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Abstract

The use of spectroscopic ellipsometry for the accurate determination
of the optical properties of liquid and solid metals is discussed and
illustrated with previously published data for Li and Na. HNew data on
1iquid Sn and Hg from 0.6 to 3.7 eV are presented. Liquid Sn is Drude-
like. The optical properties of Hg deviate from the Drude expressions,
but simultaneous measurements of reflectance and ellipsometric parameters

yield consistent results with no evidence for vectorial surface effects.

MASTER

f?resent address: Department of Physics, Osaka Kyoiku University,
Tennoji, Osaka, Japan.



Introduction

For many years ellipsometry has been a widely used technique in the
study of surfaces. It has long been recognized, in theory, that ellip-
sometry is capable of yielding highly accurate valuass of the bulk optical
properties for a clean sample as well as being sensitive to very thin
surface films or to small awounts of adsorbed materials. Before the advent
of ultrahigh vacuum technigues, it was difficult to produce and maintain
sufficiently clean surfaces for the determination of accurate values of the
bulk optical properties of a metal by ellipsometry. Because of this and
the known sensitivity of ellipsometry to surface films, one of its more
routine applications has been to monitor a chanqge occurring at & surface
with time {e.q., oxidation of the surface), as long as this did not proceed
too rapidly. A single ellipsometric measurement was quite complex and
time consuming, and extraction of the optical properties of the sample from
the measured cllipsometric paranmeters was computationally challenging. For
these reasons early ellipsometers were mostly designed for use at a single
wavelength. Uith the development of fast automated ellipsometers and the
almost universal availability of adequate computing facilities, spectro-
scapic ellipsometry has now become a very powerful tool, with enormous
potential, for the study of metals [1-5]. Combined with present day
ultrahigh vacuum techniques, spectroscopic ellipsometry can now yield
accurate bulk optical pre~-rties of clean samples. In addition, simul-
taneous ellipsometric al eflectance measurements on the same clean
sample can yield informs ‘on about intvrinsic properties of the surface,
The application of ellipsometry to the study of thin surface films is

currently expanding in scope., It is anticipated, for example, that there
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will be increased use of ellipsometry in many biological and medicatl
problems involving membranes or macromolecules on surfaces [6,7]. Inter-
ferometric ellipsometry [8], ellipsometry combined with surface electro-
magnetic waves [9], and the study of multiiayer systems by a combination
of internal and external ellipsometry [10] will all, undoubtedly, be
expanded to a range of wavelengths, These spectroscopic ellipsometry
techniques will each yield specific information about the surface that

is probed. Different types of ellipsometric systems with their advantages
and disadvantages and the accuracies attainable have been reviewed by
Aspnes [1] and by Kinosita and Yamamoto [11].

In this review we wili demonstrate the necessity of employing spec-
troscopic ellipsometry techriiques in the determination of accurate values
for the optical properties of solid and liquid metals in the energy range
from the infrared to the near ultraviolet. This energy range, below the
volume plasmon energy for most metals, is an energy range of great interest.
However, the optical conductivity is usually very hiagh over much of this
region, and thus the normal incidence reflectance is relatively insensitive
to the optical properties of the metal. Reflection ellipsometry is far
more sensitive, both to the optical properties of the bulk metal and to
the surface conditions. Because of this sensitivity to surface conditions,
early data obtained by spectroscopic ellipsometry for a particular material
were not necessarily reproducible from one experimental arrangement to the
next. One example is the so-called Mayer-E1 Naby anomaly in the optical
absorption of alkali metals, first reported in 1963. It is only recently
that consistent, accurate data characteristic of the clean metal have been

obtained using ultrahigh vacuum reflection ellipsometry.
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Optical properties have been obtained for most metals in their solid
state over an extended energy range., In Section I we discuss recent
studies of the optical properties of solid Li and Na, with emphasis on
the accuracy attainable, Optical properties have been obtained for
relatively few liquid metals and, in general, these are over very limited
energy ranges. Existing data for liquid metals are discussed, and new
data on liquid Sn are presented in Section II. 1In Section III we present
new data on 1iquid Hg. The optical properties of liquid Hg have evoked
particular interest. A consistent difference has been observed between
the optical properties deduced from reflectance and from ellipsometric
spectra, which has led to the proposal of various surface models. We show
that no real differences are found between the optical properties deduced
from reflectance and from ellipsometric measurements and that there is no
evidence for any surface structure for liquid Hg. The optical constants
of bulk Hg, obtained most accurately by ellipsometry, are, however, non-

Drude-Tike and this deviation from classical behavior requires theoretical

explanation.
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I. Solid Li and Na

For many years interest in the alkali metals centered around anomalous
structure seen by some workers in the IR to visible region of the absorp-
tion spectra.] As an example, most of the experimental results for solid
Na, published up to 1974, are shown in Fig. 1 in the form of the cptical
conductivity o defined by o = w52/4ﬂ, where €5 is the imaginary part of
the dielectric function and w is the angular frequency of the incident
photons. A1l of these results were obtained using eilipsometric techniques.

It was realized that, for the alkali metals in this energy region, the high

values observed for reflectance make it difficult to obtain accurate values
of the optical properties. This also applies for other solid and liquid metals’
and will be demonstratéd for Hg in Section III. From the data shown in Fig. 1
for solid Na, only Smith's results [12] can be interpreted in terms of a
nearly-free~-electron theory and the known band structure of Na. The double-
peak structure observed by Mayer and Hietel [13] cannot be explained by a
simple theory and was termed anomalous. It is to be noted that even studies
performed after the development of ultrahigh vacuum techniques show sig-
nificantly different spectra, presumably due to such factors as the roughness,
crystallinity, granularity, and contamination of the surfaces studied.

As part of a program designed to study the optical properties of 1iquid
alkali metals, we determined the optical properties of Na and Li, between
0.6 and 3.8 eV, in the form of thick evaporated solid films [14]. The
ellipsometer and experimental techniques have been described previously [14].

The samples were prepared and measured under ultrahigh vacuum conditions:
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before and after evaporation, the pressure in the sample compartment was
in the Tow 10'9 torr range. Measurements were made at room temperature
by reflection ellipsometry through a quartz substrate at the quartz-metal
interface. Our results [14] for solid Na, compared with those of Smith
[12], are shown in Fig. 2. The anomalous structure reported by Mayer and
Hietel was not seen: rather Smith's results were confirmed for the first
time.

