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Interest in the optical properties of liquid Hg has resulted in numerous studies over the past
quarter of a century. Consistent differences have been observed between the optical properties
of liquid Hg deduced from reflectance and from ellipsometric spectra, and several models have
been proposed which have attempted to explain these differences by the introduction of an in-
homogeneous and/or anisotropic surface region. However, a systematic analysis of the previ-
ously existing and new ellipsometric data for liquid Hg fails to demonstrate the existence of a
surface transition zone having inhomogeneous and/or anisotropic properties. It is further
shown that the contradiction between the optical constants obtained from ellipsometric and from
reflectance measurements is not real and that the former are representative of liquid Hg while
the latter contain large uncertainties because of insufficient sensitivity. The observed deviations
of the optical constants of liquid Hg from ‘‘Drude’’ behavior still require theoretical explanation.

I. INTRODUCTION

Over the past 30 years there have been numerous
measurements of the optical constants of liquid Hg in
the energy range from the ir to the near uv. Of
these, reflectance measurements have generally been
interpreted as yielding ‘‘Drude’’ values of the optical
constants, whereas ellipsometric measurements have
led to ‘‘non-Drude’’ values. For the past decade,
Rice and co-workers! ™ have made persistent efforts
to explain the differences by introducing inhomo-
geneous and/or anisotropic surface models. In this
paper, we start by discussing the conditions under
which properties, such as inhomogeneity and aniso-
tropy, of a transition zone, if present at the surface
of liquid Hg, would be detectable in the values of the
optical properties obtained from ellipsometric meas-
urements. Previously existing ellipsometric data for
liquid Hg are then analyzed in terms of the existence
of a surface transition zone. Within the experimental
accuracies of the various experiments, no evidence is
found for the existence of a surface transition zone.
New experimental data, of the reflectances R, and R;
and the ellipsometric parameter A measured simul-
taneously at a quartz—liquid-Hg interface, ‘are
presented. Again, no evidence is found for any sur-
face inhomogeneity or anisotropy for liquid Hg.
However, these new data do confirm that the optical
properties for liquid Hg obtained by ellipsometry de-
viate from the Drude expressions. The Drude optical
properties which have been deduced from reflectance
measurements and which have been thought to be in
conflict with those obtained from ellipsometry, are
then shown to have very large associated uncertain-
ties. Finally, a Kramers-Kronig analysis of normal-
incidence reflectance over a wide energy range shows
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that the Drude values of the optical properties below
~4 eV are not consistent with the higher-energy
values.

II. DETECTION OF SURFACE STRUCTURE
BY ELLIPSOMETRY

The high sensitivity of ellipsometry® to the pres-
ence of surface structure makes ellipsometry a power-
ful tool in the study of surfaces. This high sensitivi-
ty, however, has often led to variable results when
ellipsometric measurements have been used to deter-
mine the optical constants of a material.” Real sur-
faces usually exhibit irregularities and possibly, just
under the surface, inhomogeneities and/or anisotro-
py. Such surface structures affect the results calculat-
ed from ellipsometric measurements much more
severely than those obtained from other methods of
spectroscopic analysis, e.g., reflectance measure-
ments. The discrepancies found between the optical
constants for liquid Hg obtained from ellipsometric
and from reflectance measurements is one example
that has been attributed to the presence of a surface
inhomogeneity and/or anisotropy intrinsic to the
clean surface of the material.'~>® To examine the
validity of this assumption, we first summarize brief-
ly how the existence of surface structures on what is
thought to be an isotropic and homogeneous material
can be detected by ellipsometric measurements.

Without knowing the kinds and extent of the struc-
tures which actually exist on a surface, the starting
point is always the assumption that the surface is
nominally smooth, homogeneous, and isotropic.
When dealing with a liquid surface, we may accept, a
priori, the surface to be ideally smooth, but need to
examine the data for effects of inhomogeneity and/or
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anisotropy. After Burge and Bennett® we call the
dielectric function e, calculated from the measured
ellipsometric parameters § and A for a real surface
under the assumption that the surface is smooth,
homogeneous, and isotropic, the pseudodielectric
function. The calculated value of e=e(ng, @) is, in
general, a function of the experimental parameters ng
and ¢, the refractive index of the ambient medium
and the angle of incidence, respectively, if surface
structures are present on the real surface. The
dependences of € on ny and ¢ have been calculated
for some simple examples of anisotropic and inhomo-
geneous surfaces, and these are presented in Figs. 1
and 2, respectively. The results in Fig. 1 were calcu-
lated using the optical constants of graphite,'® a
uniaxial crystal, at a photon energy of 3 eV. Shown
in Fig. 1 are the values of the real and imaginary
parts of e(=¢; +ie;) which would be determined
from ellipsometric measurements on graphite having
the c axis perpendicular to the reflecting surface, on
the assumption that the medium is isotropic. For a
constant value of ng, both €; and €, change only
slightly with changing ¢, and it is thus difficult to get
any indication of anisotropy from measurements at
various values of ¢. The dependences of €; and e,
on ng obtained at ¢ =70°, which is a typical angle of
incidence in ellipsometry, are, however, large enough
to indicate clearly the existence of some deviation
from the assumed conditions. Similar results are
found in the case of an inhomogeneous surface. Fig-
ure 2 shows the values of €; and ¢, obtained from el-
lipsometric measurements on a liquid-Hg surface
which is unknowingly covered with a 10-A-thick
transparent layer. Thus the presence of both aniso-
tropy and inhomogeneity in the vicinity of a surface
may be detected by observing the ny dependence of
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FIG. 1. Pseudodielectric function, € =€, + ¢, calculated
at 3 eV for a graphite surface with the c axis perpendicular
to the reflecting surface as functions of the angle of in-
cidence ¢ and the refractive index of the ambient medium
ng. The values used for the dielectric tensor of graphite
are those observed by Greenaway et al. (Ref. 10).
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FIG. 2. Pseudodielectric function, e =¢; + e, calquated
at 2.270 eV for a liquid-Hg surface covered with a 10-A-
thick transparent layer of refractive index 1.45 as functions
of the angle of incidence ¢ and the refractive index of the
ambient medium ny. The dielectric constants used for Hg
are those observed by Smith and Stromberg (Ref. 20).

