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THE OPTICAL CONSTANTS OF SMOKE MATERIALS
(NATURALLY OCCURRING MINERALS) PLUS

IRON AND GRAPHITE IN THE MILLIMETER AND SUBMILLIMETER

1. INTRODUCTION

The goal of this work was to measure the optical constants of a
number of naturally occurring minerals in the submillimeter and
millimeter wavelength range. In addition, graphite was included as a
result of later discussions with the contract monitor.

There are four very important features of this work. First, we
have obtained optical constants by means of Kramers-Kronig transformation
of reflectance data using data from this laboratory and the laboratory of
Dr. Marvin Querry of the Optical Science Laboratory of the Physics
Department, University of Missouri-Kansas City. This means that a very
large spectral range is available, which is critically important for
accurate results from the Kramers-Kronig transformation. In the case of
the natural minerals, having data sets from both laboratories is
especially crucial because the reflectance spectra have many features in
the region where the two data sets overlap. This means that the
so-called wing corrections are difficult to make satisfactorily using
only one or the other of the two data sets. Second, measurements have
been made on iron and graphite in the submillimeter and millimeter where
very little previous data for metals exists. Third, the available
literature for the optical constants of metals has been searched,
evaluated, and tabulated for the spectral region from the submillimeter
to the visible. Part of this compilation was published and is attached
as Appendix A. Fourth, the optical constants of a graphite sample were
found to be considerably different from the published values in the
millimeter and submillimeter. This again demonstrates the value of
having measurements made in both Rolla and Kansas City on the same sample
from the millimeter to the visible.

The reflectance of a number of natural minerals was measured in
the 20-400 cm-1 spectral range. These data were combined with that
supplied by Dr. Querry (when available) to obtain optical constants for
the spectral range from 20 to 4000 cm-1 by use of the Kramers-Kronig
transformation. Reflectance measurements were made on graphite and
combined with Dr. Querry's data to obtain optical constants from the
millimeter to the ultraviolet. Iron was measured using the waveguide
technique (discussed below) in the submillimeter range. The optical
constants obtained were then combined with Querry's to cover the region
from 20 cm-1 to 50,000 cm-1 . We have improved the data analysis for both
the cavity and the plane parallel waveguide methods and have corrected
some errors in the published methods' of analyzing the data. We explored
other methods of obtaining the optical constants of metals in the
millimeter and submillimeter. Measurement of reflectance as a function
of angle of incidence to high angles of incidence was analyzed and
determined to be impractical for this spectral region. Preliminary
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results indicate that the measurement of the propagation distai ces of
surface electromagnetic waves on a metal-air interface may be a good way
to measure optical constants if some experimental difficulties can be
resolved. A number of other methods for estimating the optical constants
of metals at long wavelengths using non-optical measurements were
considered and found unsatisfactory. These are discussed later. Our
work, along with that of Querry suggests that gypsum made anhydrous
(e.g., by exposure to vacuum) would make a good standard sample for

pressed pellet powder studies undertaken by various laboratories.

The optical constants obtcined in this project are important
for the calculation of atmospheric transmission in the presence of
aerosols derived from soils. These aerosols may be present from a
deliberate attempt to screen by using the available soil as an obscurant
or due to explosions. Recently, rMilham has compared the observed
transmission in a smoke chamber with the calculated transmission using
measured optical constants and scattering theory.2 Reasonable agreement
was obtained as is shown in Fig. 1 taken from his paper.

For a long time it has been ':r own that metallic chaff in long
thin strips makes a good obscurant at radar wavelengths. The same is
true at shorter wavelengths if one can produce long thin objects with
much smaller dimensions. In the event that attempts to do so are
successful, the optical constants of metals over a wide spectral range
will be needed. For this reason, we have measured the optical constants
of iron and graphite.