Among the wide variety of ellipsometric techniques, the photometric
method of Conn and Eaton [15] was employed in this study to measure y and

A defined by tany = rp/rs and A = A - A respectively, where rp and r¢

P

are the reflectance amplitudes, and Ap and As are the phase changes upon

reflection, of the components of the incident light with the electric

vector parallel and perpendicular to the plare of incidence, respectively.

In this method, by setting the polarizer at 45°, ¢ is determined from the

intensity ratio Ip/IS of the p and s components of reflected 1ight by

tany = (Ip/Is)%’ and A is determined from the axial ratio (Imin/lmax)z

of the ellipse of the reflected 1ight by sind = sinZ2&/sin2y, where Ipip

and Imax are the minimum and maximum intensities measured by rotating

the analyzer around the axis of the reflected beam.and tang = (Imin/Imax)i'
The advantage of this method is its high sensitivity in determining

Y. As has been discussed by Smith [12], if B is defined by ¥ = kw -8, B

is quite small for a highly reflecting surface for which rp/rS is very

close to unity. In fact, using the conventional null method, in

which the directly measured quantity is essentially the angle ¥, Smith

[12] could not obtain reliable values of y from a single reflection at a
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quartz-Na interface due to the relatively low sensitivity of the null
method. In contrast, since the intensity ratio Ip/IS can be written for
small values of B as Ip/IS = tanzw = 1 -4, the present method is four
times more sensitive than the null method. This method has even
higher sensitivity than the modulation method developed by Jasperson
and Schnatterly {16] in which the quantity measured to determine v is
(IS - Ip)/(IS + Ip):QB. The contrast between tihe present method and
the null method can be seen clearly in Fig. 3. The values of B
measured by Smith [12] for a single reflection at a quartz-Na interface
at an angle of incidence of 75° are plotted using open circles in the
lower part of Fig. 3. Since no particular structure was found in these
data, he had to make multiple reflection measurements, in which he
actually measured the quantities 48 and 78 from four and seven reflections
at quartz-Na interfaces. His data for 48 are shown in the upper part of
Fig. 3 by open circles and these do exhibit a clear structure, The present
data obtained from a single reflection at a 70° angle of incidence, and
presented by filled circles in the figure, show a structure similar to
that in Smith's 4p data. A technique similar to the present one has been
used in Mayer and Hietel's study [13] on Na and in a study of solid Li by
Mathewson and Myers [17].

As had been found previously by Smith [12] the experimental values
of the optical conductivity of solid Na below the interband threshold are
considerably larger than the Drude values given by op = Ne2/m*m21, if

op is evaluated from the m* deduced from the experimental €9 values, where
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€ is the real part of the dielectric function, and t from the dc conductivity.
In this expression, N is the density of free carriers, m* is their effective
mass, and t is the relaxation time. Values of £€1> obtained by us, for solid
Na are plotted in Fig. 4 as a function of Az,the square of the wavelength

in pym. Assuming the simple expression

wa2
gy = 1+ 4ﬂN0a - (ﬂf)

to hold for €95 where NO is the number of atoms per unit volume, o is the
ion core polarizability, and wy = (4ﬂNe2/m*)%, the values of m*/m obtained
are 1.07 in the IR and 1.08 in the visible and ultraviolet. The plasmon

energy, ﬂwp, defined by ey = 0 is 5.6 eV and 4nNOa, obtained for Az =0,

is 0.1.

The available measurements of the room temperature optical conduc-
tivity for solid Li covering the energy range from the infrared to the
near ultraviolet are presented in Fig. 5. The data by Inagaki et al. [14]
were obtained using the same techniques as described for solid Na. Samples
were deposited and measured at room temperature, with observations made at
the quartz-1ithijum interface. Curve A by Mathewson and Myers [17] was
measured for a Li film on a quartz substrate twelve hours after deposition,
curve 3 was measured for the same film seven days after deposition, and
curve C was obtained for a Li fiim on a sapphire substrate. In each case,
Li was deposited on substrates cooled by tiquid nitrogen and then measure~
ments made at room temperature at the vacuum-Li interface. Hunderi's

measurements [18] were made at room temperature at the vacuum-Li interface
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on films which had been prepared by evaporation onto sapphire substrates
cooled ta 80°K. Myers and Sixtensson's results [19] were obtained from
measurements made at room temberature at the vacuum-Li interface. The
film believed to be characteristic of the BCC structure was deposited on

a sapphire substrate cooled to 15°K, while that believed to be characteristic
of the HCP structure was deposited on a sapphire substrate cooled to 80°K.
Both samples were annealed at room temperature prior to measurements being
made. Mathewson and Myers [17] stated that, of their data, curve C was
most Tikely characteristic of the BCC structure in Li. They further
assumed that changes with time indicated a change in crystalline structure
of their sample. Most of the Li films studied by Inagaki et al. [14] were
stable and did not change with time. For the few films that did change,
increased'absorption was seen in the vicinity of 2 eV, rather than the
types of change in structure seen by others and jndicated by Fig. 5.

It is known that Li is a difficult metal to work with. It is highly
reactive and its crystalline structure is found to depend critically on
the method of film preparation. As seen in Fig. 5, there is no demonstrated
consistency in the experimental optical conductivity spectra obtained from
ellipsometric measurements at room temperature. Assuming the threshold
for interband transitions is given by the energy corresponding to the
minimum in the conductivity spectrum, none of the data shown in Fig. 5
are consistent with simple band-structure calculations. Experimentally
the minima in the different studies lie in the energy range from 1.4 to
2.3 eV, whereas the predicted value is ~ 3.0 eV. Possibly, broadening

of the absorption edge may shift the apparent onset of absorption so
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that the observed minimum for a given curve should not be interpreted
in this way. However, st this time the data on Li cannot be exp]éined
in ‘terms of simple theories based on the nearly-free-electron model of a metal.