E( Ry, ¢)

A second way of using e(ng, ¢) to detect surface
effects associated with a sample is to compare the re-
flectance R (ng, ') measured for the sample with
photons incident at an angle ¢’ through an ambient
medium of refractive index ng with the reflectance
calculated from the pseudodielectric function €(ng, ¢)
and designated by R ,.(ng, ¢";€). If the surface has
associated structure, these two reflectances will, in
general, be different. Illustrations of this technique
are given in Fig. 3 for the same example of an inho-
mogeneous surface region that was considered in Fig.
2. For both p- and s-polarized light, the differences
between the calculated and observed values of reflec-
tance, SR = Ry (ng, ¢';€) —R (ng, ¢'), are given as
functions of ¢’ for three different values of ng, and
for np=1 and ¢ =70°. In this example, the values of
3R, are small and would be difficult to detect experi-
mentally. On the other hand, the values of 8R, are
large enough to be detected experimentally for
ng # no and large values of ¢’. A 8R, check, with
ng # ng, thus provides a sensitive way of detecting
the presence of surface effects. Similar analyses may
be made for any other quantities obtainable both
directly by measurement and indirectly from
€(ny, #). Examples of such quantities are the ellip-
sometric parameters ¢ and A defined by tany=r,/r,
and A=A, — A, respectively, where r, and r; are the
reflection amplitudes and A, and A, are the phase
changes upon reflection of the incident photons with
the electric vector parallel and perpendicular to the
plane of incidence, respectively. The values of 8y
and 3A calculated in the same way as 3R, and 3R,
and for the same inhomogeneous system are plotted
in Fig. 3. It is seen that both quantities are large
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FIG. 3. Differences between the calculated and observed values of R,, R, ¢, and A as functions of the angle of incidence ¢’
for the case of the inhomogeneous surface shown in Fig. 2 under an ambient medium of refractive index ny. The calculated
values were obtained from the pseudodielectric function e(ny=1.0, ¢ =70°).

enough to be detectable experimentally at large
values of ¢’ when ng # ny.

The methods described above for detecting the ex-
istence of a surface transition zone associated with a
sample involve measurements with different media of
refractive indices ng and ng in contact with the sam-
ple. In most cases, however, it is difficult to prepare
and make measurements on the same or identical re-
flecting surfaces in contact with different ambient
media. One method of overcoming this difficulty is
to check the consistency among the quantities mea-
sured simultaneously for the same reflecting surface.
A simple, and well-known, test is to measure R, and
R, at ¢ =45°, If no surface effects are involved, the
measured values of R, and R, should satisfy the rela-
tionship R, = R2.!! Simultaneous measurements of
R,, R, and A on the same reflecting surface are
feasible® with some types of ellipsometer which are
equipped with a photometric detector. These quanti-
ties are not independent of each other and, if no sur-
face effects are involved, are connected by the equa-
tions'?

R,/R,=(b+C*=2aC)/(b +C*+2aC) ,
R,=(b+T?=2aT)/(b+T*+2al) ,
A=tan"'[2T (b —a)' /(b —-TH) ] -7 ,

where C =cos¢, T =tan¢sing, and a and b are

parameters which can be determined from any two of
the three measured quantities R,/R;, R;, and A.
Surface effects will therefore be revealed by incon-
sistencies between the measured values of R,/R;, R;,
and A; e.g., a difference between the measured value
of any one of the three quantities and its value when
calculated from the other two. A more indirect check
which can be made with the measured values of
R,/R;, R, and A is to determine the pseudodielectric
function e. The real and imaginary parts of € may be
obtained from any two of the three measured quanti-
ties using the equations

€=2a*-b+TC
and
e=2a(b—a®)'? |

The values of € determined in this way generally
show inconsistencies unless the measurements in-
volve no surface effects. An example of such an
analysis is presented in Table I which shows the
values of R,/R;, R, and A which would be observed
experimentally for the inhomogeneous surface shown
in Fig. 2 for ng=1 and ¢ =70°. Also shown are the
results of calculations involving pairs of these quanti-
ties, which demonstrate the apparent inconsistencies
in the measured values if it is assumed that there is
no surface inhomogeneity.

In the next section we examine the experimental
results for liquid Hg in terms of the above discussion.



OPTICAL PROPERTIES OF LIQUID MERCURY

5249

TABLE 1. Values of Rp/Rs, R, and A which would be observed experimentally for the inhomo-
geneous surface shown in Fig. 2 for ng=1 and ¢ ="70°, and the apparent inconsistencies in these
quantities if it is assumed that there is no surface inhomogeneity.

R,/R, R, A e 6
Observed 0.6056 0.9189 56.15°
Calculated from
R,/R; and A v 0.9193 —17.63 12.46
R, and A 0.6040 ce s —17.58 12.51
R,/R; and R s 56.72° -17.26 12.11

III. ELLIPSOMETRIC OPTICAL CONSTANTS
OF LIQUID Hg

From among the numerous values of the optical
constants of liquid Hg obtained so far between 0.2
and 4.0 eV by ellipsometric techniques, the results
since 1959 (Refs. 8 and 13—20) are summarized in
Figs. 4 and 5. Figure 4 shows the optical conductivi-
ty defined by o = E e;,/4w#, while Fig. 5 shows e,
both as functions of the photon energy E. Also

shown in the figures by dotted lines for comparison

purposes are the Drude values due to nearly-free-
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FIG. 4. Optical conductivity o for liquid Hg observed by
ellipsometry as a function of photon energy E. The dashed

lines indicate the probable upper and lower limits of the ob-
served values.

electron behavior described by

dnhoy

= T GIER+IE

where 7, the relaxation time, was determined!® from
7= (m/Ne?) oy using the dc conductivity o9=93.87
x 10" sec™! and the density of free carriers

