PHYSICAL REVIEW

VOLUME 145, NUMBER 1

Reflection Spectra of Liquid Hg, In, and Bi from 2-20 eV

E. G. WiLsoN* AND STUART A. RICE
Department of Chemistry and Institute for the Study of Metals, University of Chicago, Chicago, Illinois
(Received 29 July 1965; revised manuscript received 14 January 1966)

The reflection spectra of liquids Hg, In, and Bi have been measured from 2 to 20 eV and the real and
imaginary parts of the dielectric constant of Hg obtained from a Kramers-Kronig inversion of the data. For
the case of liquid Hg it is found that: (a) The imaginary part of the dielectric constant has a Drude-like
contribution and three absorption peaks in the range 2-20 eV. (b) To account for the imaginary part of the
dielectric constant in the energy range below 7 eV it is necessary to extend the Drude theory to include more
realistically the effects of electron-ion interaction. When this is carried through in the pseudopotential
approximation, excellent agreement between theory and experiment is obtained. (c) Both the shape and
positions of two absorptions, centered at 8.3 and 10.0 €V, are consistent with the interpretation that the 5¢
levels of Hg are not appreciably broadened in the liquid. The experimental splitting of 1.7 eV is in good
agreement with the observed spin-orbit splitting of the 5d° 6s? configuration of Hgri, which is 1.87 eV. (d)
There is a broad absorption centered at about 6.5 €V which at present cannot be unambiguously assigned.
The possibility exists that this is an exciton state. Since the real part of the dielectric constant is zero at 7 €V,
and thereby Im(1/¢) has a maximum at 6.95 eV, the position of this absorption is consistent with the extra
absorption recently predicted by Hopfield to arise from dynamical screening effects. (¢) The data support
the conclusion that liquid Hg may be described with the free-electron approximation over a wide range of
energies and that the only interband excitations which occur are from the core states to the conduction state.
There appear to be no analogs of the interband transitions from the conduction band to higher bands which
occur in solids. For the case of liquid In and Bi it was not possible to make a Kramers-Kronig inversion of
the data obtained. Nevertheless, it appears that: (a) Liquid In and Bi depart markedly from the free-
electron model. (b) The reflectivity of In shows a peak centered at ~20 eV which, by analogy with the
interpretation given of the spectrum of liquid Hg, we believe to be an excitation of a 4d core electron. (c) As
for Hg, there appear to be no interband transitions of conduction electrons to higher bands, such as occur
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in the solid on account of the zone structure.

I. INTRODUCTION

NE of the more striking developments of recent

years has been the demonstration that, as far as
their properties are concerned, several liquid metals
appear to be well described by the free-electron
model.! For example, the Hall effect in many liquid
metals is close to (n.)™, the value expected for a
free-electron gas with density #, of conduction elec-
trons,>® and in a number of cases the low-energy re-
flection spectrum has been shown to be consistent with
the predictions of the Drude theory.*5 Ziman,’ and
Bradley, Faber, Wilson, and Ziman’ have developed a
model to describe the transport properties of liquid
metals. In this model the electrons are considered to be
in plane-wave states and to interact with the disordered
ions of the liquid through a weak pseudopotential.
The conductivity oo is found by the conventional
Boltzmann-equation method, in which there is es-
tablished an equation for the rate of change of occupa-
tion probability f; of the state |k). As usual, the rate
of change of the occupation probability arises from both
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the imposed electric field and the lattice scattering, and
in the steady state the rate of change is zero. The
resulting perturbed occupation probability can be
regarded as a shift of the Fermi sphere in space. It is
found that$

1 m m2 2kF
= =———-—/ a(k)|uy |2k dk,
oo nlr 12m7nler Jo
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with kg the Fermi wave vector, #; the Fourier transform
of the pseudopotential of an ion, and a(%) the liquid-
structure factor. In this way Ziman related the scatter-
ing of electrons on the Fermi sphere to the scattering
of neutrons and x rays, and was able to use data from
the latter experiments in his calculation of the con-
ductivity of liquid metals. The model has been used by
Bradley et al.,” to give an account of the transport
properties of polyvalent metals, and more recently by
Faber and Ziman?® for liquid alloys.