Rasigni and Rasigni [20] have presented optical constants for Li
between 0 and 10.7 eV, calculated by a Kramers-Kronig analysis of normal
incidence reflectance data. The reflectance values between 0.5 and 5 eV
were obtained by direct measurement on a vacuum-Li interface at 6°K, while
from 5.5 to 10.7 eV they were calculated from the optical constants deter-
mined, at room temperature, by Callcott and Arakawa [21] from observations
of reflectance as a function of angle of incidence at both the vacuum-Li
and substrate-Li interfaces. Their Kramers-Kronig analysis was normalized
to Inagaki et al. [14] from 2 to 3 eV and to Callcott and Arakawa [21]
from 6.5 to ¢ eV. Values of the refractive index, n, and extinction
coefficient, k, obtained by Rasigni and Rasigni are shown in Fig. 6 com-
pared with the same quantities obtained by Inagaki et al. and Catlcott and
Arakawa, It is seen that, even with the normalization of the Kramers-
Kronig analysis in the 2 to 3 eV region, there are significant differences
between the optical constants obtained from reflectance and from ellip-
sometric measurements in the infrared and visible regions,

Li, with i1ts Tow atomic number and relatively simple atomic structure,
is of great theoretical interest. Further experimental studies of the
optical properties of solid, and 1iquid, Li under controlled conditions,

coupled with surface characterijzations, are required.
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II. Liquid Metals

Liquid metal samples in equilibrium with their environment are free
of macroscopic surface roughness effects. In addition, geometrical factors
involving granularity and different crystalline forms of the metal which
can affect the values obtained for the optical properties of solid metals
are not encountered for 1iquid metals. Under ultrahigh vacuum conditions,
the surface can also be obtained free of contamination. “hus, in principle,
it should be easier to obtain accurate values of the bulk optical properties
of a metal in its liquid state than in its solid state. Experimentally,
the temperatures required to melt most metals make optical measurements
under ultrahigh vacuum conditions difficult to perform. Consequently
there is a relative sparsity of optical data on 1iquid metals other than
Hg.

Existing optical data on 1iquid metals obtained by ellipsometric
techniques are mainly attributable to Kent [22] (Cd, Sn, Pb, Bi), Hodgson
[23] (cu, Ge, Ag, Cd, In, Sn, Sb, Te, Hg, Pb, Bi), Lelyuk'et al. [24] (Ga,
Hg), Mayer and Hietel [13] (Na, K, Rb, Cs), Smith [25] (Cd, Hg, Pb, BiJ,
Miller [26] (A1, Fe, Co, Ni, Cu, Ag, Au), Comins [27] (A1, Cu, Ga, Sn, |
Au, Hg, Pb, Bi), and Inagaki et ai. [28] (Na). Measurements of reflect-
ance have been employed by Schulz [29] (Ga, Hg), and Wilson and Rice [30]
(In, Hg, Bi). In addition there are sevevé] other determinations of the
optical properties of }iguid Hg which will be referenced in Section III.
Many of these measurements on liquid metals are over a very limited energy
range. Exceptions are the reflectance spectra obtained by Wilson

and Rice from 2 to 20 eV. It has been found that the optical properties
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of many liquid metals can be explained in terrs of the sirple Drude theory,
at least over limited energy ranges, as long as > (6r 7, an effective

density of free carriers) and @ are tredated as edjustable perescters, i.c.,

the optical properties of many of the liquid metails which heve been studicd
cxperimentally can be explained in terns of a nearly-free-cleciron theory.
A notable cxception is liquid Hg, which will be discussed in Section [11.
In fact, simple metals, having weak electron-ion interactions (e.g., ha,
Al, etc.) are described by & nearly-free-electron theory ernd can be
expected to obey the Drude formulae, whereas for nietals where the szatiering
interaction is strong (e.g., transition and rare ecarth metals, divalent
metals, Be, Hg, Ba, etc.) there are more uncertainties in the theory and
more probability of non-Drude-like behavior [31]. In addition, band gaps
characteristic of long-range order are destroycd by melting, and it is

to be expected that the corresponding structures would be resoved fraon

the energy spectrum of the liquid metal [31,32]. For severel metals.
structures in the optical properties of the solid associated with transi-
tions from the conduction band to states above the Fermi level have not
been observed in the spectrum for the liquid. On the other hand, we will
show that structure for liquid Na appears at the same energy as structure
for solid Na. When transitions in the solid metal are from the d-bands to
the Fermi level, structure has been found to persist in the spectrum for
the liquid [26,30]-: Thus, as might be expected, some short-range order
exists in Tiquid metals which is similar to that which exists in the corre-
sponding solid. In fact, from theoretical and experimental arguments, based

principally on correlations between nuclear magnetic resonance measurements

and electronic structure, Knight and Berger [33] concluded that a liquid

metal possesses a band structure which is very like that of its solid,
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tiie isng;rangﬁ orier. wnich s norvall assielatel il Tre e Lo
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can lezed to a band structure in some 1iguid ot sl

Thne optical conductivity syactra fov salid g3 Ti,L00 W Lar b
exained from the point of view of te- abovs av-uvnts. Tar data for

solid e [14] nave been presented in Tine 20 while aur data Im

[2C]. obtained using essentially the sare techuicaes on fres surfeces of
Na at 12G £, ave shoun in Fig. 7. In contrast Lo the case of solid Na,
the absorption propertics in Viguid N@ balow 2.2 eV can be described well
by the simple Drude model of frec-carrier absorption, Ahoye 7.7 eV
absoryi:tion i3 greater than predicted by the zirpie Drude wodel. Although
Smith [34] has shown thooretically that the interband transition in solid
lia, seen in the region of 3 eV in Fig. 2, should not persist into the liguid
phase, Xnight and Berger [33] suggest, from observations of nuclear magnetic
resonance line shifts in liquid and solid alkali metals, that the electronic
structures of the respective solids and liquids are the same. This would
Jjustify our interpretation [23] of the structure seen in the optical con-
ductivity of liquid sodium above about 2.2 eV as being due to a liquid
analag of the interband absorption seen in the spectrum for the solid.

