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Abstract

The electronic states in liquid metals are less clearly understood than in the case

of crystalline systems, because of the disordered structure of ions in the liquid state.

Behaviors of plasmon, a collective excitation of electrons, provide useful information

on how the valence electrons are influenced by the ions in liquid metals because the

excitation energy and the line width of plasmon strongly reflect the electron-ion

interaction.

In this study, we investigate plasmon behaviors in liquid alkali metals near the

melting point. Inelastic x-ray scattering (IXS) techniques are first applied to liquid

Rb and Cs, and the plasmon excitation energies (dispersion relations) and the line

widths are determined as a function of the momentum transfer q. We also derive a

formula for evaluating the plasmon line width in liquid metals at q = 0, and apply

the formula to liquid alkali metals.

We find that the plasmon dispersions in liquid Rb and Cs are different from those

in solid Rb and Cs. We discuss the observed difference, considering the variation

in the ionic structure upon melting, and it is indicated that the effect of ions on

plasmon dispersions is less important in the liquid state than in the solid state.

In addition, we reveal that the line width of Rb becomes narrower upon melting

near q = 0. This narrowing is quantitatively reproduced by our calculation using

the formula for the line width at the long-wavelength limit. With the aid of this

calculation, we interpret that the contribution of ionic potential to the plasmon

damping reduces upon melting.

This work will provide valuable information on the relation between electronic

states and the disordered ionic structure in liquid metals. Such information will be

useful to study the electronic states in liquid metals not only near the melting point

but also under high temperatures and high pressures. In addition, such information

will lead us to clarify the electronic properties in other disordered systems, such as

amorphous solids, metallic glasses, or warm dense matter.
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Chapter 1

Introduction

1.1 Fluid Metals

Fluid state of matter, which includes the liquid state, the gas state, and the su-

percritical state, covers a wide range of the phase diagram. Figure 1.1 shows the

pressure-temperature phase diagram of a typical metallic element. When a liquid

metal is heated at ambient pressure, the metal is transformed to a gas phase at the

boiling temperature, as indicated by the dotted arrow in Fig. 1.1. On the other

hand, if the pressure is applied, the vaporization is suppressed and the metal can

reach the supercritical state (solid arrow in Fig. 1.1), where distinction between

liquid and gas phases does not exist [1].

Along the solid arrow in Fig. 1.1, the solid metal is transformed to the liquid

state (process (1)), and then the density reduces continuously from the triple point

up to the supercritical region (process (2)).

In the process (1), the metallic properties are preserved in typical metals, such as

alkali metals, although the long-range order of ions vanishes upon melting. The elec-

tronic properties in such liquid metals near the melting temperature are described

well with the nearly free electron (NFE) model [2, 3], where the ionic potential is

treated as a weak perturbation to free electrons.

While valence electrons behave as conduction electrons near the triple point,

they are localized to isolated atoms or molecules in the gas phase. Therefore, in
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the process (2), the electronic states should drastically change with the continuous

reduction in the density. According to the experimental studies on fluid alkali metals

[4, 5, 6], the electrical conductivity deviates from the NFE prediction with decreasing

density, and then rapidly drops near the critical point. In addition, changes in

the magnetic susceptibility [7, 8], the Knight shift [9], and the optical reflectivity

[10], have been observed along the liquid-vapor coexistence curve. It has been also

suggested that the variation in the electronic states is closely related to the changes

in the thermodynamic [11] and structural properties [12] with increasing temperature

and pressure.

Investigation of the electronic properties in fluid metals is useful to obtain more

generalized understanding of electronic states in condensed matter including dis-

ordered systems, and also will provide unified descriptions of many-body systems

composed of electrons and ions from the condensed liquid phase to the dilute gas

phase. Thus, to clarify the dependence of the electronic properties on thermody-

namic states in fluid metals is of fundamental importance.
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Figure 1.1: Pressure-temperature phase diagram of a typical metallic element.
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Table 1.1 shows the critical temperatures (Tc) and pressures (Pc) of alkali metals

[1]. The Tc and Pc of alkali metals are relatively low compared to other elements.

Therefore, the temperature and pressure near critical point are accessible using

laboratory techniques. Among alkali metals, the Tc and Pc of Rb and Cs are lower

than lighter alkali metals, and thermodynamic conditions beyond the critical point

have been achieved for these elements in various experiments [1]. In addition, alkali

metals are typical simple metals, with a single valence electron which occupies a

s-orbital, thus suitable to investigate intrinsic electronic properties in fluid metals.

Table 1.1: Critical temperatures (Tc) and pressures (Pc) of alkali metals. Values in italics are
estimated from extrapolation of experimental data. [1]

elements Tc (◦C) Pc (bar)
Li 3000 690
Na 2210 248
K 1905 148
Rb 1744 124.5
Cs 1651 92.5

To profoundly understand the properties of fluid metals, it is required to clarify

the variation in the electronic states not only in the process (2) but also in the process

(1). The so-called Ziman formula [2] describes the relation between the electronic

conductivity and the disordered structure in the liquid states, and well reproduces

the experimental results. Jank and Hafner [13, 14] calculated electronic density of

states (DOS) of liquid metals considering the disordered structure, and discussed

the variations in the unoccupied DOS upon melting. These studies have provided

useful information on how the electronic states are related to the ionic structure

in liquid metals. However, such information has not been obtained adequately,

and thus various properties in liquid metals near the melting point, such as optical

properties [15] and electronic excitations [16], have been understood based on the

similarity of the local structure in the liquid state to that in the solid state. Such a

description does not take into account the structural disorder in liquid metals, and

is inapplicable to expanded fluid systems. Considering this situation, we focus on

the process (1) in this study, although our ultimate goal is to clarify the electronic
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states along the liquid-vapor coexistence curve up to critical point.

In this study, we investigate plasmon behaviors in alkali metals near the melt-

ing point. As shown below, the excitation energy and the life time of the plasmon

strongly reflect the electron-electron and electron-ion interactions. Therefore, in-

vestigation of plasmon behavior provides useful information to understand how the

constituent particles in condensed matter interact with each other.

1.2 Plasmons in the Electron Gas

Plasmon is a quantum of the plasma oscillation, a collective excitation of electrons

in plasma. This oscillation can be roughly understood as follows [17]. When there

exists an excess of positive charge at some point in the plasma, electrons move to

screen the positive charge and overshoot that point. They are, then, pulled back to

that region, and overshoot again, and consequently the electrons start to oscillate.

The electron gas is an assembly of electrons embedded in positive uniform back-

ground. The electron gas is characterized by the rs parameter (Wigner-Seitz radius

of electrons in unit of Bohr radius) defined as

rs =

(
3

4πn

)1/3

a−1
B , (1.1)

where n is the electron density and aB is the Bohr radius. Because the kinetic energy

of electrons is proportional to 1/r2s , and the interaction energy is proportional to

1/rs, the rs parameter is proportional to the ratio of the interaction energy to the

kinetic energy. Thus, the value of rs parametrizes to what degree the interaction

energy is dominant over the kinetic energy.

In the electron gas model, the excitation energy of plasmon at long-wavelength

limit, ωp, is written as

ωp =

√
4πne2

m
, (1.2)

where m is the electron mass, e is the elementary charge [17]. The relation between

the excitation energy and the momentum transfer, that is, the plasmon dispersion
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is calculated from

ε(q, ω) = 0, (1.3)

where ε is the dielectric function, q, ω are the momentum and the energy transfer,

respectively [17]. For the high density region (rs ≪ 1), random phase approxima-

tion (RPA) [17] describes well the plasmon dispersion . In the RPA, the plasmon

dispersion is given by,

h̄ωp(q) = h̄ωp +
h̄2

m
αRPAq

2 +O(q4), αRPA =
3

5

EF

h̄ωp

(1.4)

where EF is the Fermi energy [17].
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Figure 1.2: Schematic illustration of excitations in the electron gas on (q, h̄ω) plane. Solid curve
indicates the plasmon dispersion, and the shaded area shows the range on the (q, h̄ω) plane where
the electron-hole pair excitations occur.

Figure 1.2 schematically shows the excitations in the electron gas within the RPA.

The plasmon dispersion relation (Eq. (1.4)) is indicated with the solid curve. The

shaded area shows the range on the (q, h̄ω) plane where the electron-hole (e-h) pair
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excitations occur. This range is called e-h continuum, and determined by

h̄ω =
h̄2

2m
|k + q|2 − h̄2

2m
|k|2, |k| < kF, |k + q| > kF, (1.5)

where kF is the Fermi wave vector [17]. The plasmon dispersion curve intersects the

e-h continuum at q = qc. Beyond qc, a plasmon decays into an e-h pair, and thus

the life time becomes finite.

As rs increases, the plasmon dispersion deviates from that within the RPA, be-

cause of the exchange-correlation (XC) effect. The XC effect is taken into account

using the XC kernel fXC, and the dispersion relation is modified as [18]

h̄ωp(q) = h̄ωp +
h̄2

m

(
αRPA +

n

2h̄ωp

fXC(ωp)

)
q2 +O(q4). (1.6)

Figure 1.3 shows the plasmon dispersion of interacting electron gas for rs = 2− 10,

calculated with the quantummonte carlo method [18]. The dispersion of the plasmon

becomes smaller with increasing rs, and it becomes negative at rs = 10.

In addition to the excitation energy, the life time of the plasmon is modified by

the XC effect. The life time for q > 0 is finite even below qc in the interacting

electron gas [18, 19], while at q = 0 the life time is infinite.

Figure 1.3: Plasmon dispersion in the interacting electron gas model, calculated with the quantum
monte carlo method [18]. (reprinted from Ref. [18])
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1.3 Plasmons in Solid Alkali Metals

The plasmon dispersions of solid alkali metals (Na, K, Rb, Cs) have been determined

by the electron energy loss spectroscopy (EELS) experiments [20] (see Figure 1.4).

The points in Fig. 1.4 are the experimental data for Na (inverted triangles, rs =

3.93), K (triangles rs = 4.86), Rb (circles, rs = 5.20), and Cs (squares, rs = 5.62).

The vertical axis is normalized by the plasmon excitation energy at q = 0. The

solid curves indicate the plasmon dispersions of the interacting electron gas model

calculated by Singwi et al. [21] for various rs.

As the value of rs increases, the experimental dispersion curve shifts downwards.

This behavior is qualitatively consistent with the prediction of the electron gas

model. However, to reproduce the negative dispersion in Cs within the electron gas

model, unrealistically large rs value (> 10) is required. In addition, the dispersion

curve of Rb shows a cusp-like shape, that is, with increasing q the plasmon energy

increases up to q/kF ∼ 0.8, and decreases beyond q/kF ∼ 0.8. This behavior is not

reproduced by the electron gas model.