N =8.158 x 102 ¢m™ in liquid Hg at 20° C, and e
and m are the electronic charge and mass, respective-
ly. Some of the experimental data are given with es-

o | I '
\
<
10 W /j,( |
VA e
[E )
J\! s A
D) s }é :
\ Py
VA %(u
i \ /gﬁ
) \{\ R 34 i
(R
€ g Sy &
[ ‘%\ | /
\ J
VA , /:?;‘/u
Vo yse
&4\ /7 :
-30 \ Vs |
e
\ i
- } _
o % 2
\"t//
a0l ~
LIQUD Hg
B | | l
o) ' | 3 |

Elev)

FIG. 5. Real part of the complex dielectric function,
e=¢, +i¢€,, for liquid Hg observed by ellipsometry as a
function of photon energy E. The symbol coding is the

same as for Fig. 4.
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timated error bars, and the probable upper and lower
limits of the experimental values are shown by
dashed lines. The experimental data presented show
a systematic deviation from the Drude values and
form, as a whole, spectra showing a general behavior
clearly different from that given by the Drude formu-
las.

All the optical constants summarized in Figs. 4 and
5 have apparently been derived assuming an isotropic
and homogeneous reflecting surface, i.e., the basic
quantity calculated in each case was the pseudodielec-
tric function . We start our analysis of the ellip-
sometric data for evidences of surface structure in
liquid Hg, by looking for an ny dependence in these
results. For this purpose, the data are presented in
Figs. 4 and 5 by open and filled symbols for data tak-
en under vacuum (or an inert gas) and in contact
with a quartz prism, respectively. No systematic
differences are found between the two groups of data
for photon energies above ~1.5 eV. Below 1.5 eV,
although there are slight differences between the two
groups of data, there are also relatively large uncer-
tainties associated with the ellipsometric optical con-
stants. Shown by half-filled circles in the figures at
2.270 eV are the results of measurements by Smith
and Stromberg?® obtained on Hg in contact with cy-
clohexane (ng=1.4198). They have also performed
the measurements at the same photon energy on Hg
in contact with liquid benzene (ny=1.5084) and wa-
ter (no=1.3344) and found no difference in the
values of the optical constants within their experi-
mental accuracy of four significant figures. These
observations, taken as a whole, fail to show a definite
systematic correlation between the value of the pseu-
dodielectric function and the value of ny. Thus they
fail to prove the existence of a surface transition zone
for liquid Hg. In the example given in Fig. 2, the
pseudodielectric function has been calculated at a sin-
gle energy of 2.27 eV for a liquid-Hg surface covered
with a 10-A-thick transparent layer of refractive in-
dex 1.45. Similar analyses were performed for other
reasonable values of the thickness and refractive in-
dex of the hypothesized surface layer on the liquid
Hg. These analyses also show, however, that the ex-
perimental scatter on the data shown in Figs. 4 and 5
is sufficient to mask any effects resulting from a
transparent surface layer <3 A in thickness. It is
noted here that, in the surface models!:® proposed by
Rice and co-workers to explain the observed differ-
ences between the non-Drude optical properties ob-
tained from ellipsometric measurements and the
Drude optical properties obtained from reflectance
measurements, their surface parameters do not ex-
plain the independence of the pseudodielectric func-
tion from the value of n.

We next look for evidences of surface structure by
performing 8R, 8y, and 8A checks, of the kind dem-
onstrated in Fig. 3, using the ellipsometric optical

constants presented in Figs. 4 and 5. Of these, the
8R, and 8A checks at large angles of incidence ¢ and
with ng # ng are seen to be the most sensitive to the
presence of surface structures. A 3A check is
presented in Fig. 6. Values of A measured at a
quartz—liquid-Hg interface (ng =ng) for ¢'=70° are
compared with the same quantity calculated from the
pseudodielectric function e(ny, ¢) obtained for liquid
Hg in vacuum (no=1) for various values of ¢. The
measured values of A are shown in Fig. 6 by filled
symbols and the calculated values by open symbols;
the same symbols as in Figs. 4 and 5 being employed
to identify the source of the data. Data obtained at a
quartz—liquid-Hg interface at angles other than
¢’ =70° were converted to the corresponding values
for ¢’ =70° and were then included in Fig. 6 as
““measured values.”” No systematic inconsistencies
between the measured and calculated values of A are
seen in Fig. 6. Thus this 8A check on the available
data shows no indication of inhomogeneity or aniso-
tropy associated with the surface region of liquid Hg.
To our knowledge, experimental values of R,
measured at an angle of incidence large enough for a
3R, check are not available in the literature, except
for the data taken by Crozier and Murphy?® in their
simultaneous measurements of R,, R, and A at
¢'=70° between 1.7 and 4.1 eV. We have therefore
performed similar measurements at ¢’ = 60° in the
energy range from 0.6 to 3.7 eV. Using the results of
these measurements, we will show in the next section
a 8R, check and the consistency checks among the
above three quantities measured simultaneously.
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FIG. 6. A, measured at a quartz—liquid-Hg interface for
an angle of incidence of ¢’'=70° (filled symbols) and calcu-
lated from the ellipsometric pseudodielectric function € ob-
tained at a vacuum—liquid-Hg interface (open symbols), as a
function of photon energy £. The symbol coding is the
same as for Fig. 4.
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IV. SIMULTANEOUS MEASUREMENTS
OF R,, R;, AND A

New measurements of R,, R;, and A were made at
an interface between a strain-free quartz prism and
liquid Hg, employing a conventional-type ellipsome-
ter equipped with a photometric detector. The
method used to measure the three quantities at the
same interface and at the same time was similar to
that employed by Crozier and Murphy.? With the az-
imuth setting of the polarizer fixed at 45° to the
plane of incidence, two sets of intensities /(0°) and
1(90°), and /(45°) and 1(135°) were measured for re-
flection from the quartz—liquid-Hg interface, where
1(A°) is the intensity measured with the analyzer set-
ting at A° to the plane of incidence. The liquid Hg
was then removed and the values of the intensities

