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Abstract. Optical reflectivity data are reported for expanded liquid caesium over the range
144◦C (density, 1778 g cm−3) to 1100◦C (density, 1.195 g cm−3) for photon energies
0.5 eV6 h̄ω 6 3.8 eV. Optical effective mass ratios obtained from the plasma frequency are
compared with mass ratios extracted from analysis of the magnetic susceptibility. Both masses
exhibit enhancements for liquid densities less than about 1.3 g cm−3, suggesting that expanded
caesium gradually transforms to a highly correlated metal below this density.

1. Introduction

One of the most general characteristics of simple metals is the small change observed in
most electronic properties when the metal is melted. For the alkali metals as well as many
polyvalent metals such as aluminium, lead, copper, and indium, basic properties such as the
electrical conductivity or magnetic susceptibility change by only a few per cent on passing
from the crystalline solid to the liquid state [1]. This well known characteristic of simple
metals is usually explained, first, by the fact that the short-range atomic correlations and
atomic volume in the liquid near the melting temperature(Tm) are closely similar to those
of the crystal. Second, for most metals the ionic charges are so well screened by the high
density of conduction electrons that the absence of long-range order in the ionic potentials
of the liquid is relatively unimportant andboth liquid and solid can be reasonably well
described by a model of nearly free electrons. The strong screening of Coulomb potentials
also applies to electron–electron interactions, whose effects are relatively small in ordinary
high-density metals.

In contrast to solids, however, the volume of liquid metals can be expanded by large
factors when the liquids are heated toward the liquid–gas critical point. The critical density
of the alkali metals, for example, is only about 20% of the density of the liquid atTm. The
‘expansion’ of liquid metals on heating is, however, not a true expansion of the interatomic
distance in a fixed structure, as occurs in solids. Rather, as shown by recent neutron [2] and
x-ray scattering experiments [3], the dominant effect is a decrease of the averagenumber
of near neighbours with a relatively weak increase of the distance between neighbours. The
large reduction of density near the critical point leads to dramatic changes in electronic
properties such as the electrical conductivity [4], magnetic susceptibility [5, 6], and various
nuclear magnetic resonance (NMR) features [7]. The magnetic properties, in particular,
reveal the increasing importance of electron–electron interactions (correlation) as the density
and conduction electron screening are reduced.
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In this paper we describe an exploration of the effects of large density reduction
on the optical properties of liquid caesium. We report experimental results for the
optical reflectivity of liquid caesium from near the melting point at atmospheric pressure
(Tm = 30◦C,ρm = 1.84 g cm−3) to a temperature/pressure point (T = 1100◦C,P = 45 bar)
where the densityρ = 1.19 g cm−3. For reference the critical parameters of caesium are
Tc = 1651◦C, Pc = 92.5 bar, andρc = 0.38 g cm−3. We analyse the reflectivity data to
extract an electron effective mass which shows the onset of a low-density enhancement in
remarkably good agreement with enhanced masses extracted from the magnetic susceptibility
data [7, 8].

2. Experimental methods and results

For high-temperature optical studies of liquid caesium, it is necessary to confine the sample
material in a cell with an appropriate optical window. The window must offer the widest
possible spectral transparency range together with high resistance to corrosion by the hot
metal. The best available window material for high-temperature studies of caesium is
single-crystal sapphire, which offers a spectral range of roughly 0.5 eV< h̄ω < 3.8 eV.
The high-temperature limit of our experiments was determined by the onset of sapphire
corrosion above about 1200◦C.

In order to have a clean sample–sapphire interface special care was taken to remove
adsorbed oxygen from the sapphire windows. For this purpose the sapphire was heated
inside a glovebox up to 1200◦C for several hours and the cell was assembled in the glovebox
directly after this cleaning procedure. However, it must be pointed out that the purity of the
caesium metal was not better than 99.93% so that trace amounts of oxygen contamination
of the metal cannot be excluded.