Motivated by the EELS results for heavy alkali metals, many theoretical works

have been carried out. Several researchers reconsidered the treatment of the XC

effect to explain the plasmon dispersions of solid Rb and Cs [22, 23, 24, 25, 26,

27]. These studies improved the agreement with the experimental results, but the

deviations from the EELS results have remained for both Rb and Cs. For Rb,

the cusp-like shape has not been reproduced [22]. For Cs, although some works

obtained the negative dispersion coefficient [23, 24, 25, 26], the absolute values of

the dispersion coefficient were too small compared to the EELS result [23, 26], or

the shape of the dispersion curve was not reproduced for the entire q range where

the EELS measurements were performed [24, 25].
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Figure 1.4: Plasmon dispersions of solid alkali metals normalized by the plasmon energy at q = 0,
determined by the EELS measurements [20]. The symbols represent the experimental results for
Na (inverted triangles), K (triangles), Rb (circles), and Cs (squares) Solid curves are the theoretical
plasmon dispersions of the interacting electron gas for various rs, calculated by Singwi et al. [21].
(reprinted from Ref. [20])

12



1.3.1 Effect of the Ions

According to the theoretical works performed by Aryasetiawan et al. [28], it was

shown that the interband transitions to unoccupied d-states modify the plasmon

energy in solid alkali metals, the so-called band structure effect. They performed

the ab initio calculations of the plasmon dispersions in solid alkali metals (Na, K,

Rb, Cs), as shown in Fig. 1.5. They showed that the band structure effect strongly

lowers the plasmon energy in the heavy alkali metals, and they obtained the negative

dispersion for solid Cs (Fig. 1.5). However the agreement with the experimental

results is only qualitative, although their results account for the tendency that the

dispersion becomes smaller as the atomic number increases from Na to Cs. In ad-

dition, the cusp-like dispersion in solid Rb was not obtained. Fleszar et al. [29]

carried out the ab initio calculation of plasmon dispersion in solid Cs, considering

both the XC and band structure effects. Their results agree well with the experi-

mental results, and they attributed the negative dispersion of solid Cs to the band

structure effect.

Based on the theoretical studies for the plasmon dispersions in the heavy alkali

metals, both XC and band structure effects are believed to modify the plasmon

dispersions in heavy alkali metals. However, the problem of the cusp-like dispersion

in solid Rb has remained unsolved. Furthermore, the origin of the negative dispersion

has not been clarified in a conclusive manner, because there has been no experimental

study on plasmon dispersions in heavy alkali metals since the EELS experiments

were performed.

Figure 1.6 shows the plasmon line width (inverse of the life time) of solid alkali

metals obtained by the EELS measurements [20]. The line widths at q = 0 are finite

in contrast to that of the electron gas model. According to the theoretical works on

the plasmon line width in real metals [30, 31], the finite value of the line width at

q = 0 originates from the interband transitions induced by the ionic potential and

phonon-assisted intraband (or interband) transitions. These effects also modify the

q dependence of the line width [30, 31]. Therefore, information of the electron-ion

13



interaction can be extracted from the plasmon line width. However, these theories

can be applied only to crystalline systems, and not to disordered systems. As de-

scribed below, plasmons have been observed in the disordered systems, such as liquid

metals, but the plasmon line width in such systems has not been well understood.

Figure 1.5: Plasmon dispersions of Na, K, Rb, and Cs. The open circles are the calculated results.
The closed circles indicate the experimental results [20]. (reprinted from Ref. [28])
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Figure 1.6: q dependence of the plasmon line width in Na, K, Rb, and Cs, obtained by the EELS
experiments. (reprinted from Ref. [20])
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1.4 Plasmons in Liquid Metals

Plasmons in metallic liquid have been investigated for several systems [16, 32, 33, 34,

35, 36]. Figure 1.7 (a) shows the plasmon dispersions of solid and liquid Li, obtained

by the inelastic x-ray scattering (IXS) measurements. The plasmon energy becomes

lower upon melting, which was explained by the reduction of the density upon

melting [16]. Figure 1.7 (b) shows the q dependence of the plasmon line width of

solid and liquid Li. It seems that the line width of liquid Li tends to become smaller

than that of solid Li as q decreases. However the difference is small compared to the

uncertainty of the data, and Hill et al. concluded that no change was seen in the line

width upon melting. As mentioned above, interband transitions induced by the ionic

potential and phonon-assisted intraband (or interband) transitions are responsible

to the finite line width at q = 0 in the solid state [30, 31]. Hill et al. interpreted

that the local structure of liquid Li is sufficient to mimic the crystalline structure of

solid Li and the broadening of the line width was caused in the liquid state as in the

case of the solid state. However, their discussion is only qualitative, and thus how

the variation in the ionic structure upon melting influences the plasmon line width

is not clarified.
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Figure 1.7: (a) Plasmon dispersions and (b) the line widths of solid (open circles) and liquid (closed
circles) Li, obtained by the IXS measurements. (reprinted from Ref. [16])
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1.5 Inelastic X-ray Scattering

In this study, we apply inelastic x-ray scattering (IXS) techniques to liquid alkali

metals. IXS is a powerful tool to investigate electronic states in materials [37]. IXS

techniques are applicable to fluid metals under various thermodynamic conditions, in

contrast to electron spectroscopies such as photoelectron spectroscopy and electron

energy loss spectroscopy (EELS), which require high vacuum environment.

Figure 1.8 shows the process of IXS, where the energy h̄ω = h̄ω2 − h̄ω1 and the

momentum q = q2 − q1 are transfered to the sample from incident x-ray. Here, h̄ω1

(h̄ω2) and q1 (q2) are the energy and the momentum of the incident (scattered) x-ray,

respectively. If the energy transfer is much smaller than the energy of the incident

x-ray (h̄ω ≪ h̄ω1), the momentum transfer q can be approximately represented as

that of the elastic scattering,

q = |q| = 4π

λ
sin θ, (1.7)

where 2θ is the scattering angle, and λ is the wave length of the incident x-ray. In

typical IXS experiments, spectra of scattered x-ray are obtained at selected scatter-

ing angles and thus scattered x-ray is measured as a function of h̄ω and q.

Figure 1.9 shows a schematic diagram of the IXS spectrum. Depending on h̄ω,

various excitations are expected to be observed, such as phonons, electron-hole pair

excitations, plasmons, and core-level excitations. In this study, we focus on the

energy range where plasmons and electron-hole pair excitations are observed.

2θ1ωh q1

q2
2ωh

Incident X-ray

Scattered X-raysample

Figure 1.8: Schematic drawing of the process of inelastic x-ray scattering.
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Figure 1.9: Schematic diagram of the IXS spectrum. (reprinted from ref. [37])

Plasmons can be observed also by electron energy loss spectroscopy (EELS). The

cross section of EELS is much lager than IXS, and thus statistically accurate spectra

are more easily obtained with EELS than with IXS. On the other hand, IXS has

the following advantages over EELS. First, IXS spectra do not suffer from multiple

scattering events, while influence of such events on EELS spectra increases with q,

which makes it difficult to interpret the spectra. Second, IXS can be applied not

only to the solid samples but also to the liquid samples [16, 32, 33, 34, 35, 36], in

contrast to EELS techniques. Third, IXS is applicable even to experiments under

extreme conditions such as high pressure experiments, where high pressure vessels

or diamond anvil cells are used [38, 39].

Because of the smallness of the IXS cross section, early IXS experiments were

performed mainly for the light elements [40, 41, 42, 43], which have small absorption

coefficients. However, owing to the recent advances in synchrotron radiation sources,
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the intensity and the energy resolution have been substantially improved, and IXS

has become a standard tool to probe the dynamic response of electrons in materials

including the heavier elements [44, 45, 46].

In this work, we study the heavy elements (Rb and Cs) in the liquid state.

Therefore, synchrotron-based IXS techniques are essential for this study.

1.6 Purpose of This Study

Our ultimate goal is to clarify the plasmon behaviors in Rb and Cs along the liquid-

vapor coexistence curve up to the supercritical region. However, as described in

section 1.3, the plasmon behaviors in heavy alkali metals are not understood even in

the solid state. Furthermore, as mentioned in section 1.4, plasmons in liquid metals

have not been investigated adequately even near the melting point.

The purpose of this study is twofold. Firstly, to clarify the origin of the cusp-like

dispersion in solid Rb and the negative dispersion in solid Cs. Secondly, to clarify

the influence of the structural variation upon melting on the plasmon behaviors in

Rb and Cs. The elucidation of the origin of the anomalous plasmon dispersions

in heavy alkali metals in the solid state will give valuable information to construct

more sophisticated many-body theories. In addition, this work will provide funda-

mental insight into the relation between electronic states and the ionic structure in

disordered systems.

In this work, we perform the IXS experiments on liquid Rb and Cs near the

melting point and observe plasmons. For Rb, the IXS experiments are done also in

the solid state. In addition, we derive a formula to evaluate the plasmon line width

of liquid metals at q = 0.

In the next chapter (Chapter 2), the details of the experimental method are

described, such as construction of the sample cell, sample preparations, and IXS

experiments at the beamline in the synchrotron radiation facility (SPring-8).

In Chapter 3, a formula for evaluating the plasmon line width of liquid metals at

long-wavelength limit is derived for the first time. The formula is applied to liquid
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alkali metals, and the difference of the line width in the liquid state from that in

the solid state is discussed.

In Chapter 4, the results of the IXS experiments for solid and liquid Rb are

presented. The variation in the plasmon dispersion upon melting, and the origin of

the cusp-like dispersion in solid Rb are discussed. The difference of the line width in

the liquid state from that in the solid state is also discussed, based on the formula

derived in Chapter 3.

In Chapter 5, the results of the IXS experiments for liquid Cs are presented.

The plasmon dispersion in the liquid state is compared with that in the solid state

obtained in the previous EELS study, and difference of the dispersions between the

two phases is discussed. The discussion of the negative plasmon dispersion in solid

Cs is also given.

In Chapter 6, the results obtained in this work are summarized, and the signifi-

cance of our study is described.

Finally, the preparation for the IXS experiments for observing plasmon in fluid

alkali metals in the supercritical region is described in the appendix. Developments

of a new sample cell and a high pressure vessel are described. In addition, the IXS

spectra up to 1273 K at 5 MPa are presented.