On the other hand, Helman and Baltensperger [35] claim that this discrepancy
between our experimental results and the simple Drude formula does not

arise from an interband transition but from the fact that the relaxation

time 1 is frequency dependent when the electron-ion interaction in the

Tiquid metal is properly taken into account.
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We have rouently obtained the optical properties of Viguid Sn [36] at
261°C from ellipsgnetric measurements for photon energies between 0.62 and
3.7 eV, Measuronents were made at a vacuum-liquid Sn interface after con-
taminants were removed from the liguid surface using a stainless steel
scraper. The real and imaginary parts, “ and T of the dielectric
function are shown in Fig. 8 together with the values obtained previously
by ¥ent [22], Hodgson [23] and Comins [27]), and the corresponding Drude
curves.  Fiqure 9 shows the variation of (1 - a])-] with 1-2 for our values
of “ for Tiquid Sn. This curve is of interest since all data from the
infrared through the ultraviolet fall on a single straight line yielding
a single vaiuc of m* from the slope. This is cConirary to the results
other metals in the solid and liquid phases {compare Fig. 4) where different
values of n* are obtained in the infrared and in the visible and ultra-
violet regions. It is seen that liquid Sn behaves like a nearly-free-electron
metal over the full range of the experimental measurements. There is no evidence
of the interband transitions seen in solid Sn at 1.2 eV and ~3 eV [37]. A
value of m*/m = 0.96 + 0.05 was obtained from the slope of Fig. 9, compared
with ~3.0 for solid Sn [36]. The sum rule

- N
fo(n)dm = 125 (—ml) 62 s

o]

where NT is the total electron density, requires that if some interband
transitions of various electrons disappear on melting, then the value of

m* representing intraband transitions will decrease. This is true for

Sn [32].
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The measurement of tha optical properties of Tiquid metals over an
extended energy range, from the infrared to the vacuum ultraviolet, deserves
more attention. In particular, the observation of the optical proverties
of a metal in both the solid and liquid states obtained in the same experi-
ment under ultrahigh vacuum conditions by spectroscopic ellipsometry would
be of great interest. Accurate measurements, on well-characterized sur-
faces, would yield information of relevance to theories of order-disorder

on going from the solid to the liquid [38].
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IT1. Liquid Hyg

Mercury would appear, at first, to be an easy place to start in a
study of the optical properties of Tiquid metals. It is easy to handle,
stable, and liquid auv room temperature. Furthermore, it is relatively
easy to obtain a clean Hg surface. 1In 1957, Schulz [29] surveyed the
literature and on the basis that there were many measurements available
in the visible, some in the ultravinlet, and a few in the infrared for
liquid Hg, and only the measurements by Kent [22] at three wavelengths in
the visible available for other liquid metals, came to the conclusion
that "If the goal is to find a metal which is most 1ikely to follow the
Drude theory over a long wavelength range, the evidence points toward
liquid Hg as being the most promising metal." Schulz, from his reflectance
measurements, then presented a strong case for the validity of the Drude
theory in liquid Hg. Since then a consistent difference has been observed
between the optical properties deduced from reflectance and from ellip-
sometric spectra. To reconcile the two sets of results, Bioch and Rice
[39] proposed a surface transition zone. From ellipsometric and reflec-
tance measurements made simultaneously on the same samples, Crozier and
Murphy [40] concluded that such a model, coupled with vectorial optical
properties for the liquid Hg, was consistent with their data. Guidotti
and Rice [41] probed the Tiquid Hg surface directly using an attenuated
total reflection method to excite surface plasmons and expressed the
vectorial effect in terms of a conductivity in the surface layer which
is both anisotropic and larger than the value in the bulk. We have recently

measured simultaneously the absolute reflectances RS and Rp and the
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ellipsometric parameter 4 for liquid Hg over the energy range from 0.6 to
3.7 ev [42]. No systematic differences were found between the optical
properties deduced from reflectance and from ellipsometry, in contrast to
the results of Crozier and Murphy. In this Section we present an analysis
to demonstrate that neither the previously existing nor our new ellipso-
metric data show evidence for any intrinsic surface structure in liquid
Hg. By use of a Kramers-Kronig analysis it is then shown that it is the
optical properties obtained from ellipsometric measurements that are
representative of liquid Hg. Finally, it is shown that there is no real
conflict with the optical properties deduced from reflectance data as
there are large inherent uncertainties associated with this method when
used for metals in the infrared to near ultraviolet energy region.

Liquid Hg, cleaned by the overflow method previously used by Hodgson
[237, was brought into contact with a strain-free quartz prism. Measure-
ments were made on this system at atmospheric pressure., At all times during
the measurements the surfaces could be inspected and were found free of
visible contamination. The experimental method of obtaining Rp, Rs’ and
A& was almost identical to that used by Crozier and Murphy [40]. The
azimuth setting of the polarizer was fixed at 45° to the plane of inci-
dence. Two sets of intensities I(0°) and I1(90°), and I{45°) and I{135°)
were measured for reflection from the quartz-liquid Hg interface, where
I(A°} is the intensity measured with the analyzer setting at A° to the
plane of incidence. The liquid Hg was then removed and the values of the
intensities IO(O°) and I0(90°) recorded for total internal reflection at
the quartz-air interface. The angle of incidence was determined to be
60,52° from the value of A obtained from these total reflection measure-

ments. Rp and R were given by Rp = I(O°)/IO(0°) and R, = I(90°)/IO(90°),
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respectively, and A was determined from [40] cosA = -cos2£/sin2y, where
tang = l_'I(45°)/I(135°)])/2 and tany = [I(O°)/I(90°)]%. The parameter
was actually obtained from tany = [Rp/Rs]%'

The dielectric functions €4 and e, were calculated from the measured

ellipsometric parameters y and A. The values obtained for €95 in the form

of the optical conductivity o, are shown in Fig. 10 and those for € in
Fig. 11. Also shown are previous values appearing in the literature [23,
25,27;40, 43-47], all of which have apparently been obtained from y and A
under the same assumption of no surface effects. The notation g = 1.00
indicates the data were obtained at a vacuum (or inert gas)-liquid Hg

interface, n_ = 1,42 at a cyclohexane (nO = 1.4198)-1iquid Hg interface,

0
and gy = nQ at a guartz-Tiquid Hg interface. The measurements of Smith
and Stromberg [47] at 2.27 eV also included g = 1.5084 (benzene) and
ng = 1.3344 (water). No differences were found in their values of € and
€y within their experimental accuracy of four significant figures. The
Drude variations of ¢ and gy were calculated from
& = 1-— 4_7!’;0_ —

(tM)E® + iE
where T, the relaxation time for free carriers, was determined [44] from
T = (m/Ne2)c0 using the d.c. conductivity o, = 9.387x1015 sec’! and the
density of free carriers N = 8~158x1022 aﬁ3 for 1iquid Hg at 20°C. An

imperfect glass-1liquid Hg contact [43,44] apparently caused the considerable

difference between the results of Lelyuk et al. [24] and those shown in Figs.