15(0°) and 74(90°), and /4(45°) and /,(135°), record-
ed for total internal reflection at the quartz-air inter-
face. The angle of incidence was determined to be
60.52° £ 0.15° from the value of A obtained from
these total reflection measurements using the known
value of the refractive index of the quartz prism.
This result was in good agreement with that deter-
mined directly from the instrumental geometry, using
a narrow laser beam as a geometrical reference. R,
and R; for liquid Hg were given by R, =1(0°)/1((0°)
and R, =1(90°)/1,(90°), respectively, and A was
determined from® cosA = —cos2¢/sin2y, where tan¢
=[1(45°)/1(135°)]'2 and tany =[7(0°)/1(90°)]'2,
In this experiment, the surfaces of both the prism
and the liquid Hg were visible and could be inspected
during the course of the measurements, whereas in
the experiments of Crozier and Murphy this was

0.7 T T T
o FROM €(Ngy=1.00) LIQUID Hg
e MEASURED(PRESENT WORK)
------- DRUDE
0.6} ‘oo ]
Rp o e %o o
o .
00 €.
o o ° Q-
Q-
Do ) 50 ,
%98‘) ¢% ..-.9.?‘88";;39@ No=Ng
0.5 * $”-60.52°
| ! ]
T T |
o FROM €(Ny=1.00) o o
I MEASURED (Crozier -Murphy) o H
0.6‘ ....... DRUDE 1
o. I
630 o
st
4
Rp S
0.5'_ 0@8 -
'.‘. ."“.Q °
L .
. aNg
(%159 o ° ’ o
0.4 08 ¢ -70° -~
| | I
(0] | 2 3 4
E(eV)

FIG. 7. R,, measured at a quartz—liquid-Hg interface and calculated from the ellipsometric pseudodielectric function € ob-
tained at a vacuum—liquid-Hg interface, as a function of photon energy E.
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prohibited since the system was closed and evacuated.
The liquid Hg was cleaned by the overflow method
previously used by Hodgson.!?

The values of the optical constants obtained from
the present measurements of R,/R; = (tany)? and A
have already been presented in Figs. 4 and 5, and it
is seen that they show good agreement with most of
the previously published results. A 3R, check on our
new data is presented in the upper half of Fig. 7 in
the form of the measured values of R, compared
vith those calculated from the values of e(ng, ¢) in

T. INAGAKI, E. T. ARAKAWA, AND M. W. WILLIAMS
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Figs. 4 and 5 obtained under vacuum (ng=1). Both
sets of values, measured and calculated, show a sys-
tematic deviation from the Drude values shown in
the figure for comparison but are in good agreement
with each other. A similar result is seen in the lower
part of Fig. 7; the values of R, measured by Crozier
and Murphy?® at a quartz—liquid-Hg interface at

¢’ =70° show agreement with those calculated from
e(ng=1, ¢). The results shown in Fig. 7 indicate
that no surface effects are detected in either our new
data or those obtained previously by Crozier and
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FIG. 8. Demonstration of the consistency among Rp/RS, Ry, and A measured simultaneously at a quartz—liquid-Hg interface

as a function of photon energy E.
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Murphy. To test this hypothesis further, the next
step is to demonstrate consistency among our new
measured values of R,, R,, and A. The first method
of consistency analysis is to compare any one of the
measured values with that calculated from the other
two, and the second is to determine the optical con-
stants from three different pairs of the measured
quantities. The first analyses are presented in Fig. 8,
and the second in Fig. 9. In Fig. 8 good agreement is
found between the observed and calculated values for
each of the three quantities, R,/R;, R;, and A. In
Fig. 9 there is excellent consistency among the optical
constants deduced from three different pairs of the
measured quantities. (The scatter in o and € ob-
tained from R,/R; and R, stems from a lack of sensi-
tivity of this pair of observations to the values of the
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optical constants.) A similar consistency has been re-
ported previously by Crozier and Murphy? between
the optical constants deduced from R,/R; and A and
from R,/R; and R, when all the measured quantities
were obtained at a quartz—liquid-Hg interface. When
the measured quantities were obtained at a
borosilicate-glass—liquid-Hg interface, they found in-
consistencies in the values of the optical constants
obtained from different pairs of the measured quanti-
ties. However, these inconsistencies seem to be due
to an imperfect contact between the glass and liquid
Hg. This problem has been pointed out by Smith!®
and Faber and Smith'® in connection with the ellip-
sometric results of Lelyuk et al.,?! which were ob-
tained at a glass—liquid-Hg interface and which devi-
ate considerably from the data shown in Figs. 4 and 5.
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FIG. 9. Optical conductivity o and the real part of the dielectric function € = €, + ¢, for liquid Hg, deduced as functions of
photon energy E from three different combinations of the measured values of R,,/R,, R;, and A.
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In the series of analyses made above, no experi-
mental evidence suggesting the presence of inhomo-
geneity or anisotropy associated with the surface re-
gion has been found. Rather, we have built a con-
sistent set of evidence indicating, within the sensitivi-
ty of these analyses, the nonobservance of any such
structure on liquid Hg. In the following sections, we
will review the experimental results of several reflec-
tance measurements which have been considered to
be in conflict with the ellipsometric results and which
suggested the necessity of a surface model for liquid
Hg.

V. REFLECTANCE MEASUREMENTS OF LIQUID Hg

Measurements of reflectance made on liquid Hg
since 1955 (Refs. 1,5,8,18, and 22—25) are schemati-
cally summarized in Fig. 10, which shows the photon
energy range of each set of measurements and the
contact medium. In addition to measurements of
Ry, R,, and R;, measurements of two other reflec-
tances, R (Ref. 22) and R,(FTR)? have been report-
ed. R is the reflectance measured for unpolarized
light at ¢ =45° and R,(FTR) is the frustrated total
reflectance measured with p-polarized light for a
prism-spacer—liquid-Hg geometry. In each of these
studies, the spectral range where observations of
Drude values of the reflectances were claimed is indi-
cated by a thick line. For Ry measured under vacu-
um?* the stated experimental uncertainty in the re-
flectance values was +0.008, while for the rest of the
measurements [with the exception of R,(FTR)] the
uncertainties ranged from +0.002 to +0.005.