21



Chapter 2

Experimental

2.1 Sample Cell

2.1.1 Construction of Sample Cell

In this study we measure the x-ray scattering from liquid alkali metals. Thus, we

have made a sample cell to contain the liquid alkali metals [47].

Figure 2.1 shows the components of the cell. All parts are made of sapphire,

which is resistant to alkali metals at moderate temperature. The cell consists of

four parts, a closed-end outer pipe (inner diameter 3 mm, outer diameter 4 mm),

a closed-end inner pipe (inner diameter 2.3 mm, outer diameter 3 mm), a reservoir

(inner diameter 3.2 mm, outer diameter 4.5 mm ), and a ring (inner diameter 4

mm, outer diameter 5 mm). Holes are drilled in the outer pipe and the ring, and a

ditch is made in the outer pipe, as shown in Figs. 2.1 (a), (d). When the sample is

introduced into the cell, the holes and the ditch provide a path for the liquid sample.

The procedure for introducing the sample is described later.

Figure 2.2 shows the cross sectional drawing of the cell. The inner pipe is inserted

into the outer pipe. The ring is put on the outer pipe, and the reservoir is joined

to the ring. All parts are connected by a high-temperature ceramic adhesive (SEM-

COM Co. Inc. Type SCE-1). The incident x-ray is irradiated as indicated by the

arrow and the scattered x-ray goes out to the left. The closed-ends of the pipes
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correspond to the x-ray windows. The space between the closed-ends of outer and

inner pipes corresponds to the sample space. The thickness of the x-ray windows

is made very thin (100 - 150 µm), to reduce the absorption of the x-ray by the

windows.
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hole hole
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Figure 2.1: Schematic drawing of the parts of the sample cell, (a) a closed-end outer pipe, (b) a
closed-end inner pipe, (c) a reservoir, and (d) a ring.

ceramic adhesive

inner pipe

outer pipe

ring

resavoir

sample space

(a) (b)

x-ray

5 mm

Figure 2.2: (a) Cross sectional diagram and (b) photograph of the sample cell
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2.1.2 Sealing Test

In order to confirm that the sample cell is tightly sealed except for the opening of the

reservoir, a sealing test of the cell was done [48]. As mentioned later, for introducing

the sample into the cell, it is required that all parts are joined without the leakage

of helium (He) gas.

Because the x-ray windows of the cell are fragile, special care is required in the

sealing test to avoid the damage due to the difference of the pressures between the

inside and the outside of the cell. Therefore, the sealing test was done as follows,

and we confirmed that the there was no leakage of He gas from the cell.

Figure 2.3 shows the setup for the sealing test. The setup consists of a vacuum

bell jar, a brass stage, a He gas bag, a rotary pump, and a He leak detector. Two

pipes pass through the brass stage as shown in the figure, and the cell is joined to the

one of the pipes with the silicon tube. First, the bell jar and the cell are evacuated

at the same time, by opening the main valve and valve V3, and closing the valves

V1, V2, and V4. In this procedure, the pressures in the inside and outside of the

cell are kept the same, which prevents the thin x-ray windows of the cell from being

damaged owing to the difference of the pressures. Then, the valve V3 is closed and

V4 is opened, so that the insides of the bell jar and the cell are evacuated with the

turbo pump in the He leak detector. After the evacuation, the main valve is closed

and the valves V1 and V2 are opened. If the cell is sealed, the He gas can not reach

the He leak detector and the mass flow rate of the He gas does not change from the

original value (∼ 10−11 Pa m3 s−1). Thus, we can confirm whether the cell is sealed

or not.
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V4
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Figure 2.3: Setup for the sealing test of the sample cell.
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2.2 Introduction of the Sample into the Cell

Figure 2.4 shows the setup for introducing the sample into the cell [48]. Because of

the high reactivity of the alkali metals to the air, this procedure was done in a glove

box filled with purified He gas. First, we put a sample injector, which consists of a

piston and a cylinder, on the reservoir of the cell, as shown in Fig. 2.4. The solid

sample was in this injector. Then, we evacuated the vacuum desiccator. In this

procedure, the sample space of the cell was also evacuated. After the evacuation, we

closed the valve V1, and began to heat the sample with a heater, which was coiled

around a aluminum stage. When the sample was heated up to the melting point, the

molten sample could not sustain the weight of the piston and the piston descended

down. As a result, the sample was pushed out from the injector into the reservoir

area. After this, we opened the valve V2 and introduced the He gas. The surface of

the liquid sample in the reservoir was pushed by the He gas, and the sample reached

to the sample space of the cell. Pressure imbalance between the sample space and

the outside of the cell is essential for this procedure. If there were a leakage of the

He gas in the cell, He gas would penetrate into the sample space, and the space

would not be filled with the sample.
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Figure 2.4: Setup for introducing the sample into the cell.
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2.3 Chamber for Inelastic X-ray Scattering

Figures 2.5 (a), (b) show a schematic diagram and a picture of the chamber for the

IXS measurements. We used kapton foils (thickness 50 µm) for the x-ray windows

of the chamber. After the sample introduction, the cell was set to the chamber

as shown in Fig. 2.5 (a), and the chamber was sealed in the glove box. Then,

we brought out the chamber from the glove box. We also set the heater and the

thermocouples in the chamber.

Figure 2.6 shows the enlargement of the cell inserted into a furnace in the cham-

ber. The furnace consists of a molybdenum (Mo) tube and a Fe-Cr heater. The

Fe-Cr heater (diameter 0.40 mm) was fixed around the Mo tube. Thermocouples

were inserted in the holes drilled in the Mo tube. Alumina tubes were used for the

electrical insulation. For the heater, the inner and outer diameters of the alumina

tube are 0.50 mm and 1.0 mm, respectively. For the thermocouples, we used the

alumina tubes with two holes. The diameter of this hole is 0.30 mm, and the outer

diameter of this alumina tube is 1.2 mm.
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Figure 2.5: (a) Schematic drawing of the chamber for the IXS measurements. (b) Photograph of
the chamber.
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Figure 2.6: Furnace in the chamber for IXS measurements, into which the sample cell is inserted.
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2.4 Inelastic X-ray Scattering Beamline

We have performed IXS experiments at the Taiwan inelastic x-ray scattering beam-

line BL12XU of SPring-8, which is designed for observing various electronic excita-

tions [49]. Figure 2.7 shows the layout of the beamline. The incident beam from

the undulator was monochromatized using a combination of Si (111) double crystal

monochromator and a Si (400) four-crystal high-resolution monochromator. The

energy resolution ∼ 0.2 eV was obtained for the energy of the incident x-ray 13.8

keV. IXS was measured with a spherical crystal analyzer and a Si detector in a near

backscattering geometry. The experiments were carried out in the so-called inverse

geometry, where the scattered photon energy is fixed at a certain energy and the

incident photon energy is scanned near that energy.

undulator

high resolution 
monochromator

sample

analyzer

detector

incident x-ray
13.8 keV

scattered 
x-ray

(a)

(b) (c)

double crystal
monochromator

Figure 2.7: (a) Layout of the Taiwan inelastic x-ray scattering beamline BL12XU in SPring-8. (b)
Picture of the high resolution monochromator. (c) Picture of the experimental hutch.
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2.5 Experimental Conditions

2.5.1 Measurements for Rb

The IXS measurements were performed at room temperature for solid Rb, and at

333 K for liquid Rb. (The melting point of Rb is 312 K.) The range of the energy

transfer, h̄ω, was from 0.5 eV to 6.5 eV. The range of the momentum transfer, q,

was from 0.18 Å−1 to 0.90 Å−1 for solid Rb, and from 0.18 Å−1 to 0.80 Å−1 for

liquid Rb respectively. The measurements took about 3 hours for each q, and the

total counts at inelastic peak positions were ∼ 100 [counts].

The thickness of the sample cell was adjusted to be 300 µm. This value is

determined as follows. The ratio of the intensity of the transmitted x-ray to the

incident x-ray can be expressed as exp[−µt], where µ is the absorption coefficient

and t is the thickness of the sample. On the other hand, the number of the scatterers

is proportional to the thickness t. Therefore, the intensity of the scattered x-ray is

proportional to the factor t exp[−µt], which takes the maximum at t = 1/µ(≡ tmax).

The density ρM of solid Rb, and the mass absorption coefficient µM of Rb for 13.8

keV [50] are

ρM = 1.53 g cm−3, µM = 24 cm2g−1.

From these values the liner absorption coefficient µ = ρMµM is estimated to be

µ = 37 cm−1.

Thus tmax is calculated as

tmax ∼ 270 µm.

Considering that the density becomes lower upon melting, we set the thickness as

300µm.
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2.5.2 Measurements for Cs

The IXS measurements were performed for liquid Cs at 313 K. (The melting point of

Cs is 302 K.) The energy transfer was from 0.5 eV to 4.5 eV. The momentum transfer

was from 0.32 Å−1 to 0.55 Å−1. The measurements took about 9 hours in average

for each q. The total counts at the inelastic peak position were ∼ 100 [counts]. The

thickness of the sample was adjusted to be 80 µm. This value is determined from

tmax for solid Cs, 74 µm. The value of tmax is derived from the density (ρM = 1.93

g cm−3) and the mass absorption coefficient for 13.8 keV (µM = 70 cm2g−1 [50]) of

solid Cs.
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Chapter 3

Formulation of the Plasmon Line

Width in Liquid Metals

Formulation for evaluating the plasmon line width in liquid metals is derived in this

chapter. So far, the plasmon line width has been calculated mainly for the solid

state [30, 31], where the effects of interband transitions, phonon-assisted intraband

(or interband) transitions, and the excitations of two electron-hole (e-h) pairs are

considered. The effects of phonon and two e-h pairs can be calculated without using

information on the ionic structure [31]. Therefore, these effects are readily extended

to the liquid systems. On the other hand, the effect of the interband transitions is

strongly dependent on the ionic structure, and thus the extension of this effect to

the liquid state is difficult relative to the other two effects.

In this chapter, we derive a formula for evaluating the plasmon line width at

q = 0 in liquid metals. In addition, the application of the formula to the liquid

alkali metals is shown [51].