10
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and 17. The experimental data, obtained in the various studies represented,
are consistent with each other, with no systematic correlations of ¢ or £
with the value of Nge The dashed curves indicate the probable upper and
lower limits of the observed quantities. It is seen that the optical
properties of liquid Hg, as observed by ellipsometric measurements, are not
represented by the Drude nearly-free-electron model.

The lack of any demonstrated differences in the experimental values of
o and £ for different values of n, is strong evidence for the absence of
any surface structure in liquid Hg. If the surface models [39,41] proposed
for 1iquid Hg were applicable, then measurements made with different mate-
rials {i.e., different n, values) in contact with the Tiquid Hg, and analyzed
assuming no surface structure, would give apparent optical properties for liquid
Hg which varied as a function of the value of Ny

Consider Tiquid Hg [47], with ¢ = -18.46 + 113.50, covered with a 108
thick transpacent Tayer of refractive index ny = 1.45 as shown in Fig. 12,
As defined by Burge and Bennett [48], we call the dielectric function g,
calculated from the measured ellipsometric parameters ¢ and A for a real
surface under the assumptions that the surface is smooth, homogeneous, and
isotropic, the pseudodielectric function. If surface structure is present
on the real surface, then the pseudodielectric function will, in general,
be a function of ¢ and n,» the angle of incidence and the refractive index
of the ambient medium, respectively. The calculated pseudodielectric functions
for the chosen example at a photon energy of 2.27 eV, are shown as functions
of ¢ and o in Fig. 12. For ¢ = 70°, the variations of = and €o with n, are

large enough to indicate experimentally the existence of the surface structuie.
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Most ellipsometric data are taken at an angle of incidence in the region of 70°
(£ 10°) and thus, if there is a surface layer on liquid Hg with prbperties
resembling those shown in Fig. 12, it should show up as systematic differences
in o and € with o in Figs. 10 and 11. Other reasonable values of N and
thickness of the surface layer lead to the same conclusion. Thus lack of
systematic variations in o and £ with the value of Ny implies that there
is no surface layer or surface inhomogeneity on liquid Hg. A similar
analysis [42] rules out any anisotropy in the optical properties of Tiquid
Hg in the vicinity of its surface.

The pseudodielectric function g(n0,¢) can be used in several other
tests for surface structure. For example, a value of g(n0,¢) obtained
for a real surface at a given photon energy can be used to calculate the
anticipated variation of the reflectance at that energy as a function of
the refractive index of the ambient medium, no‘, and the angle of incidence

¢". This quantity, Rant(no’,¢') can then be compared with the experi-

mentally observed quantity, R no',¢’). Assuming the system shown in

EXD(

Fig. 12 with n, = 1 and & = 70°, the quantities R

dnt(no »¢”) and Rexp

(n0 ,0”) have been calculated. The difference 8R = Rant(F%T’¢ ) - Rexp

(no',¢') has been plotted in Fig. 13 which shows SR_ and SR, as functions

p
of no’ and ¢ °. &8¢ and 8A, calculated for the same system, are also

shown in Fig. 13. It is seen that SRp or 8A, for no‘ # o and large values
of ¢~ are large enough to be detected, if surface structure exists.

The present measurements of RP on liquid ilg were used to perform a 6Rp-check.
For this purpose the available pseudodielectric functions obtained with n, = 1

at each energy (Figs. 10 and 11) were used to calculate the anticipated
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value of Rp for no‘ = nQ and ¢° = 60.52°, i.e., the actual experimental con-
ditions of our measurement of Rp. The anticipated and measured values of
Rp for our present studies on liquid Hg are shown in the top part of Fig. 14.
Also shown in the lower part of Fig. 14 is a similar comparison for the
measurements of Crozier and Murphy [40]. In both studies, values of Rp
obtained by direct measurement at the quartz-liquid Hg interface and the
corresponding calculated quantity both show a systematic deviation from
the Drude values, but are in good agreement with each other.

Further tests for the detection of surface structure from ellipso-
metric measurements involve searching for inconsistencies in the values
of Rp, Rs, and A measured simultaneously at a given interface. One method
involves comparing one of these measured quantities with its value as
calculated from the other two. Another method involves calculating the
optical constants from three different pairs of the measured guantities.
" These tests have been described previously [42]; none show any evidence
for surface structures in liquid Hg.

The apparent Drude optical properties of Tiquid Hg, which have been
extracted from two or more reflectance measurements at a given energy,
and which have been thought to be in conflict with the ellipsometric measure-
ments, can be shown [42] to be unreliable because of the large uncertainties
involved in the reflectance measurements relative to the accuracy necessary
to obtain reliable optical properties in this energy range. Figure 15 shows
plots in the €1-€p plane of calculated equireflectance curves. For each

curve the type of reflectance measurement is specified by a subscript (R =

reflectance at ¢ = 45° for unpolarized light), the value of the ambient
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refractive index is given, and the stated value of the reflectance has been
obtained from the Drude values of £y and €y for liquid Hg at 2.27 eV. Also
indicated on each curve is an error bar of length 2Rerr which corresponds to
a typical range of the experimental uncertainty reported in the literature.
This error bar specifies a path ZRerr wide centered on the equireflectance
curve, When two experimental values of reflectance, such as RN(n0 = 1.0)
and RN( n,= 1.4), at 2,27 eV are used to determine £ and e, for 1iquid Hg,
the values obtained from the intersection of the equireflectance curves will
1ie within the overlap region of the corresponding paths. Because the equi-
reflectance curves are almost parallel, the region of overlap for any two
of the types of reflectance measurements shown in Fig. 15 extends from the
top of the graph to beyond the bottom. This demonstrates that optical
properties obtained from reflectance measurements have large associated
errors: 1in the case of Fig. 15, depending on the pair of reflectances, this
error may be v60 to <100%. At lower photon energies the uncertainties
associated with optical properties determined by this method are even
larger. Bloch and Rice [39] report RN for v  values of n, while
Mueller [49] reports RN and R5 at ¢ = 45° for i1iquid Hg in contact with
sapphire. 1In both cases, they contend that since they observe values of
reflectance consistent with the Drude values of £ and €5 that this proves
the validity of the Drude values. We have shown that there is a very large
uncertainty in the optical properties when they are determined from reflect-
ance measurements, and that observing "Drude" reflectances does not necessarily

imply Drude values of the optical properties. In fact, we demonstrate in
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Fig. 15 that the reflectances measured by Bloch and Rice and by Mueller are
not inconsistent with the values of €1 and €o obtained by ellipsometry for
liquid Hg at 2.27 eV. These values, using the same notation as in Fig. 10,
are shown in Fig. 15 together with a rectangle of dashed-lines indicating
the probable upper and Tower limits. In order to determine the optical
constants by reflectance measurements with accuracy comparable to that of
the ellipsometric results, reflectances would have to be measured ten to a

hundred times more accurately than in the experiments so far reported in the

literature. In fact, the high correlation between the determination of
the optical properties from reflectance measurements and the consistency
of those properties with the Drude theory seems to stem from the a priori
assumption, in some cases, of the validity of Drude theory.