Figure 1. Reflectivity spectraR(ω) versush̄ω for expanded liquid caesium at three temperature–
pressure points. The solid lines represent the fit to the model function (1).

The reflectivity was measured for ten temperatures covering a density range of 1.2–
1.8 g cm−3. Typical reflectivity spectraR(ω) versush̄ω for three selected temperatures
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and densities are presented in figure 1. These data exhibit the typical characteristics of
materials with metallic electron concentrations. The most obvious of these is the relatively
high reflectivity in the infra-red and visible range and a decrease to low reflectivity values
in the near ultra-violet.

Two additional features are evident in the reflectivity spectra. At the lower temperatures,
a broad ‘shoulder’ reveals absorption at about 1.5 eV. This feature is well known from
studies of solid caesium [9, 10] and has been identified as an interband transition between
electronic states of s- and p-like atomic symmetry. The persistence of this feature in the
liquid state offers another example of the close relationship between the electronic structure
of the crystal and that of the liquid nearTm. The interband feature gradually becomes
indistinguishable at higher temperatures, but here a new feature develops at slightly lower
energy, about 1.0 eV. This lower-energy feature has been seen in other alkali metals [11, 12]
both solid and liquid. Its origin is most probably due to caesium suboxides [13], which
may be enriched at the interface [14].

To analyse the reflectivity data further, we have used a simple model [15] to extract the
optical constantsε(ω) andε2(ω). Introduction of a model is necessary because the limited
energy range of the data prohibits use of the usual Kramers–Kronig analysis to obtain the
real and imaginary parts of the dielectric constantε(ω). The following model function was
chosen:

ε(ω) = ε∞ −
ω2
p0

ω(ω + i00)
−
∑
l=1

ω2
pl

ω(ω + i0l)− ω2
l

. (1)

In (1), ωpl , ωl , and 0l are the plasma frequency, angular frequency, and width of the
lth oscillator, respectively, and the contribution of high-energy excitations to the dielectric
function isε∞. The second term in (1) represents the contributions of nearly free electrons
within the Drude model parameterized byωp0 and00. Fits of the model function (1) to the
experimental reflectivity curves are shown in figure 1. The extracted behaviour of the real
and imaginary dielectric constantsε1(ω) andε2(ω) is shown in figure 2.

Figure 2. Real (lower curves) and imaginary (upper curves) dielectric constants,ε1(ω) andε2(ω)

respectively, extracted using the model function (1) as described in the text. Inset, behaviour of
ε1(ω) nearε1 = 0 used to extract the plasma frequencyωp .



2696 B Knuth et al

In terms of our interest in the evolution of the electronic structure at low density, the
most important of the parameters is the plasma frequency

ω2
p = 4πnee

2/meff (2)

which, given the value of the electron densityne, provides a measure of the effective mass
meff . Sinceε2(ω) is very small near the plasma resonance,ωp is determined quite accurately
by the conditionε1(ωp) = 0 (inset, figure 2). Values ofmeff expressed as the mass ratio
m∗ = meff /m0 are plotted in figure 3 and compared with mass ratios extracted from the
magnetic susceptibility [6–8].

Figure 3. Density dependence of mass ratiom∗ = meff /m0 extracted from optical reflectivity
(open circles) and magnetic susceptibility (solid circles). The solid diamond at lowest density
is the value calculated in [8]. The solid line is a guide to the eye. Inset, a detailed comparison
of optical and magnetic mass ratios in the region of the enhancement onset.