3.1 Derivation of the Formula

The plasmon line width at q = 0, ∆E1/2(0), is represented as [31]

∆E1/2(0) = h̄ωpε2(0, ωp), (3.1)
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where ε2 is the imaginary part of the dielectric function. Therefore, the ∆E1/2(0)

can be calculated when the formula for ε2(0, ωp) is given. (Hereafter, we do not

indicate the q dependence, if q = 0. ) For the calculation of ε2(ωp), we use the

following relations [52],

ε(ω) = 1 + i
4πσ(ω)

ω
, (3.2)

Reσ(ω) = −Im

[
π(ω)

ω

]
, (3.3)

where σ(ω) is the conductivity and π(ω) is the retarded form of the current-current

correlation function π(iω). In the isotropic systems where the nearly-free-electron

model is an good approximation, π(iω) can be expressed as [52]

π(iω) =
1

4πm2(iω)2

∑
q′

q′4

3

[
1

εEG(q′, iω)
− 1

εEG(q′, 0)

]
× ⟨Φ(q′)Φ(−q′)⟩, (3.4)

where εEG(q
′, ω) is the dielectric function of the electron gas, and Φ(q′) describes

the potential aside from electron-electron interaction [52]. For example, Φ(q′) can

describe the potential of impurities Vimp(q
′). In this case Φ(q′) is written as Φ(q′) =

Vimp(q
′)

ν
ρimp(q

′), where ν is the total volume and ρimp(q
′) is the density operator of

impurities [52].

In the case of ionic potential in liquid, Φ(q′) can be represented as,

Φ(q′) =
Vion(q

′)

ν
ρion(q

′), (3.5)

Vion(q
′) =

∫
d3reiq

′·rVion(r), ρion(q
′) =

∑
j

eiq
′·Rj , (3.6)

where Vion(r) is the ionic potential and Rj is the position of the j-th ion in liquid.
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From Eq. (3.5), we obtain

⟨Φ(q′)Φ(−q′)⟩ = 1

ν2
⟨Vion(q

′)Vion(−q′)⟩⟨ρion(q′)ρion(−q′)⟩

=
nion

ν
Vion(q

′)2S(q′), (3.7)

where nion is the ionic density and S(q′) is the liquid structure factor defined by

nionνS(q
′) = ⟨ρion(q′)ρion(−q′)⟩. When we convert the summation into the integral

in Eq. (3.4),
∑

q′ → ν
∫

dq3

(2π)3
, we obtain the following expression from Eqs. (3.2) -

(3.4) and (3.7):

Imεion2 (ω) =
4

3nion(h̄ω/EF)4

∫
d3q′

(2π)3

(
q′

kF

)4

×
∣∣∣∣vion(q′)/εEG(q

′, ω)

EF

∣∣∣∣2 S(q′)Im[εEG(q
′, ω)], (3.8)

where vion = nionVion. When we derive Eq. (3.8), we use the relation −Im[1/εEG] =

ImεEG/|εEG|2. Finally, from Eqs. (3.1) and (3.8), the following formula is obtained:

∆Eion
1/2(0) =h̄ωp

4

3nion(h̄ωp/EF)4

∫
d3q′

(2π)3

(
q′

kF

)4

×
∣∣∣∣vsion(q′)

EF

∣∣∣∣2 S(q′)ImεEG(q
′, ωp), (3.9)

where we neglect the ω dependence of the screening and write the screened potential

as vsion(q
′)(≡ vion(q

′)/εEG(q
′, ω = 0)).

It should be stressed that by setting Φ(q′) =
∑

G Vion(G)δq′=G the equation

∆Eion
1/2(0) = h̄ωp

4

3(h̄ωp/EF)4

∑
G

(
G

kF

)4

×
∣∣∣∣vsion(G)

EF

∣∣∣∣2 ImεEG(G, ωp) (3.10)

is derived [52], under the assumption that the system has a cubic symmetry [53].

Equation (3.10) describes the effect of interband transitions in crystalline systems

[31]. Equation (3.9) is similar to Eq. (3.10). The difference between the two equa-
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tions is how structural information is included. In Eq. (3.9), structural information

is included in the structure factor S(q′), whereas in Eq. (3.10) it is included in the

reciprocal lattice vector G.

Figures 3.1 (a), (b) schematically illustrate the mechanism of the plasmon damp-

ing at q = 0 described with Eqs. (3.10) and (3.9). For the solid state, if the reciprocal

lattice vector is located within the electron-hole (e-h) continuum as shown in Fig.

3.1 (a), the e-h pair excitations occur at q = 0 through the Umklapp process, which

causes the broadening of the plasmon line width in the long-wavelength limit. For

the liquid state, on the other hand, the e-h pair excitations at each momentum

transfer within the e-h continuum at h̄ω = h̄ωp contribute to the broadening of the

line width at the long-wavelength limit, and the degree of the contribution at each

q is determined by the liquid structure factor S(q). The relation between the short

range order and the finite plasmon line width in the liquid state has been discussed

in the previous IXS studies for liquid samples [16, 33, 35], but has not been described

in a quantitative manner. Equation (3.9) enables us to quantitatively describe the

relation between the short range order of ions and the plasmon damping.
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Figure 3.1: Schematic illustration of the mechanism of the plasmon damping at q = 0 in the (a)
solid state (Eq. (3.10)) and the (b) liquid state (Eq. (3.9)).
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3.2 Application of the Formula to Alkali Metals

The line widths of solid and liquid alkali metals are calculated, using Eqs. (3.10) and

(3.9), in this section. To calculate the screened potential, vsion(q
′) = vion(q

′)/εEG(q
′),

in Eqs. (3.9) and (3.10), we use the the Lindhard dielectric function εL(q
′)

εL(q
′) = 1+

4πe2

q′2
kFm

π2h̄2

×
{
1

2
+

4k2
F − q′2

8kF q′
ln

∣∣∣∣2kF + q′

2kF − q′

∣∣∣∣} . (3.11)

and the Ashcroft’s empty core potential [54]

vion(q
′) =

4πe2nion

q′2
cos(q′Rcore). (3.12)

For Li, Na, K, Rb, and Cs in both the solid and liquid states, we set Rcore as 1.06,

[55] 0.96,[56] 1.20, [56] 1.38, [56] and 1.55 [56] Å, respectively. As ImεEG(q
′, ωp) in

Eqs. (3.9) and (3.10), we use the imaginary part of the Lindhard dielectric function

εL for finite ω,

ImεL(q
′, ω) =

π

2

h̄ω

h̄q′vF

k2
TF

k2
, h̄ω ≤ h̄q′vF − EF (3.13)

=
π

4

kF
q′

[
1− (h̄ω − EF)

2

h̄2q′2v2F

]
k2
TF

q′2
, h̄q′vF − EF ≤ h̄ω ≤ h̄q′vF + EF

(3.14)

= 0, h̄ω ≥ h̄q′vF + EF, (3.15)

where vF = h̄kF/m, and kTF =
√
3ωp/vF. The values of nion from Li to Cs in the

calculation are 0.046, 0.025, 0.013, 0.011, and 0.0087 for the solid state, and 0.044,

0.024, 0.013, 0.010, and 0.0083 for the liquid state. In Eq. (3.10), only G along

the [110] direction, G110, contributes to ∆Eion
1/2(0) for solid alkali metals [31]. We

set |G110| = 2.55 (Li), 2.10 (Na), 1.70 (K), 1.59 (Rb), and 1.47 (Cs) Å−1. The S(q′)

used in the calculations for the liquid state is taken from the experimental results

of Franz et al. [57] for Rb and of Waseda [58] for the other elements.
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Figure 3.2: (a) Imaginary part of the Lindhard dielectric function (Eq. (3.13)) at ω = ωp as
a function of q′ in the case of Rb. (b) Structure factor of liquid Rb at 350 K taken from the
experimental work by Franz et al. [57].

Figure 3.2 (a) shows the q′ dependence of ImεL(q
′, ω) at ω = ωp in the case of Rb.

The range where ImεL(q
′, ωp) has finite values corresponds to the q′ range within

the e-h continuum. Figure 3.2 (b) shows the liquid structure factor of Rb at 350 K

[57], which is used in the calculation.

We also consider the effect of phonons, ∆Eph
1/2(0), which can be evaluated by [31]

∆Eph
1/2(0) =

h̄

τ
, τ =

m

ρne2
, (3.16)

where ρ is the electrical resistivity and n is the electronic density, which is equal to

nion in the alkali metals. As the values of ρ, the electrical resistivity at 273 K [59]

and that at the melting point [60] are used in the solid and liquid states, respectively.

Table 3.1 shows the results of the calculation. We find that the ionic contribu-

tion ∆Eion
1/2(0) becomes smaller upon melting for these elements. This means that

the effect of the ionic potential on plasmon damping is smaller in the liquid state

than in the solid state. This reduction in ∆Eion
1/2(0) originates from the variation in

ionic structure upon melting. On the other hand, the contribution from phonons,

∆Eph
1/2(0), becomes larger upon melting, which reflects the enhancement of thermal
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motion. However, ∆Eph
1/2(0) is much smaller than ∆Eion

1/2(0), and thus the sum of

these two terms, ∆E1/2(0) = ∆Eion
1/2(0) + ∆Eph

1/2(0), decreases upon melting for all

these elements. It should also be pointed out that the values of ∆E1/2(0) for solid

and liquid Li are much larger than those for the other elements, although ∆E1/2(0)

decreases as the atomic number reduces from Cs to Na. This result is attributed to

the larger pseudopotential of Li relative to the other alkali metals.

Table 3.1: Calculated results of the plasmon line width in alkali metals at q = 0, ∆E1/2(0), in the
solid and liquid states. The ionic and phonon parts are also shown, which are denoted as ‘ion’
and ‘ph’, respectively. The values in parentheses are obtained by extrapolating the IXS results to
q = 0. We use our data for Rb [61] (see Chapter 4) and the data of Hill et al. [16] for Li.

solid liquid
∆E1/2(0) ion ph ∆E1/2(0) ion ph

Li 1.16 1.09 0.074 1.00 0.80 0.20
(1.8 ±0.4) (1.6 ±0.4)

Na 0.25 0.23 0.021 0.19 0.15 0.043
K 0.28 0.26 0.016 0.20 0.17 0.031
Rb 0.44 0.42 0.022 0.31 0.27 0.043

(0.47 ±0.07) (0.27 ±0.13)
Cs 0.54 0.51 0.031 0.47 0.41 0.056

Table 3.1 also shows the experimentally obtained values of ∆E1/2(0) in the solid

and liquid states, in parentheses. At present, experimental values of ∆E1/2(0) in

the liquid alkali metals can be estimated for Li and Rb, using the data of the IXS

study by Hill et al. [16] and of our IXS experiments for Rb [61] (see Chapter 4).