The time 7 is closely related to the time an electron
stays in a state of given k before it is scattered by the
ions of the fluid. Thus, one would expect a perturbed
occupation probability to relax to the steady-state
form in a time of order . If it is assumed that the ap-
proach of the current density i to its steady-state value
is described by a relaxation-time equation, then it is
immediately deduced that the conductivity for a field
of angular frequency w is of the form

c(w)=0o/(1+iwT). (2)

8 T. E. Faber and J. M. Ziman, Phil. Mag. 11, 153 (1965).
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The dielectric constant of the metal is then
e(w)=1—4rgo/iw(1+iwT). 3)

These equations describe the Drude model for the prop-
erties of a metal.’ The model can be generalized some-
what by introducing an effective mass m* different from
the free-electron mass: then one can still use Egs. (1)
and (2) although the relaxation-time equation [right-
hand side of Eq. (1)7] will be changed. According to the
Drude model, a particular metal for which #, is known
has optical properties which depend on only two pa-
rameters, say oo and m*. Experiments by Hodgson® and
Schultz* have been carried out on several liquid metals
in the infrared and visible range of the spectrum. Their
data, with some exceptions, give not only a dielectric
constant having the form of Eq. (3), but also values
for the parameters oo and m* close to the dc conductivity
and the free-electron mass, respectively. These experi-
ments thus give added support to the nearly-free-elec-
tron (NFE) model.

There are several properties, however, which are
not described by the NFE model. The Knight shift
does not appear to change on melting,'* and recently
it has been shown that the Pauli spin susceptibility of
lithium does not change on melting.!! These results
imply that there is no change of the density of states
on melting, rather than a change to the free-electron
value as expected on the basis of the NFE model.

The properties discussed thus far are dependent only
on the properties of the electron states close to the
Fermi energy, in fact (for other than the low-frequency
optical properties), on states within 27" of the Fermi
energy. This paper describes an experiment to measure
the optical properties of liquids Hg, In, and Bi over a
wide range of energies, 2 eV-20 eV. This range of
energy spans not only the Fermi energy but also the
energy of some possible core excitations, It was hoped
by this method to investigate electron states over a
much greater energy range than any in previous
experiments.

II. EXPERIMENTAL DETAILS

Methods of measuring optical constants can be
divided into two categories. In the first, one measures
two optical properties at each wavelength. In the second,
one measures only one property, over a wide range of
wavelengths, and uses Kramers-Kronig relations to
deduce the optical constants. These relations are of the
form of an integral, from zero to infinite wavelength, of
some function of the measured property multiplied by
a weighting function.

In the far ultraviolet it is difficult to polarize and

( 9 See, for example, M. P. Givens, Solid State Phys. 6, 313
1958).

1 W, D. Knight, Solid State Phys. 2, 93 (1956).
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analyze light beams and to find suitable transmitting
windows. On account of these difficulties it proves very
inconvenient to measure two optical properties at each
wavelength. For example, lacking a simple transparent
window material, the liquid sample is of necessity
horizontal. Lacking a simple method of polarizing the
incident light beam, one must choose a method suitable
for any incident polarization. One possibility is to keep a
fixed angle of incidence, and measure the reflectivity
for incident polarizations of » and — p, which can be
done by rotating the incident beam by /2 about its
direction. This in practice means rotating the whole
monochromator by /2, an operation which, although
certainly possible, is extremely undesirable.

It was therefore decided to adopt a Kramers-Kronig
method used with success by Philipp and others.!? In
terms of the real and imaginary parts of the refractive
index % and £, respectively, the phase and amplitude of
the reflection coefficient for light at normal incidence is

n—ik—1
ref?=———, 4)
n—ik+1

A Kramers-Kronig relation exists between r and 6,

namely
1 r°dlnr(\)
0 O\o) == / In
TJ O an

A—No
Ao

The method consists in measuring the reflectivity 7* at
an angle of incidence a close to normal incidence, over
as wide a wavelength range \ as is possible, and using
Eqgs. (4) and (5) to deduce the optical constants.
There are two obvious limitations to this method.
The first is that #()) is only known for a finite range of
wavelengths and to use Eq. (5) it is necessary to assume
a plausible form for #(\) outside the measured range.
In the case of metals one would expect the low-energy
optical properties to be insensitive to the form chosen
for  in the long-wavelength extrapolation. For, the
reflectivity of metals in the range where wr<<1 is insensi-
tive to details of the optical properties, its gross features
being determined by the dc conductivity according to
the Hagen-Rubens relation. We have concluded that this
method alone cannot give good results for the low-
energy optical properties. It must be coupled with either
low-energy data obtained by methods of the first cate-
gory or else some definite assumption about the low-
energy behavior of the optical properties. These limi-
tations in the case of Hg will be discussed in detail later.
A second limitation is that Eq. (4) is correct only for
a=0, yet in practice a finite angle of incidence (10°)
was used. A Taylor expansion for p(w), the observed