Of the reported reflectance measurements, only those of Schulz [29]
do not fall in the above category. Schulz obtained values of the optical
properties from measurements of R and #, the phase change for reflectance
at normal incidence. In a £17E,) plane, equi-R and equi-6 curves cross
nearly at right angles and experimental errors introduce only small
errors into the values determined for e; and €pe Similar considerations
apply to equi-y and equi-A curves which are employed in the ellipsometric
determination of the optical properties. Schulz's experiments appear to
have been performed to a high standard of experimental accuracy and exami-
nation of his published papers does not reveal any apparent reason to doubt
the "Drude” values which he obtained [42]. However, detailed Kramers-
{ronig analyses, over a wide energy range [42], show that Drude optical

properties are not possible for liquid Hg, whereas the optical properties
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obtained from ellipsometric measurements are internally consistent with
the available data on 1iquid Hg above the 1imit of the ellipsometric
measurements at 5 eV.

The Kramers-Kronig relation used was that for the phase change on

reflection at normal incidence

1 [ EMRU(ED
G(E) = - -1-]_- (E')Z—TT dE”.
5 -

If RN(E’) and 6(E} are calculated from the pseudodielectric functions
obtained Trom ellipsometric measurements on real surfaces on the assump-
tion that there isno surface structure, this Kramers-Kronig relation would
appear to break down in the presence cf surface structure. Howevér,

this test for the presence of surface structure cannot be applied as experi-
mental values of the pseudodielectric function are not available over the
whole energy spectrum. We can use this relation to demonstrate that the
Drude values of @ obtained by Schulz are highly unlikely, whereas the
optical properties determined from ellipsometric measurements are probably
correct.

The measured values of the normal incidence reflectance, Ry> obtained
by Wilson and Rice [30] from 2 to 20 eV are shown in Fig. 16. Wilson and
Rice analyzed these data through the Kramers-Kronig relation by assuming
the Drude form for RN below 2 eV and an analytic extrapolation of the
measured RN to energies above 20 eV. They obtained values of the optical
properties from 2 to 20 eV which are quite close to the Drude values in the

region below 4 eV. This analysis was somewhat circuitous, however, since
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the extrapolation of RN to high energies was chosen to give the Drude

value of 9 at 2.0 eV. 1In an attempt to obtain a more realistic extrapo-
lation of RN above 20 eV, in the absence of optical data for either liquid
or solid Hg, we have used the optical data available in the literature [50]
up to 900 eV for two materials with atomic numbers close to that of Hg

(Z = 80) to estimate values of Ry for Hg. From solid Au (Z = 79),

2 -
R (DHg/DAu) RN,Au = 0.476 RN,Au

N,Hg

where DHg and DAU are the atomic densities in liquid Hg and solid Au,

respectively. Sinilarly, from solid Bi (Z = 83),

_ 2 _
Ry,hg = (Dyg/Dpi)” Ry gi = 2077 Ry i

These estimated values of RN are shown in Fig. 16 and appear to agree
reasonably well with each other above ~50 eV. This agreement demonstrates
that this is a reasonable method of determining RN for high Z materials
at high enough energies, hence removing a major part of the uncertainty
involved in the extrapolations used by Wilson and Rice. Above 900 eV
we extrapolated R, according to an et dependence.

The results of our Kramers-Kronig analyses are demonstrated in Fig.
17 in the form of the difference between 6(E)/E calculated from the RN
values shown in Fig, 16 and the corresponding Drude values. The two
solid Tines were obtained, in this way, from the RN values of Wilson and
Rice [30] from 2 to 20 eV in combination with the RN values of solid Au and
solid Bi, respectively. The two dashed lines were obtained from RN cal-

culated from optical properties obtained from ellipsometric measurements
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from 0.2 to 4 eV in combination with the RH values of Wilson and Rice from
5 to 20 eV and the RN values of Au and Bi, respectively. Also shown

in Fig., 17 are (E)/E - GD(E)/E calculated directly from the optical
properties of liquid Hg abtained from ellipsometric measurements as
summarized in Figs. 10 and 1) and from the "Drude values" of 6{E) obtained
by Schulz [29]. It is seen that the calculated values of @8(E)/E - 9D(E)/E
obtained from ellipsometric measurements 1ie essentially within the dashed
curves. Thus, the variations with energy of the plotted function of &
obtained through a Kramers-Kronig analysis are consistent with the

ellipsometric optical properties of liquid Hg. Just as the estimated

R,, values using the Au and Bi data between 20 and 50 eV obviously set

N
upper and lower limits, respectively, on the RN for 1iquid Hg in this

energy range, the dashed curves in Fig. 17 obtained from ellipsometric
RN, set reasonable limits on the ellipsometric data. By a proper choice
of RN between 20 and 50 eV it is obviously possible to reproduce the
ellipsometric values of 6 from the ellipsometric values of RN using the
Kramers-Kronig relation for é{E).

On the other hand, the "Drude values" of Schulz are inconsistent
with a Kramers-Kronig analysis employing any reasonable extrapolation.
One possible explanation for this discrepancy is that the Ag film which
Schulz deposited on a mica film in order to make a good mica-Hg contact
did not dissolve away completely as expected.