The experimental values of ∆E1/2(0) are derived by extrapolating the IXS results

in the finite q region to the long-wavelength limit (q = 0). For Rb, the calculated

results agree well with the experimental values, which demonstrates the validity of

our formulation. For Li, it seems that the experimentally obtained ∆E1/2(0) tends

to decrease upon melting. This tendency is confirmed in the calculation. On the

other hand, agreement with the experimental results is not quantitative for solid

Li and liquid Li, that is, the calculated ∆E1/2(0) is smaller than the experimental

results. This deviation is probably attributed to the inadequacy of the Ashcroft’s

empty core potential for Li [62].
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Chapter 4

Plasmons in Liquid Rb

Previous EELS experiments on solid alkali metals [20] revealed that the plasmon

dispersions in solid Rb and Cs significantly deviate from the prediction of the inter-

acting electron gas model [21, 63]. To explain these deviations, ab initio calculations

of plasmon dispersions in heavy alkali metals [28, 29] were performed, and it was

shown that the band structure effect, especially the effect of the unoccupied d-states,

strongly modifies the plasmon dispersion of solid Rb and Cs. According to the theo-

retical work by Jank et al. [14], the unoccupied d-states of Rb and Cs substantially

change upon melting. Thus, comparison of the plasmon behaviors in the solid state

with those in the liquid state will provide valuable information on how the band

structure effect contributes to the plasmon dispersions in heavy alkali metals.

In this chapter, the IXS spectra of solid and liquid Rb [61] are presented. The

plasmon dispersion relations and the line width are derived from these IXS spectra,

and variation in the plasmon behavior upon melting is discussed.

4.1 Results

4.1.1 Raw IXS Spectrum

Figures 4.1 and 4.2 show the raw IXS spectra of solid and liquid Rb. The scattering

angles and the corresponding q, where the IXS measurements were performed, are

summarized in Table 4.1. The peak arising from plasmon is clearly seen for each
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q at about 13838.8 eV (Fig. 4.1) for solid Rb, and 18839.0 eV for liquid Rb (Fig.

4.2). The the high intensity around 13836 eV is due to the quasielastic scattering

contribution.

Table 4.1: The scattering angles and the corresponding momentum transfers q at which the mea-
surements were performed. (∗ only solid Rb)

2θ[◦] 1.48 2.30 2.96 3.69 4.10 4.52 4.93 5.34 5.74 6.57 7.40∗

q [Å−1] 0.18 0.28 0.36 0.45 0.50 0.55 0.60 0.65 0.70 0.80 0.90
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Figure 4.1: Raw IXS spectra of solid Rb. The horizontal axises correspond to the energy of the
scattered x-ray. The vertical axises are the total counts. The momentum transfers are denoted as
q.

44



13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

13836 13838 13840 13842

0

100

0.18 Å
-1

0.28 Å
-1

0.36 Å
-1

0.45 Å
-1

0.50 Å
-1

0.55 Å
-1

0.60 Å
-1

0.65 Å
-1

0.70 Å
-1

0.80 Å
-1

energy [eV] energy [eV] energy [eV]

energy [eV] energy [eV] energy [eV]

energy [eV] energy [eV] energy [eV]

energy [eV]

in
te

ns
ity

 (
co

un
t)

in
te

ns
ity

 (
co

un
t)

in
te

ns
ity

 (
co

un
t)

in
te

ns
ity

 (
co

un
t)

q = q = q =

q = q = q =

q = q = q =

q =

Figure 4.2: Raw IXS spectra of liquid Rb. The horizontal axises correspond to the energy of the
scattered x-ray. The vertical axises are the total counts. The momentum transfers are denoted as
q.
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4.1.2 Data Analysis

The energy transfer h̄ω is determined by subtracting the energy of the quasielastic

scattering from that of the scattered x-ray. Figure 4.3 (a) shows the spectra of the

quasielastic peaks, and Fig. 4.3 (b) shows the temporal variation in the incident

beam intensity. As shown in Fig. 4.3 (b), the intensity of the incident beam tended

to become weaker with time, and thus we readjusted the monochromators in the

beamline, in order to restore the intensity of the incident beam. Because of this

adjustment, the position of the quasielastic peak slightly moved. Therefore, mea-

surements for the quasielastic scattering were performed after the readjustments.

The readjustments were done two times during the beam time. This is why three

quasielastic peaks (labeled No. 1, 2, 3) are shown in Fig. 4.3 (a). The peak positions

were precisely evaluated with the Gaussian fitting. In addition, the energy resolu-

tion was estimated to be 0.22 eV from the full width at half maximum (FWHM) of

the Gaussian. Table 4.2 summarizes the results of the fitting.
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Figure 4.3: (a) Quasielastic peaks of Rb. (b) Temporal variation in the intensity of the incident
x-ray.
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Table 4.2: The results of Gaussian fitting to the quasielastic peaks. (FWHM = full width at half
maximum)

No. 1 No. 2 No. 3
peak position [eV] 13835.318 ±0.002 13835.446 ±0.002 13835.561 ±0.002
FWHM [eV] 0.215 ±0.004 0.217 ±0.005 0.222 ±0.006
peak height 3090 ±49 2430 ±44 4160 ±80

Figure 4.4 shows the IXS spectra of the empty cell and the sample in the cell.

The horizontal axis is the energy transfer h̄ω and the vertical axis is normalized by

the incident beam intensity. We can see that the inelastic signals from the empty

cell are negligible compared to the sample, and thus we do not take into account

the contribution of the empty cell.
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Figure 4.4: IXS spectra of solid Rb and the empty cell at q = 0.36 Å−1.

Figures 4.5 (a), (b) show the IXS spectra of solid and liquid Rb as a function

of h̄ω, respectively. These spectra are normalized by the incident beam intensity.

The peaks due to plasmon are observed at about h̄ω ∼ 3.5 eV in the spectra of

both solid and liquid Rb for each q. The IXS spectra are fitted by the sum of

the two Lorentzians [64] which are convoluted with Gaussian. The two Lorentzians

represent the quasielastic and the inelastic contributions, respectively. The FWHM
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of the Gaussian is set to the energy resolution 0.22 eV. The fitting functions are

denoted by the solid curves in Fig. 4.5. The vertical lines in these figures show the

inelastic peak positions at q = 0.18 Å−1. Note that the inelastic peak position of

liquid Rb shifts to larger energy region from the vertical line with increasing q than

that of solid Rb beyond q ∼ 0.60 Å−1.
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Figure 4.5: IXS spectra of (a) solid Rb and (b) liquid Rb normalized by the incident-beam intensity.
Solid curves indicate the fitting function. The values at the right side of each figure are the
momentum transfers. The vertical line indicates the peak position of the spectrum at q = 0.18
Å−1.
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4.1.3 Fitting Results

Figure 4.6 (a) shows the plasmon dispersions of solid and liquid Rb, derived from

the fitting procedure. The cusp-like shape of the dispersion curve is observed for

solid Rb, that is, with increasing q the plasmon energy gradually increases for 0.18

Å−1 ≤ q ≤ 0.50 Å−1, and then decreases within the range 0.60 Å−1 ≤ q ≤ 0.90 Å−1.

This behavior is in agreement with the results of the EELS study [20]. On the other

hand, the plasmon energy of liquid Rb monotonically increases with q. Within the

range q ≥ 0.60 Å−1, the plasmon energy of liquid Rb becomes larger than that of

solid Rb.

The dotted line in Fig. 4.6 (a) denotes the boundary of to electron-hole (e-

h) continuum. This boundary was derived from Eq. (1.5) in Chapter 1. The

experimentally determined plasmon dispersions intersect the dotted line at about

q ∼ 0.50 Å−1. Thus, the plasmon cut-off wave vector qexpc is evaluated to be qexpc ∼

0.50 Å−1.

Figure 4.6 (b) shows the q dependence of the plasmon line width ∆E1/2(q), which

is determined from the FWHM of Lorentzian curve in the fitting function. The line

width ∆E1/2(q) tends to be smaller in liquid Rb than in solid Rb within the range

q < qexpc . In q > qexpc , on the other hand, ∆E1/2(q) of liquid Rb tends to be

larger than that of solid Rb. This tendency is observed more clearly in the inset of

Fig. 4.6 (b), which shows the difference of ∆E1/2(q) between solid and liquid Rb

(∆Eliq
1/2(q)−∆Esol

1/2(q)).
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Figure 4.6: (a) Plasmon dispersions of solid and liquid Rb. The boundary of the electron-hole (e-h)
continuum is indicated by the dotted line. (b) q dependence of the plasmon line width ∆E1/2(q)
of solid and liquid Rb. The inset shows the difference of ∆E1/2(q) between solid and liquid Rb.
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4.2 Discussion

4.2.1 Excitation Energy

In the previous theoretical study [28], it has been shown that the interband transi-

tions to the unoccupied d-states strongly modify the plasmon dispersion in solid Rb.

Therefore, we discuss the unoccupied DOS of solid and liquid Rb, to understand the

origin of the observed variation in the plasmon dispersion upon melting.

Figure 4.7 shows theoretical DOS for solid [65] and liquid [66] Rb. The DOS

of solid Rb is obtained by the full-potential LMTO (linear muffin-tin orbital) cal-

culations for 300 K, which were carried out by Söderlind and Ross [65]. The DOS

of liquid Rb is the result of the Schommers-LMTO-recursion method for 373 K,

which was performed by Mirzoev et al. [66]. The total DOS is denoted with the

solid curves, and the contribution from the d-states is shown with dashed curve.

The DOS of free electrons is also shown by the thin solid curve. The shaded area

indicates the energy range where the plasmons are observed in the IXS experiments.

The deviation from the DOS of free electrons is seen for that of solid Rb, where

peaks are observed at about 1 eV, 2.5 eV, 4 eV and 5 eV. These peaks are mainly

due to the d-state contribution. Upon melting, the peaks at about 4 eV and 5 eV

are smoothed out. In addition, the broad peak at about 1.7 eV appears in the DOS

of liquid Rb, instead of the sharp peaks at about 1 eV and 2.5 eV for the solid state.

The peaks in the unoccupied DOS modify the plasmon energy for the following

reason. The enhancement of interband transitions owing to the peak in DOS at

a certain energy makes the value of the imaginary part of the dielectric function

ε2(q, ω) larger at that energy. The increase in ε2(q, ω) modifies the real part of the

dielectric function, ε1(q, ω), through the Kramers-Kronig relation,

ε1(q, ω) = 1 +
2

π

∫ ∞

0

dω′ω
′ε2(q, ω

′)

ω′2 − ω2
. (4.1)

Therefore, the plasmon energy is modified, because it is derived from the root of

ε1(q, ω) = 0.
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In the previous theoretical work, Aryasetiawan et al. [28] discussed how inter-

band transitions modify the plasmon energy. According to their discussion, plasmon

energy is lowered if interband transitions are enhanced above the plasmon energy.