©®)

2 H. R. Philipp, W. Dash, and H. Ehrenreich, Phys. Rev. 127,
762 (1962); H. R. Philipp and E. A. Taft, sbid. 113, 1002 (1959)
120, 37 (1960) ; 127, 159 (1962) ; H. R. Philipp and H. Ehrenreich,
ibid. 129, 1550 (1963); 131, 2016 (1963). F. C. Jahoda, ¢bid. 107,
1261 (1957).
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reflectivity at angle of incidence o, deduced from the
Fresnel relations, is

p(@)=p(0)+pp(0)c

2n
2.
n2+ k2

The reflectivity depends on the unknown polarization
p of the incident beam, defined in terms of the electric
vectors parallel and perpendicular to the plane of
incidence by

+0(e). (6)

el—ey?

612+eu2'
Thus the fractional error in 72 due to treating the ob-
served p(a) as if it were p(0) is

. 2 0 062p———n (8)
pa =0. .
n2+ k2 %2+ k2

™

Itis difficult to estimate p, which depends on the angle of
incidence at the grating, the blaze of the grating, and the
wavelength. For metals at long wavelengths, 2>n>1,
and the error is negligible. For short wavelengths =1
and £ <1, and the error tends to 0.062 p. Itisin principle
possible for the error to be appreciable at some inter-
mediate wavelengths. In the case of Hg it was shown
that even for |p|=1 the error produces a negligible
change in the optical constants.

Figure 1 illustrates the experimental arrangement.
The light source was a discharge through H, or Ar gas
at a pressure of approximately 1-0.1 mm. The source
could be run with either a continuous discharge or a
repetitive discharge of condensers charged to 10 kV.
A 0.5-m Seya-Namioka spectrometer was used as a
monochromator, and filters were used to reject the
second and higher orders. The light detectors were
photomultiplier tubes (EMI 9514B) coated with sodium
salicylate. The coating, when hit by the uv light,
fluoresced at wavelengths which passed through the
tube envelope. These detectors were sensitive over the
whole wavelength range used, 600-6000 A. The intensi-
ties of the incident and reflected light beams were
measured on different detectors, provision being made
for sliding the sample into and out of the beam. Gas from
the light source was restricted to flow into the mono-
chromator only through the monochromator slit. With
4-in. diffusion pumps on the monochromator and sample
chamber, pressures of 107 and 10~% mm, respectively,
could be obtained in these chambers while the light
source was operating. The Hinteregger source and the
Seya-Namioka type vacuum spectrometer were manu-
factured by the McPherson Instrument Corporation.

The sample was first melted under vacuum in a Pyrex
tube. Any oxide floated to the surface at this stage.
The metal was then pushed, by an overpressure of inert
gas, through a fine capillary at the bottom of the tube
from where it fell into a stainless steel sample container.
In this way a surface of liquid metal was created while
the sample chamber was at a low pressure. There was

REFLECTION SPECTRA OF LIQUID Hg,

In, AND Bi 57

Detector 1

F1c. 1. The vacuum
ultraviolet reflectance 5%
spectrometer.

no change of reflectivity of the sample for the duration
of an experiment. Moreover, different runs on different
samples gave reproducible results. Thus we believe
that the procedure described gave clean sample surfaces.

The reflectivity of the sample is very small at short
wavelengths. Therefore, when nominally working at a
short wavelength, any long-wavelength stray light in
the incident beam would be an appreciable proportion
of the reflected beam intensity. This effect would have
led to errors if measurements had been made using the
continuum emission of the source. However, all meas-
urements below 1500 A were carried out using only the
line emission of the source. For then, the height of a
line above the continuum background is a true measure
of the intensity at the wavelength of the line, and is
independent of the stray light content which contributes
only to the continuum background.