In the 8R, checks in Sec. IV, we have illustrated
the consistency between the measured values of R,
and the ellipsometric values of the optical constants.
Similar checks may be made with any of the mea-
sured reflectances presented in Fig. 10. Since, as has
been shown in Fig. 3 for an example of an inhomo-
geneous surface, SR, for large values of ¢' shows. the
greatest sensitivity to the presence of inhomogeneity
or anisotropy in the surface region, even better con-
sistency may be expected when comparing the mea-
sured and calculated reflectance values for the other
types of reflectance. The values of R; measured in
the present work and shown in the top of Fig. 8 have
indeed been found to show excellent consistency with
the ellipsometric results. The same results are found
for R, measured by Crozier and Murphy.® Incon-
sistencies have, however, been noted by Rice and
co-workers"*? for Ry and R. Two such examples
are given in Fig. 11, where comparisons similar to
those made in Fig. 7 are made between the mea-
sured"?? and calculated values of Ry and R for
LiF—liquid-Hg and quartz—liquid-Hg interfaces,
respectively. These results have been interpreted as
showing the involvement of surface effects in the el-
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FIG. 10. Schematic summary of reflectance measure-
ments on liquid Hg. Shown above the lines, indicating the
photon energy region of each experiment, are the contact
medium and the names of the experimenters. Thick lines
indicate the spectral region where observations of the Drude
reflectance values have been claimed.

lipsometric measurements and led Rice and co-
workers to speculate on the presence of inhomogene-
ous and/or anisotropic surface structures on liquid
Hg.!"5% In contrast, we have presented a compre-
hensive series of analyses demonstrating that surface
structures have not been detected through ellip-
sometric measurements on liquid Hg.

In this respect, the fact that the reflectance mea-
surements, which yield results in apparent disagree-
ment with the ellipsometric results, almost all claim
agreement with the Drude values seems to be quite
suggestive. As can be seen in Figs. 7, 8, and 11, the
ellipsometric reflectance values are indeed quite close
to the Drude values, but always show small systemat-
ic deviations from them. Crozier and Murphy and
the present authors confirmed this non-Drude
behavior of reflectance by the direct measurements
shown in Figs. 7 and 8.

Rice and co-workers,>™ employing their surface
models for liquid Hg, have recently discussed how
the presence of surface structure would affect the
R,(FTR) spectrum. Generally these FTR spectra are
interpreted in terms of summations of reflection am-
plitudes and phases of the multiply reflected beams in
the prism-spacer-sample system. FTR spectra have a
higher sensitivity to surface structure than ordinary
reflectance spectra because of the inclusion of infor-
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FIG. 11. Ry and R, observed at LiF—liquid-Hg and quartz—liquid-Hg interfaces, respectively, and calculated from the ellip-
sometric dielectric function € obtained at a vacuum—liquid-Hg interface, as functions of photon energy E.

mation about the phase shift upon reflection, as well Observations of the Drude reflectance values often
as the use of multiple reflections. They have shown led to Drude optical constants for liquid Hg. Before
theoretically that a consistency check which compares proceeding to our final analysis of Ry which employs
the ellipsometric optical constants with the FTR a Kramers-Kronig relation, we examine the validity
values provides a sensitive way to detect surface ef- of the extraction of these Drude optical constants from
fects. Rice and co-workers® recently attempted such the reflectance measurements.

an analysis for liquid Hg. From this analysis they ar- Bloch and Rice! observed Drude values of Ry

rived at a semiempirical representation of their hy- below 2.50 eV for liquid-Hg surfaces in contact with

pothesized surface transition region in liquid Hg. four different window materials having different
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values of refractive index. They interpreted their
results to be confirmation of the Drude values of the
optical constants for liquid Hg. The reason this con-
clusion is not valid is presented in Fig. 12, where two
Drude-value contours of Ry for liquid Hg in contact
with KRS-5 (thallium bromide-iodide, ny=2.410)
and LiF (ny=1.383) at £ =0.827 eV are plotted in
the €; — €; plane with the width corresponding to the
experimental uncertainty +0.0025 claimed in their
measurements. The two Drude-value contours over-
lap each other over a wide range of € and €,; from
about —40.2 to —22.5 in €; and from 46 to 136 in e,.
These would be the ranges of uncertainties in €, and
€,, if they tried to determine the optical constants
from these measured reflectance values.

It is to be emphasized that the example presented
in Fig. 12 is for the pair of contact media with the
largest difference in the refractive index values, and
for the highest photon energy in Bloch and Rice’s ex-
periments made with different contact media. This is
seen in Fig. 10. If we were to show Drude-value
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FIG. 12. Drude-value contours of Ry for KRS-5
(ng=2.410) -liquid Hg and LiF (ny=1.383) —liquid-Hg in-
terfaces at £ =0.827 eV plotted in the €; — €, plane. The
widths (Ref. 1) correspond to the stated uncertainty-of
+0.0025 in the value of Ry. The dashed-line rectangle
corresponds to the probable upper and lower limits of the el-
lipsometric values of €; and e, at this energy as shown in
Figs. 4 and 5. Shown inside the rectangle by the same sym-
bols, with error bars, as used in Fig. 4 are the data by Co-
mins (Ref. 19) and by Hodgson (Ref. 13).

contours for other pairs of contact media, and for the
lower photon energies used by Bloch and Rice, the
overlap between the two Drude-value contours would
become larger than shown in Fig. 12, and hence, the
uncertainties in €; and e, inferred from them would
also become larger. Furthermore, the values of Ry
actually measured by them using KRS-5 at near

E =0.827 eV are systematically smaller than the
Drude value by about 0.005. If this is taken into ac-
count, the overlap of two reflectance contours would
become even larger.