To explain this lowering, they separated the integration range in the last term in

eq. (4.1) into [0, ω0
p] and [ω0

p,∞]. Here, ω0
p is the plasmon energy, which is obtained

without considering the enhancement of the interband transitions. At ω = ω0
p, the

term with the integration range [ω0
p,∞] positively contributes to ε1(q, ω). Thus, if

interband transitions are enhanced within the range ω′ > ω0
p and ε2(q, ω

′) increases

in this range, the value of ε1(q, ω) increases at ω = ω0
p. The increase in ε1(q, ω) at

ω = ω0
p causes the lowering of the plasmon energy from ω0

p [28], because of the fact

that the slope of ε1 as a function of ω is generally positive at the plasmon energy.

Figure 4.8 illustrates the lowering of the plasmon energy described above. When

the real part of the dielectric function at ω = ω0
p(q) increases from ε01(q, ω

0
p) to

ε̃01(q, ω
0
p) owing to the interband transitions above ω0

p, plasmon energy becomes lower

from ω0
p(q) to ω̃p(q).
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Figure 4.8: Schematic illustration of the lowering of plasmon energy due to the band structure
effect. ω0

p(q) and ε01(q, ω) are the plasmon energy and the real part of the dielectric function, which
are obtained without considering the enhancement of the interband transitions. ω̃p(q) and ε̃01(q, ω)
are those including the enhancement of the interband transitions above ω0

p(q).
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In the DOS of liquid Rb, peaks are not clearly observed above the shaded area in

Fig. 4.7. On the other hand, the peaks due to d-states are observed in the DOS of

solid Rb at about 4 eV and 5 eV, the energies higher than the shaded energy range.

Therefore, from the above discussion, the plasmon energy of solid Rb should be

lowered more strongly than in liquid Rb, for the momentum transfer at which the s-

d transitions are allowed. The probability of the s-d transitions becomes larger with

increasing momentum transfer [28], and thus the lowering of the plasmon energy for

solid Rb due to the interband transitions should be more evident for larger q. This

q dependence of the s-d transitions qualitatively explains the observation that the

plasmon energy of solid Rb is lower than that of liquid Rb for large q region (Fig.

4.6(a)). Therefore, we attribute the observed variation in the plasmon energy upon

melting to the reduction of the band structure effect. In addition, it is suggested

that the cusp-like dispersion in solid Rb originates from the band structure effect.

In the range of q ≤ 0.50 Å−1, the plasmon dispersion of solid Rb is in good

agreement with that of liquid Rb as seen from Fig. 4.6 (a), which suggests that the

band structure effect is not very important in this q range. For the quantitative

comparison of the plasmon dispersions in both states within q ≤ 0.50 Å−1, we fitted

the quadratic function of q, h̄ωp(q) = h̄ωp(0)(1+α(h̄2/m)q2), to the dispersion curve

in the range of q ≤ 0.50 (∼ qexpc ). The results of the fitting are shown in Table 4.3.

The value of α for solid Rb agrees with that for liquid Rb. On the other hand, the

value of h̄ωp(0) for liquid Rb is slightly lower than that for solid Rb, which can be

explained by the decrease in the density upon melting. The h̄ωp(0) is represented

as h̄ωp(0) = h̄
√

4πne2/mεB, εB = 1 + 4πniχi, where n is the electron density, ni

is the ionic density and χi is the ionic polarizability. The value of χi was estimated

by Mayer et al. [67] to be 1.5 ×1023 cm3. The density of solid Rb is 1.53 g cm−3

and that of liquid Rb is 1.46 g cm−3. Using these values, h̄ωp(0) of solid and liquid

Rb are calculated as 3.52 eV and 3.47 eV, respectively. From this estimation, the

ratio of the value of h̄ωp(0) for liquid Rb to that for solid Rb is calculated as 0.986,

which reasonably explains the experimental value 0.994 ± 0.008.
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Table 4.3: Experimental values of the plasmon energy at q = 0 (h̄ωp(0)) and the plasmon dispersion
coefficient α.

Solid Rb (RT) Liquid Rb (333 K)
h̄ωp(0) [eV] 3.39 ± 0.02 3.37 ± 0.02
α 0.06 ± 0.02 0.06 ± 0.02

4.2.2 Line Width

As mentioned in the previous section, the plasmon line width ∆E1/2(q) of liquid

Rb tends to be larger than that of solid Rb for q > qexpc (inset of Fig. 4.6 (b)).

Considering that a plasmon decays into an e-h pair for q > qexpc , it is suggested that

the decay into an e-h pair is stronger in the liquid state than in the solid state. Such

an enhanced damping in the liquid state is consistent with the increase in the DOS

upon melting within the energy range where the plasmon is observed (shaded area

in Fig. 4.7).

For q < qexpc , on the other hand, ∆E1/2(q) tends to be smaller in liquid Rb than in

solid Rb (inset of Fig. 4.6 (b)). In order to understand this tendency, we calculated

the line width at q = 0, ∆E1/2(0), for both solid and liquid Rb. The calculations

were done using following equations, Eqs. (4.2) - (4.5).

The line width can be written as the sum of the ion part (∆Eion
1/2(0)) and the

phonon part (∆Eph
1/2(0)),

∆E1/2(0) = ∆Eion
1/2(0) + ∆Eph

1/2(0). (4.2)

For solid Rb, ∆Eion
1/2(0) is written as [31]

εion2 (0, ωp) =
4n110|vs(G110)/EF|2(G110/kF)

4

3(h̄ωp/EF)4

× ImεL(G110, ωp), (for solid) (4.3)

whereG110 is the reciprocal lattice vector along the [110] direction, n110 is the number

of the reciprocal lattice vectors equivalent to G110, vs(q
′) is the Fourier component
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of screened pseudopotential and εL(q
′, ω) is the Lindhard dielectric function. For

liquid Rb, ∆Eion
1/2(0) is represented as [51]

εion2 (0, ωp) =
4

3ni(h̄ωp/EF)4

∫
d3q′

(2π)3

(
q′

kF

)4

×
∣∣∣∣vs(q′)EF

∣∣∣∣2 S(q′)ImεL(q
′, ωp), (4.4)

(for liquid)

where S(q′) is the liquid structure factor. The effect of phonons ∆Eph
1/2(0) is written

as [31]

∆Eph
1/2(0) =

h̄

τ
, τ =

m

ρne2
, (4.5)

where ρ is the electrical resistivity and n is the electronic density. The details of the

calculations are given in Chapter 3.

Figure 4.9 shows the experimentally obtained plasmon line widths of solid and

liquid Rb for small q region, which are indicated by circles. The calculated results at

q = 0 are also shown in the same figure with diamonds for both the solid and liquid

states. The dashed lines indicate the fitting functions to the experimental results

(the quadratic function of q). The results of the calculation are in good agreement

with the extrapolated values at q = 0 for both solid and liquid Rb.

Table 4.4 shows experimental and calculated values of ∆E1/2(0), which are de-

noted as ∆Eexp
1/2 (0) and ∆Ecalc

1/2 (0), respectively. The values of ∆Eion
1/2(0) and ∆Eph

1/2(0)

in Eq. (4.2) are also indicated in the same table. We can see that ∆Eph
1/2(0) of liquid

Rb is larger than that of solid Rb, which reflects the enhancement of thermal mo-

tion of ions upon melting. On the other hand, ∆Eion
1/2(0) of liquid Rb is smaller than

that of solid Rb, which causes the decrease in ∆Ecalc
1/2 (0) (= ∆Eion

1/2(0) + ∆Eph
1/2(0)).

Because the decrease in ∆Eion
1/2(0) originates from the structural difference between

solid and liquid Rb, we can interpret that the effect of the ionic potential on the

plasmon damping is suppressed accompanied by the vanishing of the crystalline

structure.

56



fit. func. (liquid)

0 0.2 0.4
0

0.4

0.8
lin

e 
w

id
th

 [e
V

]

q/kF(      )2

solid (exp. )
liquid (exp. )
fit. func. (solid)

∆ calcE1/2 (0) (solid)

∆ calcE1/2 (0) (liquid)
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q = 0. Dashed lines are the quadratic functions of q fitted to the experimental data.

Table 4.4: Experimental value of the line width at q = 0 (∆Eexp
1/2 (0)) and calculated one (∆Ecalc

1/2 (0)),

which is a sum of the ionic part (∆Eion
1/2(0)) and the phonon part (∆Eph

1/2(0)). All values are in eV.

∆Eexp
1/2 (0) ∆Ecalc

1/2 (0) ∆Eion
1/2(0) ∆Eph

1/2(0)

Solid 0.47± 0.07 0.44 0.42 0.022
Liquid 0.27± 0.13 0.31 0.27 0.043
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4.3 Summary

We have performed IXS measurements for solid and liquid Rb, and determined the

plasmon dispersion. Whereas the cusp-like shape of the dispersion curve is observed

for the solid state, the plasmon energy of liquid Rb monotonically increases with

q. With the aid of theoretical DOS of solid and liquid Rb, we have attributed

this variation in the plasmon dispersion upon melting to the reduction of the band

structure effect, and it has been suggested that the cusp-like shape of the dispersion

curve in solid Rb originates from the interband transitions to the unoccupied d-

states. We have also derived the q dependence of the line width, and found that the

line width becomes narrower upon melting near q = 0. This narrowing is reproduced

by the theoretical evaluation of the line widths in the solid and liquid states, from

which we have interpreted that the influence of the ionic potential on the plasmon

decay reduces accompanied by structural variation upon melting.

The observed variation in the plasmon dispersions of Rb upon melting suggests

that the band structure effect, which is not considered in electron gas model, is less

important in the liquid state than in the solid state. In addition, the line width

of liquid Rb near q = 0 tends to be closer to the electron gas value than that of

solid Rb. (The plasmon in the electron gas has infinite life time at q=0. ) These

observations suggest that the plasmon behaviors in Rb are better described with the

electron gas model in the liquid state than in the solid state.
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Chapter 5

Plasmons in Liquid Cs

We have performed IXS experiments for liquid Cs, to ascertain whether the variation

in the unoccupied d-states upon melting is also reflected in the plasmon dispersion

of Cs, as in the case of Rb. Because the unoccupied d-states in Cs largely change

upon melting [14], comparison of the plasmon dispersion in solid Cs with that in

liquid Cs will provide useful insight into the influence of the band structure effect

on the negative dispersion of solid Cs, which was previously observed in EELS

measurements [20].