It was necessary to know the relative sensitivity of the
two detectors in order to obtain an absolute reflectivity.
This was found by measuring the reflectivity of Hg with
one configuration of the photomultipliers and then
reversing the positions of the detectors and remeasuring
the reflectivity. In this way there are obtained two sets
of values for the reflectivity, denoted by p1(\) and ps(\)
The absolute reflectivity was taken to be [o1(\)p2(\) /2.
For this procedure to be precise it is necessary that a de-
tector have the same sensitivity when observing the re-
flected and incident beams, i.e., that the detectors be hit
in the same position by both the incident and reflected
beams. The beam areas and positions were monitored,
and great care was taken to ensure that this condition
was satisfied. Numerous complete spectra were recorded
(e.g., six for Hg), the detectors being reversed on suc-
cessive runs. The independent sets of data for the
absolute reflectivity agreed so well that we conclude
that the relative detector sensitivity was constant
throughout the runs. We therefore believe our reported
reflectivities to be absolute values.

The Hg used was of triple distilled quality, as supplied
by the Goldsmiths Company. The In and Bi metals, of
99.999, purity, were supplied by L. Light and Company.
The experiments were carried out at temperatures of
25, 170, and 350°C, respectively, for Hg, In, and
Bi. Figures 2, 3, 4, and 5 display the results of our
experiments.
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Fi16. 2. The reflectance of liquid Hg from 2 to 8 eV. The dashed line
is the reflectance predicted by the Drude theory. T'=25°C.

III. THE OPTICAL CONSTANTS OF Hg

Also displayed in Figs. 2 and 6 is the reflectivity ex-
pected from the Drude model assuming an effective
mass equal to the free-electron mass and two free
electrons per atom. Data obtained by Hodgson® and
Schultz,* by methods of the first category, are shown in
Fig. 6. It is seen that Schultz’s data agree closely with
the Drude model, while Hodgson’s is not of the Drude
form. It has been pointed out that the normal reflectivity
is insensitive to the optical constant at low energies. This
is shown up in Fig. 7 where we show the reflectivity
calculated from the Hodgson and Schultz data. Our
data appear to be in agreement with Schultz and the
Drude model. However, if a systematic error of a few
percent were present, the conclusion would not be
justified. In the absence of unambiguous evidence we
have assumed that no systematic error is present in our
data.

The optical constants of Hg were deduced from
Egs. (4) and (5) in the following way: For the range
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Fi1G. 3. The reflectance of liquid Hg from 7 to 20 eV.

600 A<A<6000 A our reflectivity data were used for
7. For the range 6000 A<), the Drude free-electron
form for 7% was used. For the range 0<A<600 A, two
forms for #? were used. The first was

72(\)=72(600 A) exp[B(\—600 A)7, 9)

and the value of 8 was chosen to give agreement of the
optical constant with the free-electron value at 6000 A.
The second form chosen was

2(\) =72(600 &) (\/600 A)*. (10)

This is the form to be expected at frequencies greater
than the plasma frequency. Equation (10), when used
in Eq. (5), gave a value for 6(\). A value 8(\)+8 was
used in place of §(A) in Eq. (4), and the value of 8 chosen
to give agreement at 6000 A as before. Both these
procedures give almost identical optical constants save
at wavelengths very close to 600 A.

The effect of non-normal incidence was estimated as
follows. 7% was first taken to be p(), the data measured

T T T T T T T T T T T T T T T T T T T
o
10— q Indium |
I - \ -
SR = ~
8P So fi _
\
L \ N
8 oL \\ x10 |
2 Fi1G. 4. The reflectance of liquid
2r . In from 2 to 21 eV. The dashed
& line is the reflectance predicted by
4 \ \ \ — the Drude theory. T'=170°C.
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F16. 5. The reflectance of liquid Bi from 2 to 7 V. The dashed line
is the reflectance predicted by the Drude theory. T=300°C.

at a 10° angle of incidence. Then, from the deduced
optical constants a correct value of 72 was found by
using Eq. (6) which, in turn, was used to deduce a new
set of constants. This procedure, which quickly con-
verged, was carried out for the cases p==41 (completely
polarized light). The correction to #* and to the optical
constants was negligibly small, and so we believe there
are no errors introduced in the optical constants deduced
because the measurements were not carried out at
normal incidence.

IV. INTERPRETATION OF THE SPECTRUM
OF Hg

A. Free-Electron Absorption

Figures 8 and 9 show the real and imaginary dielectric
constants of liquid Hg, € and e, deduced from the data,
and compare them to the constants expected from the
Drude theory for (m*/m)=1. The excellent agreement
at 2 eV exists on account of the way the reflectivity
extrapolations were chosen. Figure 6 shows the way our
result joins on to that of Schultz. The agreement of e,
with the Drude value is quite close up to 7 eV. We
consider the departure of ¢, from Drude form at higher
energies to be due to the onset of further electronic
transitions. This rather sudden departure entails, as
can be seen from the Kramers-Kronig relations, a more
gradual departure of ¢ from Drude form, spread over
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FiG. 7. A comparison of the low-energy reflectance data with
the predictions of the Drude theory for liquid Hg. The symbol
code is the same as in Fig. 6.

a range of energies, as is indeed observed. We reserve
discussion of these further electronic transitions until
a later section.

