 2
% [34]. @ D jellium 1&, deformable jellium (Z3¢ L ridid jellium & & IEiE#L 5. Tran
5 [35] 13, ridid jellium &% OF deformable jellium P ICE T DB HEWR A L 5560
HEN L EFEH T EELTB), LTICFO/KRZRT.

deformable jellium 2B W TEHNZRERS T2 FAE LGE, BHIFERBILT
DA TEI N5 [35].

k2 k

CDW F F

- xc -’<a s

“ps (q’O) 12FS(X) 127IX2[ ¢ ( T)] (13)

ZIT, X =q/2%p THY, kpl T 2V IWECTHL. F7, ke 2 (15) T ry /S7 X —

¥ EREDITONS.

1 .

31 1.9192

kp = (927_)3,_: 919 (14)
4 Ts T

Fy(X) 1 (16)TRENE Y ¥ IV FEIE[11] THh 5.

1 1—-X? |11+X
== 1
Fy(X) 5 + 5 In T % (15)

F,3EDOEZED, X -0TIE1-X2/3, X - 1TIiE1/2,#LTX — 0o Tld1/3X?
DIER%Z & . G [ IFHRBSBHELIFENE L OT, BT AFOETHIZE <
ARMEEMERICERL TS, (17) RISRBFAEELLIC L 58 TH 0, SHRMAR =V
Fe B ACRBET S, X < 1 OFEBICB W THREITERHER (17) A CERICER S
ns.

Gee(X,75) = T(ry) X? (16)
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(v
v
A

1 <T(r,) = — <€-§-‘> ﬁ%@“—c} —1- (’jf) dign? ) - 103 (17)
THY, €pe, € FENTNKHFAHBP AN T — TP ANF—TH 5.
Q=319nm™!, Q =4.53nm~ 1 12DV T (8) & D F 5 N BFEEBOBEEK
FHEX4012RT. Q =319nm™, 453 nm ' #£i2, ry > 525 &% 5 1.1gem 2 LLT
DB CTHAFEEEA0 2D AICHE L TWAH. AidR0&E ), EHSEMAIZ X
E, BETROBOEMED |q] - 0B CHWFERRIBICRLZL2ERT L. &

D EWEIELNZ PVEBUCBW TS, r PHEIL, BOERRFSOIETTHZ LT,

MBI RICET 5.
' I ' ] ! [ '/
0002 - ___ =319 nm"
i Q=453 nm™"
0
'€ 0001 - .
=
© - i
S 0 L e —
g
W B -
-0.001 - .
] I ] I 1 I
0.8 1.0 1.2 1.4

p(g cm)

40: deformable jellium €7V TEH L7 Q = 3.19nm ™}, 4.53 nm™! T
DEHIE BB O B AT
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LN bV QB B REROIRE K wee 1 (19) RTRENZ [35)

1¢S5 (q,0)1"?
q (18)

wec(q) = { 7

M 3 —EF & 721 O deformable jellium DEETH 2. (13) X& vt L e vy
L DA% 2 R%E deformable jellium L E 2, 4 4 ¥ 2T DRERD g~ 55 % 5
BL7, T b bBEFH AEHOGHUBRE B 72 RERDWE S0k 12306+ 2 BT
BWETOFHEARER 41 IR, BMOBELNZ P VIET7 2V I em0) o e T
LT gl L7z BY ry > 5.25 TOBBELANZ FVEBIC S W copmmmamt

BOMEE & 5720, FEBRIIFEEZ R LT 5.

5 L L L
- —— r,=4.60 (1.45gcm?) -
4 - ——- r,=4.83(1.31 gcm?)
- L ---- r,=5.07 (1.18 gcm?)
© 3| — = r,=537(1.04gem?) "
= L —-— r,=5.74(0.89 gcm?) ]
‘g 2 i , e ]
.- 7
- rl 0'/-
1F =
0 =Ty —
0 01 02 03 04 05 qg

41: deformable jellium €7 )V CEH L7-EFH A B8 0> 435 58
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AEEETHE L0 R & £&Exnd 5 BFF AEAE DS EBERIZOWT, &
BRI MIE DS (11) SN CIERICEER S A EEFEL N7 F VEBORBRZ K 42 1R T
FEEBPADEZRT 1.1 gem ™2 LT OHEB T, B+ H AEHA DB R IIHNT L