Mueller® also inferred Drude optical constants
from Drude values of reflectances. He observed
Drude values of Ry and R, (¢ =45°) for photon en-
ergies between 0.5 and 3.8 eV for a liquid-Hg surface
in contact with sapphire. He reported the Drude
optical constants which had been ‘‘calculated’’ from
his observed values of Ry and R;. However, as can
be seen in Fig. 13, the Drude-value contours for two
reflectances Ry and R, (¢ =45°) overlap each other
over wide ranges of €, and €, values when allowing
for the stated experimental uncertainties of +0.005 in
R#% and R2, implying very large uncertainties in ¢
and e, if determined from these reflectances. In ord-
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FIG. 13. Drude-value contours of Ry and R; at ¢ =45°
for a sapphire—liquid-Hg interface at £ =2.270 eV plotted in
the €; — €, plane. The widths (Ref. 25) correspond to the
stated uncertainty of +0.005 in the values of RJ and R2.
The dashed-line rectangle corresponds to the probable upper
and lower limits of the ellipsometric data of €, and ¢ at this
energy as shown in Figs. 4 and 5.



23 OPTICAL PROPERTIES OF LIQUID MERCURY 5257

er to determine the optical constants to an accuracy
comparable with that attained by ellipsometry, the re-
flectances would have to be measured typically ten to
a hundred times more accurately than was done by
either Bloch and Rice or by Mueller.

Choyke et al.'® determined Drude values of the
optical constants below 4 eV from their measure-
ments of Ry at a MgF,—liquid-Hg interface for pho-
ton energies from 0.5 to 8.25 eV. For analysis of
their reflectance data they used a method due to Ver-
leur,2 which employed a fitting procedure to the
complex dielectric function, described by an ensem-
ble of classical oscillators, to the observed reflectance
spectrum. As noted by Verleur, if this method is
used for metals in the region below the plasma ener-
gy, the values obtained for the optical constants are
very dependent on the initial choice of the trial
values of the parameters chosen to describe the clas-
sical oscillators. This makes it necessary to deter-
mine the value of the dielectric function at at least
one photon energy by an independent method in ord-
er to normalize the curve fitting. Without doing this,
Choyke et al. made the reasonable estimate that the
accuracy in their Drude optical constants was no
better than 50%.

Schulz?? was the first to report Drude values of the
optical constants for liquid Hg. He obtained these
values from measurements of R and the phase-shift
@ upon reflection at normal incidence. The values of
R were obtained at NaCl—, quartz—, and
glass—liquid-Hg interfaces (see Fig. 10). The phase
shifts were measured between 1.43 and 3.10 eV at a
mica—liquid-Hg interface using a high-resolution in-
terferometer. Since the Drude values of R are not in
substantial conflict with the ellipsometric optical con-
stants, his Drude values of the optical constants must
be ascribed to Drude values of the phase shift. This
is demonstrated in Fig. 14, which shows the phase
shifts observed by Schulz recalculated for a
vacuum—Iliquid-Hg interface. The uncertainties in his
values of 6 were typically less than +0.8°. By com-
parison, the values of 8 obtained from the ellip-
sometric optical constants form a quite distinct set
which shows non-Drude properties. We have critical-
ly examined the experimental techniques employed in
the interferometric determination of 6.2227-32 The
techniques employed by Schulz were excellent, even
by present-day standards, and no clear evidence ex-
plaining the appreciable difference between his values
and the ellipsometric values could be found. One
possible source of error, however, could be the Ag
film deposited, as a wetting agent, onto the mica sur-
face in order to ensure good contact between the
mica and the liquid Hg. Schulz?? expected the Ag
film to be dissolved completely by the liquid Hg, but
it is possible that the Ag, once it was in close proxim-
ity to the mica surface, remained in contact with the
mica and did not migrate away from the surface. We
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FIG. 14. Phase shift on normal incidence reflection  at a
vacuum—liquid-Hg interface calculated from the ellipsome-
tric optical constants and from the optical constants obtained
by Schulz (Ref. 22) as a function of photon energy E.

have calculated the normal-incidence phase shift for a
mica—Ag—liquid-Hg system and find that the pres-
ence of a 60-A-thick Ag film can account for ellip-
sometric values of the phase shift close to those
found by Schultz, but the calculated variation over
the region of Schulz’s measurements from 1.43 to 3.1
eV is not fully satisfactory. Thus, Schulz’s measure-
ments of the Drude optical constants are the only ex-
perimental results which are in real conflict with the
ellipsometric results. If this contradiction is real,
however, why has it not been observed in the ana-
lyses we have made? We will show in Sec. VI from a
Kramers-Kronig dispersion analysis that the phase-
shift values observed by Schulz do not appear to be
consistent with observed normal-incidence reflectance
values.

VI. KRAMERS-KRONIG ANALYSIS OF Ry

The Kramers-Kronig relation

 InRy(E’
o(p)=—Lp [“IRED 4
14 0 E°—E?
between the real and imaginary parts of Inry where
ry =R}2e'% is the amplitude reflection coefficient for
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normal incidence, is usually employed to determine
the optical constants from experimental values of Ry
obtained in vacuum over a wide range of photon en-
ergies.!! In this paper we have three reasons for per-
forming a Kramers-Kronig analysis on Ry for liquid
Hg. The first is to check whether the Drude values
of @ observed by Schulz?? are consistent with reflec-
tance data, the second is to confirm the Kramers-
Kronig consistency of the ellipsometric optical con-
stants, and the third is to determine the optical con-
stants of liquid Hg at energies above those of the el-
lipsometric measurements.

As indicated in Fig. 10, Wilson and Rice? have
measured Ry in vacuum over the relatively wide
range of photon energies from 2 to 20 eV. Their
data are shown in Figs. 15 and 16 on semilog and
log-log plots, respectively. Experimental data ob-
tained by Boiani and Rice?* between 1.24 and 2.76 eV
are also included in Fig. 15. Wilson and Rice? per-
formed a Kramers-Kronig analysis using their experi-
mental values of Ry together with Ry values ob-
tained by extrapolation of the experimental Ry to
lower and higher energies. They obtained results for
the optical constants from 2 to 20 eV which are quite
close to the Drude values in the region below 4 eV.
This result has been interpreted* > as indicating a
serious conflict between the reflectance and ellip-
sometric optical constants for liquid Hg. This in-
terpretation is not justified, however, because their
extrapolation of Ry to energies above 20 eV was
made in such a way as to yield the Drude value of 6
at 2.0 eV. Our analysis showed that the uncertainty
involved in their extrapolation of Ry to energies
below 2.0 eV was quite small. We have therefore
tried, in our analysis, to find possible ways of reduc-
ing the uncertainty involved in the extrapolation of
Ry to energies above 20 eV.
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FIG. 15. Measured and calculated values of Ry for a
vacuum—Iliquid-Hg interface as functions of photon energy E.
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FIG. 16. Ry measured at a vacuum—liquid-Hg interface
as a function of photon energy E. The two dash-dotted lines
are those calculated from experimental values of the optical
constants for solid Au and Bi.