As the energy is increased from 2 to 5 eV, the observed
e falls until it is 109}, below the Drude value. This
discrepancy we believe to be greater than our experi-
mental error. We have studied in some detail one mecha-
nism which can account for the difference, namely an
amended Drude (A.D.) theory, which takes better
account of the electron scattering by the lattice than
does the Drude theory. It may be however, that an
equally successful explanation could be found by allow-
ing a departure of the energy-momentum dispersion
law from simple parabolic form.

As discussed in Sec. I, a current i can be regarded as
due to a displacement of the Fermi surface. In particular,
in the Drude model a current i(w) is due to an oscil-
lation of the Fermi surface at an angular frequency w.
This description neglects, however, the essentially
quantum-mechanical nature of the interaction with the
electric field. For, a current i(w) is due to absorption of
photons of energy %w which cause electrons to be excited
with energies #iw. When 7w is approximately the Fermi
energy Er electrons throughout the volume of the Fermi
sphere can interact with the light. It is by no means clear
that this situation can be described by a small high-
frequency oscillation of the Fermi sphere.

Because of the perturbation of the electron motion
arising from interaction with the ions of the fluid, the

L e 5 S S A
) e
Al i
L i
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€ ST I E—

TwleV)
Fi16. 8. The real part of the dielectric constant for liquid Hg.
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electron energies are uncertain to an extent 7#/7. For
photon energies %w>7%/7 we can envisage an electron
to be excited from a state |k;) to a quite distinct
state |ko), such that Ey,—FE,=7%w. The momentum
change of the electron 7% (k,—kj) is due to elastic scatter-
ing by the ions of the fluid, and the electronic transition
is one of second order (occurring via a virtual inter-
mediate state), the electron gaining its energy from the
photon and its momentum from the ions of the fluid.
The contribution of this process to the imaginary part
of the dielectric constant has been investigated by
Dumke®® in connection with free-carrier absorption in
semiconductors.
It may be shown that

Kmax
/ kdk a(K) | ui|2K® dK
€2AD EF km Kmin
——=2(—) , (11)
2P fiw
kF2/ (I,(K)IMK'2K3 dK
0
where
(Kmin+k)2= (Kmax_k)2=k2+ (Zm/h2)hw )
kul=(2m/1)(Er—hw); Er>hw, (12)

knt=0; Ep<ihw.

Thus, for a particular liquid, the departure of e, from
the Drude form can be computed if #; and a(k) are
known. In Fig. 10 are displayed the values of the ratio
(e22P/€;P) for Na and Hg, evaluated with the neglect of
the dependence of #; on k, using the values of a (%) re-
ported by Gingrich and Heaton!* and Vineyard.!s Also
displayed in Fig. 10 is (e2P/e®) for a completely
random liquid, i.e., for which a(k)=1.

The curve for AP for Hg according to this model is
shown in Fig. 9. It is in closer agreement with the data
than is the Drude model in the range 2-5 eV, and we

F16. 9. The imaginary part of the dielectric constant for liquid
Hg. Note the change of scale (’X10) at 5 eV. Drude theory (--+°);
amended Drude theory (---); experimental data (

13 W. P. Dumke, Phys. Rev. 124, 1813 (1961).
“N.S. Gmgnch and L. Heaton, _]' Chem. Phys. 34 873 (1961).
15 G. H. Vineyard, J. Chem. Phys 22, 1665 (195 )

RICE 145

20~

F1c. 10. The ratios
of the imaginary parts
of the dielectric con-
stant predicted by the
Drude and amended
Drude theories for three

AD/ED

1.0 w examples.
Hg
05 .
| vl
o5 3

I \
hw/Ep

believe that even with the neglect of the 2 dependence
of u;, which is not necessary, this model is a more ac-
curate description of absorption of electromagnetic
energy by free electrons that is the Drude model. It is
only at energies comparable to the Fermi energy that
the predictions of the two models differ.