TWABIZOEEFF2 7\,
5 i l T I T l 1 I I
O exp. Aw 100°C 10 bar 1.45 gcm
- A exp. Aw 500°C 200 bar 1.31 gcm-3 1
O exp. Aiw 800°C 200 bar 1.18 gcm3?
4 — v exp. Ao 1100°C 200 bar 1.04 gcm3 -
X exp. Aw 1400°C 200 bar 0.89 gcm-3
- —— cal. Aim 1, = 4.60 (1.45 gcm3) ~ 1
—&— cal. hao 1, = 4.83 (1.31 gcmd) ﬁ;
S 3 [ & cal Ao, = 5.07 (1.18 gom) n
GEJ v
N’
S - X _
<
2 ]

Q (nm1)

42: PIEIZEDEON/Z Q =3.19nm™ L, 4.53 nm ™ 1IZ BT 5 EMHES)
D T A )V F — L BT A AEAF O 5 FEEFR O
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3.2.5 JIESYLAF L aATDEE

Q = 3.19nm™!, 4.53nm L IZDOWT RERR L D155 N7 L 4 )V F — D 3 (hw?)
&%%ﬁz%?»#%ﬁmLtwﬁl%»$~@:%m%@@%Emﬁﬁ%mﬁm
Y. Awic T Q =319nm™!, 4.53 nm ™t T ERFEEALICE N —FRIZHA L, rs > 5.25
DBV TRICEET 5. hw? 1F hwdg & FRRIC, RBEILIZE W RAMEAR & 7R T 75,
Q =3.19nm ! IZBWTZOFPMEMIT—FRTIE 72 <, 1.2 gem ™ Z 5512, WMAMEMR 45
WAR LA, Q=453nm P ICDOWVWTHETTIED 525, BREEAIZBNTZDORD
BT BRONE. ZOMEAOEIL vk, EDER & 2, TbbEEHNEE
MEFEOEEZRTHEBICBVWTALNTEY, 4+ VROBEE(LL BT RORLE
VDR BRLTWAZ L ERELT WA,

hw? & b # BT 52 L3, VEY T LA F ¥ 3T OFEDSREERIZEG 2 TwD
WEERLDL L T—DOOREL % 5. EB, Bove b [36] 1 Bohm-Staver (BS) E7VICH
W T HELERZARIE L (RPA) 2 V5 2 & CTHIVFEMEZEL L, BS 7 VEAR OFE
2RO, EBRTHESINTVEIERED HEEZZLHOGRBIIOVWTHELTWS. £

CTUTORTREND L) 2T b o TEDRBEDLALZHRANT.

Weore = 1/ w? — W%G (19)

X 44 12 Weore DEEMAAEZRT. Q =3.19nm ™}, Q = 4.53nm ™! 1T, weere (F1E
BEAEVEDERNZRYT. Q@ =3.19nm™! T, r, > 525 L2 0, BHFERK
PWEDEE & A 1.1 gem ™3 LT OB BB BV TRAER IS EEI RO NS,
Q = 4.53nm ™! T, BT RV FARICALE L 2 5 1.05 gem 2 T OBEHEBICB VT,
ETTIEdD 5B AEROEFENROND.

BT ROAREW 2 RTBEEBRBRICBW T, A4+ Y RIHFRGBEER(PEL D 2 &
EETNZE AT, D EOHERIE, 20 L) A4 4 V ROEEELFBETROREEMEITS

B Lol b TELTWEI A2 TRETLLDTH L.
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[ 0=3.19 nm" 1
8 - -
_ o 2 o |
. e 02 |
< 6 L
© I i
£
N _
S
g | % % -
(b) 20 ' T ' I ' I
0 =4.53 nm"
15 | o ®? -
o g’ il

Ao 2 (meV?)
o
|
]

43: hw? & hwdg OFEMAFE. (a) @ =3.19nm™! (b) @ = 4.53 nm™!
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0 =3.19 nm™"

(@)

A>®Ev Qk@b%Q

1.2 1.4
p (g cm)

1.0

0.8

Q=453 nm

(b)

4

A>®Ev wa.uSQ

1.2 1.4
p (g cm)

1.0

0.8

453 nm™!