Because the measurement techniques are different for the
natural minerals and tlc metals, the body of this report is broken into
two sections, the first (section 2) is devoted to the natural minerals,
and the second (section 3) is devoted to the metals and graphite. This
is followed by a summary section (section 4). Supplementary materials,
including a summary of the data available in the literature for metals,
and the program used for the Kramers-Kronig transformation, appears in
the appendices.

We acknowledge tha 7vpport and cooperation of Dr. Marvin Querry
of the University of Missouri-Kansas City. Dr. Querry supplied us with
his infrared and visible data on a number of samples prior to publication
and provided us with most of his sample materials. We emphasize that
having data from both his and our spectral range greatly improved the
accuracy of the Kramers-Kronig analysis necessary to obtain the optical
constants from the reflectance data. Availability of his samples allowed
comparison of the data from both laboratories in the region of spectral
overlap. All frequencies in this report are in wavenumbers.

2. NATURAL MINEPA. S

This section begins with some definitions. Optical constants
were measured, and are presented in two forms. They nay be expressed as
a complex index of refraction, n = n + ik, or as a complex dielectric

constant, E I + E2 ' The waysCof expressing the optical constants are
related by

8
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k2  (1)

and
e = 2nk. (2)

Table 1 lists the natural minerals whose optical constants were
measured as part of this project. Most of them are not available as
single crystals. This is particularly true for clay minerals, which, of
course, are major constituents of many soils. Because most of these
minerals are available only as powders, measurement techniques
appropriate to powders had to be used.

A number of techniques have been used for powder samples in the
past such as transmission measurements through samples mixed with KBr and
pressed into pellets. A variation of this method suited to long
wavelengths uses a low loss polymer such as polyethylene in place of Kbr.
This method is sensitive to absorption, i.e., k, but not to the real part
of the refractive index, n. This method is also bothered by the
scattering by the small sample particles embedded in the [Br or
polyethylene matrix. The scattering is very difficult to account for in
any satisfactory way and leads to overestimates of k. Because of these
difficulties, this method was not used except for preliminary
measurements and to check the reflection measurements described below.
Figure 2 shows the transmission for a polyethylene pellet containing
kaolin and illustrates the difficulties with the method. A background
which increases approximately quadratically with increasing wavenumber
(decreasing wavelength) can be seen. Discussions with Dr. Ouerry
indicate that his experiences in the infrared also indicate that the
pressed pellet transmission technique is not satisfactory, except perhaps
a a supplement to the reflection method in regions were the absorption
is very small. Other problems with the technique are discussed by Volz.*

Another technique which has been used on powders is the
attenuated total reflection technique (ATR). This technique has been
used by, for example, Dr. Moeller of Fairleigh Dickenson University, 4 and
by Herrick who discusses the technique in his well-known book.s It
suffers from the problem of obtaining a powder sample of bulk, or nearly
bulk density in optical contact with the prism used for ATR. As a result
the method is useful for locating strong absorptions, but not for
obtaining the optical constants from the measured attenuated total
reflectance.

A third technique is to press the powder sample with no binder
or matrix into a pellet using relatively high pressure. For many
minerals, this results in a pellet with a mirror-like or near mirror-like
finish at visible wavelengths. Such surfaces are more than sufficiently
smooth for infrared and submillimeter reflectance measurements. Dr.
Marvin Querry was the first to fully develop this method and show that it
gave good results.' Because of the excellent results obtained by Querry
using pressed pellets, we adopted this method for most of our
measurements upon the naturally occurring minerals.

Before discussing the measurements, it is necessary to discuss
some of the drawbacks of the pressed pellet technique. A major problem
results from the anisotropy of most of the minerals studied. When a
pressed pellet is made, the orientation of the crystallites making up the
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sample is random or, as we shall see later, partially oriented. This
means that the measured reflectance from the pressed pellet is an average
of some kind over all the possible orientations of the crystal axes.