B. Core Excitation

Considering the dielectric constant to be the sum of a
free-electron part e2P, and a part depending on further
electronics transitions e;® we write

€= eAP4-¢,°, (13)

so that e° can be obtained by subtraction. The result is
shown in Fig. 11. We first discuss the structure of e°
for w>17 eV.

The peaks at 8.3 and 10.0 eV we assign to excitation
of core electrons. From available atomic datalé the
lowest energy for excitation of the 54°6s?6p configu-
ration of Hg(x) is 8.55 eV. The energy difference be-
tween the J=% and J=% states of Hg(1r) in the con-
figuration 54%s® is E($)—E($)=1.87 eV. This is to
be compared to a splitting of 1.7 eV for the peaks of
€:°. It is, therefore, plausible that these peaks represent
the onset of excitation from a level that is split by
spin-orbit interaction.

Further evidence that more than two valence elec-
trons are contributing can be obtained from the appli-
cation of sum rules. It is shown by, for example,
Landau and Lifshitz!” that

/ wez () dw=4%m0w 2=2n2Ne?/m, (14)
0

16 C. E. Moore, Natl. Bur. Std. (U. S.) Circ. No. 467.
171L. Landau and E. Lifshitz, Electrodynamics of Continuous
Media (Pergamon Press, Inc., London, 1960).
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I : . hw (eV)

F1c. 11. Excess absorption (imaginary component of dielectric
constant) over that predicted by the Drude theory, as a function
of photon energy. Experimental data (——); Theory [Eq. (22)]

where &V is the fofal number of electrons per unit volume.
It is argued by Nozieres and Pines'® and by Ehrenreich
and Philipp®® that if one writes

/ " vea() o=t 2 ()= 2n%etn(@)/m, (1)
0

then 7(w) can be regarded as the number of electrons
which contribute to the dielectric constant up to the
energy 7w. The value of 7(w) computed from our data,
shown in Fig. 12, tends towards 2 electrons/atoms as 7w
increases to 7 eV, but then increases above the value
2. Eventually it would be expected to saturate at 12
electrons/atom provided that the 4p¢ electrons were not
excited at that stage. This is further evidence that d
electrons begin to contribute to e, when the energy
reaches 7 eV.

It should be noted that, in common with the results
of other investigators, n(w) does not quite reach the
value 2 in the quasiplateau region around 6 eV. A linear
extrapolation of the values of #(w) at high energy back
to the low-energy region shows that the “missing”
charge density all appears in the energy range 8-16 eV,
and is of exactly the right amount to lead to 2 valence
electrons per atom for Hg.

It is convenient to examine a simple model so as to
understand the form of dielectric constant to be expected
from these transitions. We assume the d levels to have
zero width in energy, and also that there is no overlap
of d electron wave functions. Of course, there will be
some electronic overlap between the wave functions of
neighboring ions, the d levels will have nonvanishing
width, and a 4 hole will move through the liquid, but at
a very much slower rate than the conduction electrons.
Denote the wave function of electron 7 in the d state of
atom j by ¢(4). As an approximation to a conduction-

18 P. Nozieres and D. Pines, Phys. Rev. 111, 442 (1958).
( 19 H) Ehrenreich and H. R. Philipp, Phys. Rev. 128, 1622
1962).
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electron wave function we consider a plane wave ortho-
gonalized to all the occupied, localized core states on
all sites 7. It may then be shown that the contribution to
the dielectric constant from excitation of a core electron
is just

°(w)—16jf(i>zl(0PW k;|p;|¢(5)) %6 (o— Ex;)
€2 _V2 e LY AW 01'(16)

(OPW=orthogonalized plane wave.) For holes with
total angular momentum J, there are (2J41) degener-
ate states on each of #» atoms/unit volume that can
also contribute to e°(w). If | p[%s; is the average of the
(27+1) squares of matrix elements (the average is the
same for all atomic sites), then the dielectric constant
due to creation of holes of angular momentum J is

2J4+1 e \?
ezc ((IJ) =—'—161I'2<——“) Zj %cl?] 2J7-5 (hw—on) ) (17)
|4 mes

the sum being over all vacant states |k;| > |kg| of the
conduction band. This expression is similar to that
derived by Ehrenreich and Cohen.?® To proceed further
we will assume that |p|2;, is independent of kj, so that
it can be removed from the summation. The summation,
which is essentially a measure of the density of final
conduction-band states, can then be carried out to give

(2J+1)e2(2m)”2/nclp]2.r\ (hw-—-Eg)I/?.
\ om /J (wyp ’
hw>EG—I—EF,

€2° (w) =16

(18)

e°(w)=0; hw<Eg+Erp.