In metals, Ry becomes small at energies above the
plasmon energy, and its accurate experimental deter-
mination is often not feasible. However, experimen-
tal methods of determining the optical constants, and
hence Ry, in such cases are well established for solid
samples.>>~3® These methods are, however, not ap-
plicable to liquid Hg, since they usually involve
transmission measurements on samples in the form
of thin films. Thus there appears to be no way of
determining accurate values of Ry experimentally in
the energy region above ~20 eV. We have therefore
attempted to estimate approximate values of Ry.

The most obvious procedure would be to use
values of Ry for solid Hg after correcting for the
differences in the liquid and solid phases. At high
photon energies where &, the extinction coefficient, is
quite small and n, the refractive index, is close to un-
ity, Ry may be written as'!

R=[(n=1)2+k*/[(n+1)2+k?]
=[(n—-1)2+k21/4 .

Since, at high energies the k spectrum is relatively in-
dependent of the phase of the material and the
values of both k and (n —1) are approximately pro-
portional to the atomic density, Ry for liquid Hg can
be obtained from that for solid Hg by

RN‘liq = (Dliq/Dsol)ZRN.so! ’

where D), and D, are the atomic densities in the
liquid and solid phases, respectively. Unfortunately,
however, this method could not be employed, since
no experimental values of Ry nor the optical con-
stants for solid Hg are available for energies above 20
eV.
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We have thus tried a second method of finding ap-
proximate values of Ry. This involves the use of
known values of Ry for materials whose atomic
numbers are close to that of Hg. Since for heavy
atoms, like Hg with atomic number Z =80, the
inner-shell atomic structure differs only slightly from
one element to the next in the periodic table, it is to
be expected that Ry for Hg in the high-energy region
should be given approximately by the values for
neighboring atoms if corrections are made for the dif-
ferent atomic densities. We have made two such es-
timates of the approximate values of Ry for liquid
Hg, using literature values® of the optical constants
from 20 to 900 eV for solid Au (Z =79) and solid Bi
(Z =83). The density factors used in these conver-
sions were (Dyy/Dy,)? =0.476 and (Dy,/Dyg;)?
=2.077. The resulting values of Ry are shown in
Fig. 16. It is seen that the values of Ry from both
Au and Bi show good agreement above ~50 eV, in-
dicating that this is a reasonable method of determin-
ing Ry at high enough energies for materials having
high atomic numbers.

We have thus significantly reduced the large uncer-
tainty which is inherent in the extrapolation to high
energies used by Wilson and Rice. In the region
from 50 to 900 eV we have used the average values
of Ry obtained from Au and Bi. We have extrapolat-
ed these estimated values in the vicinity of 900 eV to
higher energies assuming a £~ dependence. Ry in
this region should tend to the asymptotic form!!
Ry=E}/16E* shown in Fig. 16 by a dashed line,
where E,,2 =47 Ne%/m and N is the total electron
density. The present approximate value at 900 eV is
already quite close to that given by this asymptotic
form, and it was found that, in the region of our
main interest below 20 eV, uncertainties in the
results of 8(E) arising from the form of the extrapo-
lation above 900 eV are negligibly small. The only en-
ergy region where the extrapolation of Ry is still un-
certain is between 20 and 50 eV, where an average of
the values from Au and from Bi could not be as-
sumed. We have performed Kramers-Kronig calcula-
tions using values of Ry from both Au and Bi. As
may be seen in Fig. 16 these values of Ry may be re-
garded as upper and lower limits, respectively, of Ry
for liquid Hg in this energy region. Our first calcula-
tion was performed using the values of Ry below 20
eV which were measured by Wilson and Rice,? cou-
pled with Ry from 20 to 50 eV, first from Au and
then from Bi. The values obtained for 8(E) below 5
eV are presented, in the form of 8(E)/E minus the
Drude values, by solid lines in Fig. 17. The Drude
values of 6 measured by Schulz?? are clearly outside
the region given by the two results from Au and Bi,
and the dependence on E is also not consistent with
the calculated results.

Our second Kramers-Kronig analysis was per-
formed to check the consistency of the ellipsometric
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FIG. 17. 6(E)/E relative to the Drude values, calculated
from Ry for a vacuum—Iliquid-Hg interface using a
Kramers-Kronig relation, as a function of photon energy E,
and the same quantity calculated directly from the dielectric
function e.

optical constants. The values of Ry between 0.2 and
4 eV, calculated for this purpose from the ellip-
sometric optical constants, are presented in Fig. 15.
These values of Ry were combined with the experi-
mental values of Wilson and Rice above 5 eV, yield-
ing a complete spectrum of Ry except for the region
between 20 and 50 eV. Again calculations were per-
formed using values of Ry from Au and from Bi in
this energy region. The values of § obtained using
this second pair of spectra for Ry are presented by
dashed lines in Fig. 17. For comparison, values cal-
culated directly from the ellipsometric optical con-
stants are also shown. Nearly all of these values fall
between the two dashed lines representing the
Kramers-Kronig calculations involving ellipsometric
data combined with Au or Bi data. The variation of
the plotted function of 8 with photon energy E ob-
tained from direct calculation is also consistent with
that obtained from the Kramers-Kronig analysis. By
a proper choice of the values of Ry between 20 and
50 eV, it is therefore possible to reproduce the ellip-
sometric values of 6 from the ellipsometric values of
Ry by means of the Kramers-Kronig dispersion rela-
tion linking @ and Ry.