3.19nm™ ! (b) @

44: hweore DEEMAFE. (2) Q
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4 FR¥E

BEELLZTVA)ERTIE, BTHEOKT 2 XML, BEFHHAEHORZED
BOTKEL D, TV EBFOMETXETHAOBBNLZERFTH ), KF
FEALICAE D BT ROMEH O MR, MAEEFROWEE X Lo, Ka Wit B #
NOAGEEG 25 V) BEOL & AR LET L. MAELZERIELIZHZY,
SRR 20T 0 L C, BT BE 2 EREN IR S5 2 L TR RER OMEEH O
AL TRELEIC D W TR L7z,

EREIZEZY BEO L) EAHARTIBFREA T VEAFBRIEALTWD T
DB AT VRPBTROTO—T LRI LICERBL, TVA)EBTHLVEY
YA ESE LT, I X AL ER 1T o 7. HEEFEERIT, S = URBIRS R
SPring-8 ® BL35XU ¥ — A T4 YICTHEMBLY. Q =3.19nm 55 @ =20.94nm™!
T COEEANZ M IVEEEIZ DWW T, 100 T 10 bar 2* 5 1400 C 200 bar F TOBEHIFEER
T S(Q,w) 2155 Z LTI L7z, S(Q,w) B RERMIRE TETNVCTTAvT 47
L, MRS AR 2 8T 5 2 L, ERER O S B R 57

EBELAN 7 P VR L O, AEBRTE S NFE T A V¥ — & W& 5 A
L ONLHREIANF— L OB 2T, ZDREDHEMFED Q =3.19nm ™!,
453 nm I, BFRVARLERZ R THEBCRL T 5 2 &2 /M L7z oaBRy
SRED 0B R EMBMEEE LB L2 & 25 EBEEFIICBWTZOBEREMIC
ENE LR, IO ORI, KEEICEY, BEFROARLEEITER L Ttk
VE DY ARICHERS ST, 14 ~ 20nm BRED A7 — )b 2RO E 54577
ETAHILELERLTNA.

IR D O N RRAREE O L D, @ =8.31nm ™!, 9.71nm ™!, 11.05nm ™!
IOWTEINABERS EOBMME RO L 25, BMBEEEY T abo st —
§— %&b, REEAL L SIS A ERICH o 7.

deformable jellium € 7V CEE L2 BTV ABEAOGHBERE, KERTHE SN

SHEREERETLZ LT, AF A T7OFEPRERICEZ T L EE LT LR
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BEE BB, weore T/ L7z, B, A AEA O EARIEFEICEA S NS
Q =319nm™' & Q = 4.53 nm™! TITV, HELEANRZ VIOV TETFRIALEW %
R L Y, weore DB R S L7z RBEEILIZHEY wegre 1T
R 2 RTH, BEFRIVALE L 2 ALY, ZORAETIEFEIR L .

BT ROALREWEL L, BETRPEELRAEL, SOICEMESEML CRICET S
K Ths. SHIC, HWFEEBOREERR TEOEZR O LZ2ERT L. Ih
L, RERPIHET 2, T2 b LM RIERFREEIIFREIN TV S TR Z R
LTEBH, BEnos—a YHEMERTHE S LoA 4 2RI BRI —BRIDGE O
BT ObDEEZLNL. D L) IR TIZIBIT S, EAKEEOHN, 57
BRRARR DB ED T, A4 V420 B, BT ROALEBRZHREL L) £T5
A4 Y ROWEEINE L LTRADZENTE, BETFREFDOARERITER T S5 b D
ZAbNb.
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AR 1247 ) HEAHIE & b CHEE LCHE § LASHEAET
SEPFERHIE RIS R 2 7 O R LIPS 5. 377 S HIE R 0 B £ T
MS DI E TS § U sk TR S AT R BALR L E
FEF

KW AT 5 107 ) M COMBEE LCIEE, A4, BHECHEY L THS
3 LR A TR B HAH e (0 & BALE L BT 3

SRR BT 51 b7 ) Shk b S, CIREE TR £ LEBAERE
LRSS SRS, RN R TR R L L S

SRS OERLIZ S 72 ) BISER I O KRR D i S L CIHE BRI 3IHE 0 &
EEY LTS AR ORI AG C SHATEE 3 LS MBS B
T A8 U — MBS Y 5 — BT (IR, SRR A T
B A NSy AER A RO Y AT AREE FRIEARICECBILE L EFET.

FERIC CHHTES £ L2l S O s FTAR, Bkt WA S
Kol FC AR T L I 5

BRI, KERAEZ I L, WD LA o RZOEK, EZEDOINEI TOE

HEAERS X2 TTF o728, KN, ETOWHEILLH,IHEHF L ETFET.
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