It may be reasonably remarked that the approxi-
mation in which [p[2s;| is assumed independent of k;

| | | ] | 1
2 4 6 8 10 12 14 (3] 18 20
Tw(eV)

| |

F16. 12. Test of the Kramers-Kronig sum rule. The dashed lines
indicate the extrapolation of the Drude contribution to higher
energy, and the linear extrapolation of the d-electron contribution
to lower energy.

2 H. Ehrenreich and M. H. Cohen, Phys. Rev. 115, 786 (1959).
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TABLE 1. Parameters to fit es.

7| k| 2T 2)
Eq(eV) ( 2m

J Er(eV)
5 6.48 1.46 0.028
3 6.84 3.16 0.021

is very crude. This is, indeed, true. If the conduction-
electron wave function were a pure plane-wave function
and the d-electron wave function were sufficiently
localized, then the momentum matrix element would
be just the wave vector multiplied into the d-electron
wave function in the momentum representation. A
calculation of this type leads to a modification of the
form of e°(w) such that the high-energy tail falls off
less rapidly with increasing energy than the case of
|p|%s; independent of k; However, there are very
important differences between a simple plane wave and
the orthogonalized plane wave which is a more accurate
representation of the conduction-electron wave func-
tion. From pseudopotential theory we find that core
effects are very approximately of the form such that a
plane-wave state is renormalized by the factor [1— (core
volume)/ (volume per ion)], and such a correction is
quite large. In view of the lack of accurate OPW func-
tions for the valence electrons and the inherent lack of
accuracy in using a simple plane wave we propose to
use the more approximate procedure of regarding
| #127; to be independent of k;.

The form e°(J=35)+e°(J=2) is compared to the
experimental dielectric constant in Fig. 11. The pa-
rameters used for the fit are given in Table I. Consider-
ation of the energy width of the excited states due to
their finite lifetime, and of the finite width of the d
levels, would cause the simple line shape we have de-
duced to resemble more that found experimentally.
The broadening is, in fact, smaller than the spin-orbit
splitting, and this suggests that the d-level widths are
less than 1 eV.

Note added in proof. Professor T. Loucks of Towa State
University has kindly sent us some preliminary rela-
tivistic calculations of the band structure of crystalline
Hg. He concludes that about half of the separation
between the 5d(3) and 5d(3) levels arise from the
crystal field; and, from the flatness of the bands, con-
cludes that this splitting is relatively insentitive to the
detailed crystal structure, arising mainly from the
deviation of the potential outside the core from spherical
symmetry. In Loucks’ calculation the d bands intersect
the conduction band. The relevance of these calculations
for interpretation of the electronic states of the liquid
is not completely clear, but we must conclude that the
interpretation we have given may need modification.

C. Other Absorption Mechanisms

An examination of the data displayed in Fig. 11
shows an absorption centered at 6.5 eV which we have
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not yet examined. It should be pointed out that if e°
were found by subtraction of eP rather than eAP from
the experimentally deduced e, then this absorption
would be less pronounced. In this sense, then, the exis-
tence of an absorption at 6.5 eV is a less well-substanti-
ated feature of the experimental observations. In the
following we shall assume that the absorption is real
and must correspond to some as yet unexplored
excitation.

Two possible mechanisms immediately spring to mind
to explain the extra absorption at 6.5 eV: that it is an
exciton or that it corresponds to a dielectric constant
effect resulting from dynamical screening of the inter-
actions in the liquid metal.®* At present we cannot decide
which of these alternatives is correct. If the resonance
corresponds to an exciton, then the binding energy
must be ~1.8 eV. Although the exciton will be degener-
ate with conduction-electron states, this will shorten
the lifetime but not necessarily preclude its existence.
A calculation of the exciton binding energy including
the effects of interaction screening does not seem possible
at present. The other possibility, namely a Hopfield
resonance,? is predicted to occur when Im(1/e) has a
maximum. Our data show a maximum of Im(1/e) at
6.95 eV, and it is not possible to assert that the broad
transition observed may not in fact be centered at
higher energy than 6.5 eV. Since the oscillator strength
for the Hopfield resonance in Hg is not known, we
cannot identify the observed resonance using that
criterion. We therefore leave, as an open problem, the
identification of the resonance centered at ~6.5 eV.