Our last Kramers-Kronig calculation was performed
to determine new values of the optical constants for
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liquid Hg above 4 eV. Values of Ry from 20 to 50
eV were chosen so that, when combined with the el-
lipsometric Ry values from 0.2 to 4 eV and Wilson
and Rice’s Ry values from 5 to 20 eV as used in our
second Kramers-Kronig analysis, the values of 8(E)
obtained gave a good fit to the experimental points
from ellipsometric € values shown in Fig. 17. The
values of the optical constants derived from Ry and
8, determined in this way, are presented in Fig. 18 by
solid lines and are also tabulated in Table II. Shown
by dashed lines in Fig. 18 are the averaged experi-
mental results obtained by ellipsometry between 0.2

and 4 eV. These are almost exactly reproduced by
the present Kramers-Kronig calculations. The small
discrepancies between the Kramers-Kronig and the

ellipsometric results observed below 1 eV seem to be

due to a relatively large uncertainty in the ellip-

sometric optical constants in this region. The average

of the Kramers-Kronig and ellipsometric values are
tabulated in Table II for energies below 1 eV. The
gross features of the spectra are not much different

above 4 eV from those obtained previously by Wilson

and Rice,”® though significant numerical differences

are found between them.

TABLE II. The real and imaginary parts of the dielectric function € =€, + i€, for liquid Hg as

functions of the photon energy E.

E (eV) € € E (eV) € €
0.2 —8.011 398.9 7.0 -0.0380 0.7216
0.4 —18.44 207.4 7.2 0.1732 0.8377
0.6 -27.18 139.3 1.4 0.3375 0.9372
0.8 -32.04 101.2 7.6 0.4411 1.065
1.0 —33.80 75.84 7.8 0.4747 1.158
1.2 -33.76 57.37 8.0 0.4866 1.209
1.4 -31.95 43.59 8.2 0.4895 1.229
1.6 -29.11 33.25 8.4 0.5005 1.216
1.8 -25.94 25.50 8.6 0.5242 1.194
2.0 -22.87 19.67 8.8 0.5630 1.171
2.2 -19.94 15.40 9.0 0.6035 1.147
2.4 —17.50 12.19 9.2 0.6526 1.123
2.6 -15.32 9.701 9.4 0.7173 1.105
2.8 —13.40 7.809 9.6 0.7975 1.129
3.0 -11.71 6.354 9.8 0.8158 1.181
3.2 -10.21 5.258 10.0 0.8052 1.204
34 —8.938 4.383 10.2 0.7870 1.200
3.6 —7.764 3.685 10.4 0.7777 1.174
3.8 —6.754 3.141 10.6 0.7815 1.146
4.0 —5.964 2.711 10.8 0.7910 1.114
4.2 —5.225 2.372 11.0 0.8067 1.088
44 —4.590 2.091 11.5 0.8616 1.031
4.6 —4.033 1.859 12.0 0.9139 0.9935
4.8 -3.534 1.662 12.5 0.9649 0.9599
5.0 -3.089 1.495 13.0 1.009 0.9384
5.2 —2.684 1.353 13.5 1.046 0.9190
5.4 —2.308 1.235 14.0 1.081 0.9003
5.6 —1.964 1.124 14.5 1.111 0.8855
5.8 —1.650 1.035 15.0 1.142 0.8687
6.0 —1.369 0.9515 15.5 1.174 0.8578
6.2 -1.099 0.8719 16.0 1.207 0.8529
6.3 —0.9604 0.8453 16.5 1.233 0.8592
6.4 —0.8339 0.8262 17.0 1.252 0.8629
6.5 -0.7182 0.8120 17.5 1.268 0.8663
6.6 —0.6166 0.7835 18.0 1.283 0.8745
6.7 -0.5071 0.7315 18.5 1.293 0.8776
6.8 —0.3602 0.6932 19.0 1.306 0.8789
6.9 -0.1975 0.6891 19.5 1.328 0.8794
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FIG. 18. Optical conductivity o and the real part of
dielectric function e = ¢; + i€, for liquid Hg as functions of
photon energy E.

VII. SUMMARY AND CONCLUSIONS

After some general arguments on the experimental
aspects of the detection of surface effects in ellip-
sometry, we have performed a systematic series of
analyses of the previous and new experimental ellip-
sometric and reflectance measurements on liquid Hg.
First we showed that there is no positive indication of
surface effects in the previously published ellip-
sometric data. Next, new results have been present-
ed of the simultaneous measurement of R,, R,, and
A obtained at a quartz—liquid-Hg interface.  These
results have been interpreted as exhibiting consisten-
cy between the ellipsometric and reflectance measure-

ments. The published reflectance measurements for
liquid Hg have been critically reviewed. Finally, a
Kramers-Kronig analysis has confirmed the validity
of the ellipsometric optical constants and shown the
Drude values to be non-self-consistent. The present
analyses establish that, within experimental accura-
cies, the optical constants obtained from ellipsometric
measurements do not seem to involve surface effects
and hence are characteristic of bulk liquid Hg.

Since we have been dealing with a liquid surface, it
has not been necessary, in this study, to consider the
complexities arising from surface roughness. The re-
lative ease in reproducing identical liquid surfaces
also simplified evaluations of the experimental data.
However, the series of analyses performed in this pa-
per demonstrate a systematic procedure which would
apply quite generally, and ‘be useful in the detection
of surface structures on homogeneous and isotropic
bulk systems in both the liquid and solid phases.

Apparently, the widespread controversy concerning
the experimental data for liquid Hg has discouraged
theoretical investigations of the optical properties of
liquid Hg, especially in the region of free-carrier ab-
sorption. To our knowledge, Smith’s empirical for-
mulation®’ in terms of strong backscattering of free
carriers in liquid Hg is the only attempt which has
treated directly the non-Drude behavior of the free-
carrier absorption. However, despite the uncertainty
over the optical properties, deviations from the
nearly-free-electron model have been assumed in stu-
dies on various transport properties®® and on electron
density of states’®* in liquid Hg. It is hoped that the
optical properties determined in the present study will
encourage new theoretical efforts to understand the
electronic excitations in liquid Hg.
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