In conclusion, it has been shown that the optical properties obtained
from ellipsometric measurements are representative of bulk liquid Hg. No

evidence is seen in any of the experimental data on liquid Hg ., cne
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existence of surface structure or anomalous surface pronerties. The
optical properties of liquid Hg are not Drude-like. The cnly known
attempt to explain deviations from the simple Druds theory in liquid

Hg is due to Smith [51]. Previously, with unduz suphisis given to
reflectance measurements and the expectation of Drude behavior, the
deviations shown by ellipsometric measurerents ware suspect. Since it
has now been established that the ellipsometric vzlues are probably
correct, there is a need for new theoretical effarts to explain the non-
Drude behavior of liquid Hg.
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Figure Captions

1. Optical conductivity vs incident photon energy of solid Ma at
room temperature. References to the data shown are given 1in
Ref. 14,

2. Optical conductivity of solid MNa obtained by Inagaki et al. [14]
and Smith [12].

3. Values of B defined by ¢ = 45° - B for a quartz-Na interface. The
lower open circles are Smith's data [12] obtained by the null
method for a single reflection at an incidence angle of 75° and the
upper open circles are 4¢ obtained from four- reflections. The filled

circles are the data of Inagaki et al. [14] obtained by the photo-
metric method for a single reflection at an incidence angle of 73°.

4, Real part of the dielectric constant of solid Na [14].

5. Optical conductivity vs incident photon energy of solid Li at room
temperature,

6. Optical constants of solid Li obtained by Rasigni and Rasigni [20],
Callcott and Arakawa [21] and Inagaki et al. [14].

7. Optical conductivity vs incident photon energy of liquid Na
obtained by Inagaki et al. [28] and Mayer and Hietel [13].

8. Dielectric functions of Tiquid Sn vs incident photon energy. Drude
curves for Hodgson's data and for our recent results have been
calculated using parameters quoted in Ref. 36.

9. The plot of (1 -s])'] vs 272 for Tiguid Sn at 261°C, with A in um.

10. Optical conductivity vs incident photon energy of liquid Hg at room
temperature. All values were obtained from ellipsometric measure-
ments, as explained in the text. The dashed lines indicate the
probable upper and lower limits of the observed conductivities.
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12.

13.

14.

15.

16.

17.
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Values of € Vs incident photon energy for liquid Hg obtained from
ellipsometric measurements. The different symbols refer to the

references indicated in Fig. 10.

The pseudodielectric functions € and €5 obtained at 2.27 eV for
liquid Hg covered with a 10 A thick transparent layer of refractive
index 1.45 as functions of the angle of incidence ¢ and the refrac-
tive index, Ny of the ambient medium. The dielectric constants

assumed for Hg are from Smith and Stromberg [47].

Differences between the anticipated and experimental values of Rp,
Res Vs and A as functions of no‘ and ¢~ for the system shown in
Fig. 12. The anticipated values were obtained from the pseudo-

dielectric function e{n_ =1, ¢ = 70°).

0
Values of R_ measured at a quartz-liquid Hg interface compared with
those anticipated from the values of the dielectric function measured

at a free Hg surface.

Equireflectance curves RNL ﬁ;and Rs presented in the €1 - & plane.
The reflectance values are those corresponding to the Drude values
of the optical properties of liquid Hg at 2.27 eV. The type of
reflectance and the refractive index, Ng» Of the ambient medium are
indicated. The values of € and €5 obtained from ellipsometric
measurements at 2.27 eV are shown using the same symbols as in Fig.
10. The dashed-Tine rectangle corresponds to the probable upper
and lower limits of the ellipsometric data as indicated in Figs.

10 and 11.

The RN measured by Wilson and Rice [30] at a vacuum-liquid Hg inter-
face combined with values of RN calculated from the experimental
optical properties of solid Au and Bi [50].

The phase shift on reflection 8{E) divided by the photon energy E
relative to the Drude values calculated from a Kramers-Kronig
analysis of RN for the vacuum-liquid Hg interface and from the
dielectric function e.



| 3uanbL4

\_ 1 i RN
i
{ SOLID SODIUM
"‘ o Duncon & Duncan— {913
" » lves 8 Briggs 1937
i \ x Hodgson ——————— 1963
i —~ Mayer & Hietsl 1965
~ \ — Smith 1969
Q .
o | A Palmer & Schnotterly— 197
< === Monin & Boutry 1974
9 ir
b
{ L !
% 2 3 2
W (ev)

ORNL- DWG 75~6427R




LI
R

1
HOEP9 - GL OMA-INYO

] , * 38t
..n....:...

§.e
“ .............-.”.....“....

Lﬁ_ w m seesrerese

‘19 Jo [yobou] e

WNigos dainos

*hreany,
o,

",
%,
",
8
()
.
k1
L
)
.&
d
>
4
“
s
.
[}
.
‘
H
‘
H
2
ut
[]
b
:
]
[ ]
-
)
%
.
K]
H
H
H
:
H
:
H
:
H
]
H
:
:

|
N

(9954,,01).0

Figure 2



B(degree)

ORNL-DWG 75-6429

o
o
o o
o
()
20(—2— - -
° o o © o
o] e} o
o o ©
o o
o o
1.5 o
o
o.
o
o
10
[
2. 8
Op o P ®
o] fe] . ° °
o ° ° o T e ! o © o o8 o
0’.: o '0
® 4 "" o2 o g e °
(o) ] 1 |
| 2 3 q

hWw(ev)

Figure 3




ORNL-DWG 75~6433R

10 T ] T Y 1 100 T = 1 T
SOLID SoLID
SODIUM (VIS & UV) SODIUM (IR)
8l- - 8ol -
o 4 eo} -
I
E -€
[}
I
4r —~ 40t ]
2k 4 20k 4
0 { { i i ! 0 y 1 { y
0 0] 02 Q3 04 05 (o} | 2 3 4




ORNL-DWG 75-6431R
12 ] T ]

Iof- SOLID LITHIUM

Inagoki et al.(1976)

8- g |
i \‘ .......... A
\
- ! \\ ~~--B Mathewson 8 Myers(i972) |
1+ 1 —
* 6 T Hunderi(1976) 7]
- LU
5 “\ Y BCC—— Myers & Sixtensson(1976)
\ g -
e \ HCP
4}-
2L
0 L ; '
() l 2 3 4
 h(ev)




Ol

Sl

4

T

IV 13 IXVOVNI

VMVAYYY 8 110277VD

INOISVY 8 IN9ISVYY

! ]

WNIHLIT 4lInos

o'l

gbagl-64 9MA-INHO

¢l

Figure 6



...-:.r--

b

—

-~

vy

-----------
»

(LI'N=WpW ‘D 0321) apndQ e

(D,00!) |3431H 8 49ADN —.—m

(0.,021)710 {3 4pbou

1

| e

DN pinbi)