V. INTERPRETATION OF THE SPECTRA
OF In AND Bi

In the cases of In and Bi we have been unable to ob-
tain the dielectric constants from the reflection spectra.
This section, therefore, beyond presenting the data,
contains only a limited discussion of the optical proper-
ties of In and Bi.

Figures 4 and 5 show the results of different measure-
ments on different samples of In and Bi, the surfaces of
which were prepared in a vacuum of 10~¢ mm, as de-
scribed for Hg. The reflectivity of Hg was periodically
remeasured throughout the studies of In and Bi, and
the optics calibrated against the Hg reflectivity. The
important point is that what was actually measured
was the reflectivity of In and Bi relative to Hg. Thus,
any systematic error in the absolute reflectivity affects
equally each of the metals Hg, In, and Bi.

As discussed previously, to use the Kramers-Kronig
relations to compute the optical constants it is necessary
not only to have some knowledge of, or assume some
form for, the reflectivity outside the wavelength range
for which it is measured, but also to have some knowl-
edge of, or assume some form for, the optical constants

21 J. Hopfield, Phys. Rev. 139, A419 (1965).
2 7. Friedel, Advan. Phys. 3, 446 (1954).
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F1G. 13. The low-energy reflectances of In and Bi. Drude theory,
m*/m=1 ( ) ; Hodgson’s data (0) (7'=500°C for Bi, 450°C for
In); this paper (---) (I'=300°C for Bi, 170°C for In).

at low energies. Displayed in Figs. 4 and 5 are the reflec-
tivities calculated according to the Drude model for
m*/m=1. The reflectivity is insensitive to the optical
constants at low energy, and the departure of our
reflectivity, in absolute magnitude, from the Drude
value, is in this sense very large. For example, to make
the Drude reflectivity agree with our values at 2 eV
requires m*/m=0.2, a value of the effective mass which
we regard as extremely unlikely. We thus conclude that
our data show that the optical constants at low energy
in In and Bi are not of Drude form. Unfortunately,
the data give no positive guide whatsoever to the actual
form of the optical constants at low energy.

In Fig. 13 we show the reflectivities calculated from
the data of Hodgson,? obtained at 450 and 500°C for
In and Bi, respectively. His optical constants agree
quite well, he claims, both in frequency dependence and
absolute magnitude, with the Drude theory. We can
only conclude that our data do not agree with that of
Hodgson. It has to be borne in mind, of course, that
our respective experiments were carried out at different
temperatures.

Given these conclusions, we have been unable to make
any use of Eq. (5) and our data to deduce quantitative
information about the optical constants.

We realize, of course, that these conclusions are very
sensitive to a systematic error of several percent in our
reflectivity, and it is mere semantics to point out that
a systematic error cannot be ruled out a priori. We
believe, however, from the way the experiments were
performed, that there is no systematic error in the
relative reflectivities of our metals. Table IT compares,
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TaBLE II. Comparison between present data and Hodgson’s data.

Metal Hg In Bi

Percent below Drude-theory Hodgson -4 10
value at 2 eV Presentwork 0 10 7
Percent that present data are 4 76

below Hodgson’s data
at2eV

at 2 eV, our data to Hodgson’s data, and also both sets
of data to the Drude reflectivity calculated for the ap-
propriate temperature. Scaling of our data by a common
systematic error factor cannot bring the reflectivities
of all our metals to agree with either Hodgson’s data
or the Drude theory. A further conclusion, independent
of the question of systematic error in our data, is that
in some of these metals the optical constants cannot be
of the Drude form.

The reflectivity of In shows a peak centered at ~20
eV. This we believe is due to excitation of 4d core
electrons. From available datal® the energy required to
excite the 44%s? configuration of In(mrr) is 14.3 eV:
The energy required to excite the 4d°5s%5p? configuration
of In(z), although not observed, would be expected to
be greater than this. Apart from this peak there appears
to be no other structure to the reflectivity.

VI. CONCLUSIONS

The data for Hg suggests that for this liquid metal
the free-electron model is valid over a wide range of
energies, and that the only interband excitations oc-
curing are from the core states to the conduction state.
In contrast, although incomplete, the data for In and
Bi suggest that these metals depart from the free-
electron model. In all cases there are no analogs of the
interband transitions from the conduction band to
higher bands which occur in solids on account of the
zone structure. At least in this latter sense, the di-
electric constant of liquid metals is simpler than that
of solid metals.
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