In this chapter, the IXS spectra of liquid Cs [68] are presented. The plasmon

dispersion relations and the line width are derived from these IXS spectra, and

compared with those of solid Cs, obtained in previous EELS experiments [20]. The

difference of the plasmon dispersions between solid and liquid Cs is discussed.

5.1 Results

Figure 5.1 shows the raw IXS spectra of liquid Cs. The scattering angles and the

corresponding q where the IXS measurements were performed are shown in Table

5.1. The inelastic peak is observed at about ∼ 13839 eV. The high intensity around

13837 eV is due to the quasielastic peak.
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Table 5.1: The scattering angles and the corresponding momentum transfers q at which the mea-
surements were performed.

2 θ [◦] 2.62 2.96 3.28 3.69 4.52

q [Å−1] 0.32 0.36 0.40 0.45 0.55

Figure 5.2 shows the IXS spectra of liquid Cs as a function of the energy transfer,

h̄ω, normalized by the incident beam intensity. The energy transfer is obtained from

the same procedure as described in section 4.1. The peak arising from plasmon is

observed for each q at about h̄ω ∼ 2.7 eV. The solid curves indicate the fitting

functions. We used the same fitting function as in the case of Rb, that is, the sum

of two Lorentzians convoluted with Gaussian. The FWHM of the Gaussian was

set to the energy resolution 0.22 eV, which was derived from the FWHM of the

quasielastic peak. It should be stressed that we can not see the negative dispersion

in this q range, whereas the negative dispersion was observed in solid Cs for q ≤ 0.5

Å−1 in the EELS study [20].

Figure 5.3 (a) shows the plasmon dispersion of liquid Cs, determined by the

fitting to the IXS spectra. In this figure, the dispersion of solid Cs taken from the

EELS study [20] is also shown. While the plasmon disperses negatively in solid Cs

for 0.10 Å−1 ≤ q ≤ 0.50 Å−1, the plasmon in liquid Cs tends to disperse positively

for 0.32 Å−1 ≤ q ≤ 0.55 Å−1.

Figure 5.3 (b) shows the q dependence of the line width in liquid Cs. Here,

the results of the EELS experiments [20] for solid Cs are also indicated. The data

points of liquid Cs are located near those of solid Cs. According to the theoretical

evaluation of the line width at q = 0 [51], which is described in Chapter 3, the line

width of liquid Cs is narrower than that of solid Cs in the long-wavelength limit.

However, our data in Fig. 5.3 (b) are so scattered that it is difficult to discuss the

variation in the line width upon melting. Therefore, we focus on the discussion of

the plasmon energy, hereafter.
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Figure 5.3: (a) Plasmon dispersion and (b) q dependence of the line width in liquid Cs and solid
Cs. The experimental data of solid Cs were taken from the EELS experiment [20].
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5.2 Discussion

As in the case of Rb, we discuss the unoccupied DOS of solid and liquid Cs in order

to figure out how the band structure effect changes upon melting.

Figure 5.4 shows the DOS of solid and liquid Cs, which was calculated by Jank

and Hafner [14]. The total DOS are indicated by solid curves and the d-state contri-

butions are shown with dashed curves. The DOS of free electrons corresponding to

the electron density of Cs is also shown for comparison. The shaded area indicates

the energy range where the plasmons are observed in the IXS experiments.

As qualitatively discussed in section 4.2, interband transitions to the unoccupied

states above plasmon energy have the effect of lowering the plasmon energy. The

DOS of solid Cs is much larger than that of liquid Cs in the range of 3 - 4 eV, the

energy range immediately above the shaded area (Fig. 5.4). Therefore, lowering

of the plasmon energy due to interband transitions should be larger in the solid

state than in the liquid state. Because the DOS in 3 - 4 eV is dominated by the

d-states, such a lowering occurs for the q at which s-d transitions are allowed. Since

s-d transitions are promoted as q increases, the plasmon energy of solid Cs should

be more strongly lowered as q increases, which is consistent with the experimental

observation that the plasmon energy of solid Cs becomes lower than that of liquid

Cs for larger q (Fig. 5.3 (a)). Therefore, as in the case of Rb, the variation in the

plasmon dispersion of Cs upon melting is attributable to the reduction of the band

structure effect. Our interpretation is consistent with the theoretical work of Fleszar

et al. [29], who showed that interband transitions to the d-states in DOS of solid Cs

in 3 - 4 eV cause the lowering of the plasmon energy. The variation in the plasmon

dispersion of Cs upon melting suggests that the band structure effect contributes to

the negative dispersion in solid Cs.

Figure 5.5 shows plasmon dispersions of alkali metals normalized by the plasmon

energy at q = 0, ωp(0). The dispersion of liquid Cs obtained in this study is indicated

by open squares. We evaluated ωp(0) of liquid Cs to be 2.82 eV as follows. The

ωp(0) of solid Cs is estimated to be 2.95 eV, which is obtained by extrapolating the
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EELS data with the quadratic function of q. The density of solid Cs is 1.99 g cm

−3, which is calculated from the lattice constant of Cs at 78 K, 6.05 Å−1 [59]. The

density of liquid Cs at 313 K is 1.82 g cm −3 [69]. From these values ωp(0) of liquid

Cs is calculated as 2.95×
√

1.82/1.99 = 2.82eV.

As mentioned in the previous section, the negative dispersion is observed in solid

Cs (closed squares). This behavior strongly deviates from the prediction by the

electron gas model, considering that the rs value of Cs is less than 6. On the other

hand, the dispersion of liquid Cs agrees better with that of the electron gas model

than the dispersion of solid Cs, that is, the degree of the negative dispersion is smaller

in liquid Cs than in solid Cs. The better agreement of the plasmon dispersion in

the liquid state with the electron gas prediction than in the solid state is observed

also for Rb. The plasmon energy tends to disperse positively in liquid Rb (open

circles), whereas the dispersion in solid Rb (closed circles) shows cusp-like shape,

as mentioned in the previous chapter. Therefore, the tendency that the plasmon

dispersion approaches to the electron gas prediction upon melting is the common

feature in heavy alkali metals. This tendency is consistent with our interpretation

that the band structure effect reduces upon melting in Rb and Cs.
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Figure 5.5: Plasmon dispersions of alkali metals normalized by the plasmon energy at q = 0. The
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triangles, triangles, and closed squares, respectively. Solid curves are the theoretical plasmon
dispersions of the interacting electron gas for various rs, calculated by Singwi et al. [21].
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5.3 Summary

We have carried out IXS measurements for liquid Cs, and determined the plasmon

dispersion. The plasmon energy of liquid Cs tends to disperse positively within 0.32

Å−1 ≤ q ≤ 0.55 Å−1, whereas the plasmon energy of solid Cs disperses negatively

within the corresponding q range, according to the previous EELS study [20]. From

the comparison of the unoccupied DOS of solid Cs with that of liquid Cs, we have

attributed the variation in the plasmon dispersion in Cs to the reduction of the band

structure effect upon melting. In addition, it is indicated that the band structure

effect contributes to the negative dispersion in solid Cs, which has been pointed out

theoretically so far.

The observed variation in the plasmon dispersion upon melting suggests that

plasmon behaviors in the liquid state are more suitably described with the electron

gas model than those in the solid state not only in the case of Rb but also in the

case of Cs.
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Chapter 6

Conclusion

In this work, plasmon behaviors in liquid alkali metals near the melting point have

been investigated. We have performed IXS experiments for solid and liquid Rb, and

for liquid Cs. The plasmon dispersion relations and the line width have been derived

from the IXS spectra, and the variation in these properties upon melting have been

discussed. We have also derived a formula for evaluating the plasmon line width of

liquid metals at the long-wavelength limit.

In Chapter 3, a formula for evaluating the plasmon line width of liquid metals at

q = 0 has been derived. We have applied this formula to liquid alkali metals, and

found that the line width becomes narrower upon melting. This narrowing quanti-

tatively explains our experimental results for solid and liquid Rb, and qualitatively

accounts for the tendency that the line width of Li becomes smaller upon melting,

which was observed in the previous IXS study [16].

In Chapter 4, the IXS spectra of solid and liquid Rb have been presented, and the

plasmon dispersion relations have been derived. We have found that the plasmon

energy of liquid Rb monotonically increases with q, whereas the cusp-like dispersion

curve has been observed for solid Rb. We have compared the DOS of liquid Rb with

that of solid Rb, from which we have interpreted that the variation in the plasmon

dispersion upon melting is attributable to the reduction of the band structure effect.

Therefore, it has been suggested that the cusp-like dispersion in solid Rb originates

from the band structure effect. The plasmon line width has also been derived from
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the IXS spectra. We have found that the line width of liquid Rb is narrower than

that of solid Rb near q = 0. Based on the calculation of the line width for both

solid and liquid Rb, which is described in Chapter 3, we have interpreted that

the narrowing of the line width originates from the reduction in the effect of ionic

potential accompanied by the structural variation upon melting.

In Chapter 5, the IXS spectra of liquid Cs have been presented. We have derived

the plasmon dispersion, and compared it with the plasmon dispersion of solid Cs,

which was determined in the previous EELS study [20]. We have revealed that

the plasmon of liquid Cs tends to disperse positively for 0.32 Å−1 ≤ q ≤ 0.55

Å−1, while plasmon of solid Cs shows negative dispersion for the corresponding

q, according to the EELS measurements. As in the case of Rb, we have interpreted

that this variation in the plasmon dispersion originates from the reduction of the

band structure effect, with the aid of theoretical DOS of solid and liquid Cs. Thus,

it has been experimentally indicated that the band structure effect contributes to

the negative dispersion in solid Cs.

The narrowing of the line width and the observed variation in the plasmon energy

indicate that the effect of ionic potential on plasmon, which is not included in

electron gas model, reduces upon melting in the heavy alkali metals. Therefore, it

is suggested that the behaviors of valence electrons, at least the plasmon behaviors,

in liquid Rb and Cs are more suitably described with the electron gas model than

those in solid Rb and Cs.

Our IXS measurements for heavy alkali metals provide valuable insight into the

anomalous plasmon dispersions in solid Rb and Cs observed in EELS study, which

have been a subject of controversy for a long time but have not been investigated

experimentally. This insight will be useful to refine the treatment of the XC effect

and the band structure effect in many-body systems. The formulation for the plas-

mon line width in liquid metals gives fundamental understanding of how the ionic

structure and the electronic states are related in liquid metals. This insight will

be required to investigate the electronic states in fluid Rb and Cs at high temper-

ature and high pressure, and also will lead us to clarify the electronic properties in
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other disordered systems, such as amorphous solids, metallic glasses, or warm dense

matter.
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Appendix

Preparations for IXS Experiments

up to the Liquid-Vapor Critical

Point

For investigating the electronic excitations in alkali metals using IXS up to the

critical point, the sapphire cell [47] is not usable because of the high reactivity of the

hot alkali metals to sapphire. Refractory metals, such as Molybdenum, Tungsten,

or Rhenium alloys, are suitable to hold the alkali metals near the critical point [1].