Like the ‘magnetic’ masses, the optical masses at high liquid densities are reasonably
close to the free electron value, i.e.m∗opt ≈ 1.15. However, as the density falls below about
1.3 g cm−3 (ne ≈ 6× 1021 cm−3), the optical mass ratio begins to increase. This onset of
optical mass enhancement coincides with changes in the density dependence of a number of
magnetic parameters [7] and, in particular, agrees with the variation of the magnetic mass.
This point, at which the density is about two-thirds of that of the solid or the liquid at the
melting point, represents the onset of significant modification of the electronic properties
by electron correlation effects.
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3. Discussion

In the absence of a detailed theory of interacting electrons in an expanded liquid metal,
approximate models must be invoked to obtain even a qualitative understanding of the
mass enhancement effects. One line of description is derived from the perspective of
solid state physics. Brinkman and Rice [16] as well as Mott [17] have argued that in a
highly correlated metal near the metal–nonmetal transition there should develop a mass
enhancementm∗ ≈ 1

2f wheref is the instantaneous fraction of doubly occupied atomic
sites. This model is usually applied to a half-filled band metal such as a (fictitiously)
expanded alkali metal crystal or solid atomic hydrogen.

Application of concepts derived for a crystal to aliquid metal can be justified, at least in
a qualitative sense, by the fact that many properties of liquid metals near their melting points
are closely similar to the corresponding properties of the metals belowTm. For example,
the volume of caesium increases by only 2.5% on melting and the electrical conductivity
decreases by 40% [1]. Of particular relevance to the present work, we note that the total
magnetic susceptibility of caesium changes by 9% atTm [18] while the optical mass ratios
are 1.29 in the solid [19] and 1.19 in the liquid state nearTm [9]. Such results emphasize
the fact that the basic electronic structure is most strongly influenced by factors such as the
atomic volume and the average number of near neighbours which are similar above and
below Tm, while they are relatively insensitive to the absence of long-range order in the
liquid. This includes, in particular, the effect of the d states on the density of electronic
states at the Fermi level,N(EF ). Band structure calculations [20] suggest that the initial
decrease ofm∗ with density aboveTm is due to a reduction of the contribution from the d
states.

At still lower densities, however, NMR Knight shift and spin–lattice relaxation
measurements [7] show clearly that the character of the susceptibility changes and that
the spin susceptibility becomes enhanced by correlations. The present results show that this
correlation enhancement is revealed as well by the behaviour of the optical response and
that the optical mass begins to increase in the same density range as the magnetic mass.

An alternative approach is to view the expanded liquid as the high-density limit of
a compressed metal vapour. Redmer and Warren [21] recently analysed the magnetic
susceptibility of fluid caesium from this point of view. This treatment describes the fluid
as a mixture of discrete chemical species such as atoms (Cs0), monomeric ions (Cs+),
and neutral dimers ((Cs2)

0), as well as thermally ionized free electrons. Despite the
oversimplification of the model, in particular the neglect of atomic correlation (‘liquid
structure’), this model yields a reasonable representation of the temperature- and density-
dependent spin susceptibility. The susceptibility enhancement in this model arises from
the presence of paramagnetic species such as Cs0 and (Cs2)+. Localization of electrons in
such species, of course, corresponds to an increase in the effective mass or, equivalently, a
reduction in the electronic mobility.

The relationship of these two very different approaches may be seen as follows. The
Brinkman–Rice highly correlated metal corresponds to the chemical equilibrium

2Cs0→ Cs+ + Cs− (3)

being shifted far to the left. Now, as Mott has argued [17], the mass enhancement is
equivalent to a reduction in the number of current carriers due to the localization of singly
occupied sites, i.e. formation of Cs0. The effect on the electrical conductivity is to replace
m by m∗ in the expressionσ = ne2τ/m while retaining the number of carriers equal to the
number of atoms, i.e.n = natoms. The conductivity is proportional to the concentration of
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doubly occupied sites [Cs−]. Comparing this concentration to its value in the uncorrelated
limit, [Cs−] = Cs+] = 0.5, we have

1/m∗ = [Cs−]/0.5 (4)

which is the Brinkman–Rice resultm∗ = 1
2f with f = [Cs−]−1. Thus the Brinkman–Rice

model corresponds to a chemical equilibrium model in which thermal ionization and cluster
formation are not included.
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