QY

(09s4,,01).D

dbebdi-GL 'OMA INHO

Figure 7



ORNL-DWG 79-13387R

240 T I T
220 — LIQUID Sn {264 °C) —
x KENT (400 °C) 1949
200 + —
v HODGSON (446 °C) 1961
{!
180 — : & HODGSON (858 °C) 4964 —
o COMINS {800 °C) 4972
160 |- .
v o PRESENT STUDY (261 °C)
L}
10 | —-—--DRUDE _
— .‘|
3 P
;N 420 — % -
\
100 3§ —
80 — ‘\ —
‘\
60 |— g\ —
a]
‘\ -
w0 - 2 -
~
20 ii‘(}{)‘ -
0
oraA-00
-20 |- e —
=
L-Bo
-40 +— ’—":8:’ -1
A Aoak ‘_v’z’
5 T
= -60 b~ ° ,—'v —
¥ uQﬂD,Y’yl lol
-80 ,§’ —
-100 — " —
-~
120 | 1 |
0 4 2 3 4
fwlev)

Figure 8




[1- ey vom2)

10

ORNL -DWG 79-13386R

I [ I 1 l

LIQUID Sn (261°C)

Figure 9



ORNL-DWG 79-145!7

X104 (sec™")

120 T ] T
RN [© Hodgson
v \ © N. V. Smith B
4 o \\ v T. Smith

100} \ Ng-l00|o Faber-Smith -

..... %i'_ %\ o Busch-Guggenheim

- e '\\ \ o Comins 7

k \'\ D\\ & Crozier-Murphy
B8O \y N o Ng-1.42 o Smith-Stromberg
. \\, \\ [e Faber-Smith
b '... \ \ L Choyke ET Ol- B
\ No=N
| \\' \\ 0 la Crozier -Murphy
60 A\ AN v PRESENT WORK ]
Wy DRUDE
= .\332\ .
\°8.§
a0+ ) .
\ S
.. }5\%\0\

i \\Qv)Q ° ]

20} e Xop
s
. LIQUID Hg B
o L | i
0 | 2 3 4

E(eV)

Figure 10




ORNL-DWG 79-14518

0 r | |
\ .--v-..-c.;./a--n.
\ R z(f/?
-0 \ ) M
\ ‘\ P
\
T\ A
g /A’%
\
| o
Vv /é‘g
Canl | /
20 \ %‘ s |
W B
Vi ’ g
1P ég ¥
| %y
U\ £
i \\ /2
o \ 3 // v // ]
\ \._,-' ﬁ
t\'é\% V¢v/
v \\z ] 3 y
a0k —
K LIQUID Hg
S l ]
0 ‘ | 3 |
E(eV)

FigUre x



2L dunbL4

20

ORNL-DWG 79-1452|

| 1
LIQUID Hg WITH
~ OVERLAYER 7
— _El 1
' 2 €=-18.46+|3.50i"
L no=|.o - | ¢=70° SIS
£=2.270 eV
B € 7
1 ! I ] ] |
0 30 60 9010 2 (4 16 1.8 20



03

1 Y I . |
LIQUID Hg WITH
OVERLAYER _

.l o -

E(no=l.00, ¢=?O ) :

SRp , \
Ol o~
l" / ‘:‘
o \:.
-~ :
Ormm_éﬁg_,
| 1 | ' 1
03 - - 1 ] -
02 _
3Rg
Ol
O W = TSI
i 1 \ B ,
0 5 30 4 & 75 50
’
4’ (deg)

ORNL-DWG 79-14522

3°}— T 1’ — ' ] :
no=|_00
————— 2|45
o
2 180
1°L |
OL‘ ...-.-.‘.::-_“"‘:.:__,-—-\\
L i 1 l o l
3° [ T T 1 — |
2°L ﬁ
1’-\\ '3_‘:
' ° - ‘ /,,/ \\‘:‘. |
B , \
o / \.-‘
o ,/ \:
""""" _ - \‘
O° .u:':;l._ l [ | l
o) E 36 a5 €0 75 80
$’(deg)



ORNL-DWG 79-14516

T T T
o FROM €(Ny,=1.00) LIQUID Hg
s MEASURED(PRESENT WORK)
- DRUDE
et
° e ’,...p'..'° °
) vo.goof'o_.ﬂ'
oa o ..9__0
Sy - - o ® @g"' ,
Mg . o aqesiod Ng=N
082 -9... ....... ) . Q
$ =6052°
! 1 |
T T T o
o FROM €(Ny=1.00) e
I MEASURED(Crozier-Murphy) IR
. 0O
....... DRUDE .‘..‘.- —
o'..'. l
48° o
e
A
A28 R
0;' .............. o OIP n' n
C&ED@ o © C"- Q
o 8 $ =70°
n 1 1
| 2 3 4
Ef(eV)

Figure 14



ORNL-DWG 79-14512

i’ T
LIQUID Hg

Il E=2.270 eV -

15+ -

14 -

13- ~

12t ~

e —+— Ry p{Noe1.0)-0.765020.0080 |
—+~ Ry p{No"1.8)-0.6476£0.0040

ol =+ RplNg=1.5) =0.6824%0.0040 |

DRUDE "+" RS,D(n():'.S, ¢=45°)
=0.7445*0.0040
9 l ! ! ! 1 1 L
3 14 15 16 17 18 19 20 21 22
_El

Figure 15



9] a4nbiy

1072

Ry 1074

107

ORNL-DWG 79-14509

........................ T T T r Ty T T T T T TTT] T
LIQUID Hg®°
- . -
M\ o FROM
-\ \.
- ...‘.:\. ,r“_\’ . /'/ \\\.\ -
L W
L ! N,
W\ i
A\
» \\ _
N,
N,
NN
=\
B no x| '\.\\\ 7
\'.\\.\\
| —— MEASURED( Wilson-Rice) DN _
NN
.......... DRUDE \\\
\
~ 4 ard -
---- Ry=EpVI6E N
i vl \ Lt el L ot il l\\
| 10 100 1000

EeV)




(deg/eV)

BIENE - 6,(EVE

ORNL-DWG 79-14508

LIQUID Hg

n0='

r

T T

(o]

K-K[

1

FROM € BY Schulz
FROM ELLIPSOMETRIC €

FROM Ry BY Wiison-Rice
FROM ELLIPSOMETRIC RN
\ L

2

3 4 S

EfeV)

Figure 17