So far, such metals have been used in the neutron diffraction experiments [57], x-

ray diffraction experiments [70, 12], or the measurements of the equation of state

and transport properties [71] for alkali metals near the critical point. However, a

sample cell to carry out IXS experiments for alkali metals in extreme conditions

has not been developed until now. Because the signal of IXS is much weaker than

in the case of the diffraction measurements, thinner x-ray windows are required to

obtain enough statistical accuracy for reliable analysis of IXS spectra under high

temperatures and pressures up to the critical regions.

This appendix describes a newly developed metallic cell made of Niobium (Nb),

which is designed to measure IXS from liquid alkali metals in extreme conditions.

In addition, a high-pressure vessel which can pressurize the sample with He gas is

described. Finally, IXS spectra up to 1273 K at 5 MPa are presented.
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A1. Niobium Cell

Figure 1 (a) shows the construction of the Nb cell, and Fig. 1 (b) shows the en-

largement of the sample space (the area enclosed with the circle). All components

are made of Nb. The cell consists of (1) an outer pipe (6.0 mm external diameter,

4.1 mm internal diameter), (2) an inner pipe A (4.0 mm external diameter, 1.0 mm

internal diameter near the sample space), (3) an inner pipe B (4.0 mm external

diameter, 1.0 mm internal diameter), (4) a reservoir, (5) thin foils (x-ray window,

15 µm thick), (6) a ‘C’-shape ring, (7) ‘O’-shape rings. The thickness of the x-ray

window (15 µm) is much smaller than that in the previous work (40 µm) [70]. Fig-

ure. 1 (c) shows the ‘C’-shape and ‘O’-shape ring, which determine the thickness of

the sample space. The thicknesses of these rings are 100 µm, and thus the thickness

of the sample space is 300 µm, which is suitable to the IXS measurements for Rb

at 13.8 keV as mentioned in Chapter 2. In addition ‘O’-shape rings are necessary

to prevent the thin foils from bending, especially in the process of joining the thin

foils to the inner pipes as described below.

All parts, except for ‘C’-shape ring, are joined together by electron beam welding

(EBW). EBW technique can be applied to metals which have high melting point.

Furthermore, the position of the beam spot can be controlled with high precision.

As shown below, in the cell assembling process, precise control of the welded part

is required. Therefore, to weld the parts of the cell made of Nb (melting point is ∼

2750 K), EBW technique is crucially important.

Figure 2 (a) illustrates the procedure for welding the thin foil to the inner pipes

A, B. As shown in the right side of this figure, we use a stainless holder, which can

fix the thin foil attached on the inner pipe. The ‘O’-shape ring is put on the thin

foil to avoid the bending of the thin foil, and to ensure the contact between the

thin foil and the inner pipe. In addition, a back-up spring is set as indicated in the

figure, so that these parts tightly contact with each other. Then, electron beam is

irradiated on the ‘O’-shape ring, and moves in a manner to draw a circle. The beam

penetrates into the inner pipe, and consequently these three parts (‘O’-shape ring,
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thin foil, inner pipe) are welded together. Figure 3 (a) shows a picture of the welded

parts (the top view of the right figure in Fig. 2 (a) after the welding). We can see

the clear weld bead on the ‘O’-shape ring.

After the procedure described in Figure 2 (a), the inner pipes A, B, the outer

pipe, and the reservoir are assembled together, as shown in Fig. 2 (b). The inner

pipe B is first inserted into the outer pipe and welded together. Then, the ‘C’-shape

ring and the inner pipe A are inserted into the outer pipe, and the inner pipe A is

welded to the outer pipe. Finally, the reservoir is welded to the outer pipe. The

EBW is again used for welding these parts.

Following the above procedure, we have completed the fabrication of the cell.

Figure 3 (b) shows the picture of the Nb cell after the assembling. The sealing test

of the cell was done as described in Chapter 2, and we confirmed that there was no

leakage of He gas from the cell.
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Figure 1: (a) Construction of the Nb cell. (b) Enlargement of the area enclosed by circle in (a).
(c) A ‘C’-shape ring and a ‘O’-shape ring.
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Figure 2: Assembling process of the Nb cell. (a) Procedure of welding the thin foil and the inner
pipe. (b) Procedure of assembling the inner pipe A, B, outer pipe and reservoir. The parts are
joined with electron beam welding technique.
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Figure 3: (a) Picture of the weld bead on the ‘O’-shape ring. (Top view of the right figure in Fig.
2 (a) after the welding.) (b) Picture of the fabricated Nb cell.
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A2. High Pressure Vessel

To achieve high temperature and high pressure conditions, we have developed an

internally heated high-pressure vessel (HPV). The maximum pressure and temper-

ature that can be used in this HPV are 25 MPa and 1700 ◦C.

Figure 4 shows a side view of the HPV. The HPV consists of a main cylinder,

an upper flange, and a lower flange. The HPV is pressurized by He gas, which

is introduced through a path in the upper flange. Beryllium (Be) disks (10 mm

thickness) are used for the x-ray windows. The electrodes and the thermocouples are

introduced into the inside of the HPV through the lower flange, where Bridgeman-

type high-pressure seals are used (described later). To prevent overheating of the

cylinder and the flanges during the high-temperature experiments, cooling water

jacket is placed around the outside of the HPV.

Figure 5 shows the upper view of the HPV. The Be windows are placed so that

the scattered x-rays with the scattering angle below ∼ 20 ◦ can be measured.

Figure 6 shows the construction of the Brideman-type high-pressure seals for the

electrodes and the thermocouples [72, 47]. The seal is made of Teflon, which is put

between bakelites. The edge of the Teflon is sandwiched with the brass delta rings.

The uppermost screw compresses these parts through the stainless parts and the

Teflon is squashed, so that the sealing becomes tight. The electrical isolation of

the electrodes is made using glass tubes. For the isolation of thermocouples, Teflon

tubes and alumina tubes are used.

Figure 7 shows the Nb cell inserted into the furnace in the HPV. As in the case of

the sapphire cell, described in Chapter 2, the Nb cell is inserted in the Mo tube, to

which the heater (main heater) and the thermocouples are fixed. As a heating ele-

ment a Tungsten (W) wire is used. For monitoring temperature, Tungsten-Rhenium

(W-Re) thermocouples are used. Alumina tubes are used for electrical insulation.

Additional W-heater is attached around the reservoir of the cell (subsidiary heater).

If the sample melts only near the sample space, leaving the rest of the sample in

the solid state, the thin x-ray windows (15 µm thick) will be damaged owing to the
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expansion of the sample upon melting. To avoid this damage, the sample in the

reservoir is heated with the subsidiary heater before switching on the main heater.

In addition, a copper cooling stage is attached around the reservoir, in order to avoid

the exhaustion of the sample owing to the evaporation at high temperatures.
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Figure 4: Side view of the high-pressure vessel.
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Figure 5: Top view of the high-pressure vessel.
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Figure 6: Bridgeman-type high-pressure seal for electrodes (left) and thermocouples (right).
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Figure 7: Furnace in the HPV, into which the Nb cell is inserted.
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A3. IXS spectrum for liquid Rb up to 1273 K at 5 MPa

We have performed IXS experiments for liquid Rb at high temperatures under the

gas compression, using the newly developed Nb cell and high-pressure vessel. The

sample was introduced into the cell as described in Chapter 2. The measurements

were carried out on the Taiwan inelastic x-ray scattering beamline BL12XU [49],

as in the case of the measurements near the melting point (Chapter 2). We have

succeeded in obtaining IXS spectrum at 1273 K and 5 MPa and confirmed that the

Nb cell is applicable to the IXS measurements for liquid Rb at high temperature

and high pressure.

The IXS spectra were obtained at temperatures 573 K, 773 K, 1073 K, and 1273

K. So far, IXS experiment to observe phonons [73] has been performed for Na up

to 1173 K using the sapphire cell, without chemical corrosion. Considering this, the

IXS experiments at 1273 K were performed with the Nb cell, and those at 573 K, 773

K, 1073 K were done using the sapphire cell. We also performed IXS measurements

at 573 K using the Nb cell, to confirm the reproducibility of the IXS spectrum. All

measurements were performed at pressure of 5 MPa, using the HPV. The pressure

was monitored with a Heise gauge.

Figure 8 compares the IXS spectrum of liquid Rb in the sapphire cell with that

in the Nb cell, at 573 K and 5 MPa, and at momentum transfer q = 0.70 Å−1.

We can see that the spectrum obtained with the Nb cell is in good agreement with

that obtained with the sapphire cell. The data of liquid Rb in the Nb cell are

more scattered than in the case of the sapphire cell, because the measurement time

is shorter than in the case of sapphire cell. For the measurement using Nb cell,

the measurement time was ∼ 1 hour, while in the case of the sapphire cell the

measurement time was ∼ 8 hours.

Figure 9 shows the IXS spectra of liquid Rb at q = 0.70 Å−1, up to 1273 K

at 5 MPa. The measurements took about 8 hours for each conditions. The figure

also shows the spectrum at 333 K and 0.1 MPa, which is presented in Chapter

4. We can see that the inelastic peak position shifts to lower energy region as the
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temperature increases, which is qualitatively consistent with the decrease in the

density with increasing temperature. At 1273 K, the plasmon peak is not clearly

observed. This is probably because the inelastic peak is merged into the quasielastic

peak. In addition to the lowering of the plasmon energy with increasing temperature,

the intensity of the quasielastic peak becomes larger as the temperature becomes

higher, which makes it difficult to separate the inelastic peak from the quasielastic

peak. This enhancement of the quasielastic contribution can be understood from

the diffraction measurements for fluid Rb [57, 12], where the structure factor S(q)

in low q region (below ∼ 1 Å−1) increases with increasing temperature (decreasing

density). To clearly observe plasmons beyond 1273 K, higher energy resolution

should be required.

Although improvement of the energy resolution should be necessary to separate

the inelastic peak from the quasielastic peak at 1273 K, our results demonstrate that

the newly developed Nb cell can be applied to the IXS experiments for observation

of electronic excitations in alkali metals under high temperatures and high pressures.
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