- This drawback is suffered by all methods which use powdered samples, but
must be accepted for materials for which single crystals are unavailable.
It may be less of a drawback than first appears because any scattering

* calculation of an aerosol transmission must average over particle
orientation and the average obtained from the pressed pellet measurements

*is probably as good as any. In any case, regions of strong absorptic-
are clearly identified.

Another drawback of the pressed pellet is not all materials are
sufficiently soft to make pellets which stick together. For the minerals
of this study, pellets could be made from all of them. However, the
surface finish varied. Softer materials made pellets with smoother
surfaces.

Our conclusion in agreement with Querry is that of the
available techniques, the pressed pellet reflectance method is the best
for those materials from which pellets can be pressed.

10
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TABLE 1. Natural Minerals Studied

Sample Spectral Rangea Comments Cardsb

Gypsum 70-400 cm- 1  Naturally occurring rock yes

Gypsum 20-400 cm- 1  Cl-nrically pure powder no

Gypsum 20-4000 cm- 1  Naturally occurring powder yes

Gypsum 20-400 cm-1  Made anhydrous by exposure

to vacuum yes

Kaolin 20-4000 cm-1  Naturally occurring powder yes

Limonite 20-4000 cm-2  Naturally occurring powder yes

Limonite 70-400 cm-1  Naturally occurring rock no

Illite 20-4000 cm- 1  Naturally occurring powder yes
Mortorillonite 20-400 cm- 1  Naturally occurring powder yes

Hematite 70-400 cm- 1  Limonite made anhydrous by
heating yes

Gypsum 70-400 cm- 1  surface roughened by 1
micrometer grit no

Gyrsum 70-400 cm-1  surface roughened by 3
micrometer grit no

* Gypsum 70-400 cm-1  surface roughened by 8
micrometer grit no

Gypsum 70-400 cm- 1  surface roughened by #600

grit no
Gypsum 70-400 cm-1 surface roughened by #400

grit no
Yontriorillonite 70-400 cm- 1  surface roughened by 1

micrometer grit no
?'ortriorillonite 70-40 c,-' surface roughened by 3

micrometer grit no

Vortmorillonite 70-400 cm-1 surface roughened by 8

micrometer grit no
Mortnorillonite 70-400 ca" surface roughened by #600

grit no

Montmorillonite 70-400 cm-1 surface roughened by #800

grit no

* a. Includes reflectance data for Dr. Marvin Querry, Optical Science

Laboratory, Physics Department, University of Missouri-Kansas City
when available for 400 cm- 1 to 4000 cm-1 .

b. Yes means that punched cards were sent under separate cover for the

Chemical Research and Development Command data base. No means that

the spectra either differed insignificantly from a similiar sample
for wlich cards were subiritted, or data was better presented in the

form of a graph in this report.

1.1
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2.1 The Pressed Powder Pellet Reflectance Technique.

Before pressing into pellets, powders were ground as finely as
possible with a mortar and pestle. This powder was then pressed with a
commercial infrared pellet die to make one-half inch diameter pellets.
Forces on the die ram ranged up to 25 thousand pounds. This process
usually produced pellets with a good surface finish and a density ranging

from 75 to 90 percent of the bulk density. Evidence is discussed below
that a surface layer exists on the pellet which has a density
considerably higher than the average density of the pellet. This means
that the reflection measurements are made on a surface layer having a
density near the bulk value.

The reflection measurements were made with a commercial RIIC
FS-720 Fourier transform spectrometer. A laboratory-built reflection
attachment was used to obtain reflection spectra of several samples
without the need to break the instrument vacuum when changing samples. A
gold or aluminum mirror was used as the reference. In the 20-400 cm-1

region, no correction needs to be made for the reflectivity of these
reference mirrors.

The spectrometer was controlled by an IBM PC which acquired the
interferogram and then computed the Fourier transform. Several
interferograms could be co-added (averaged) if needed to improve the
signal to noise ratio. The resulting reflectance spectra were then

* Kramers-Kronig transformed to obtain e and e , or n and k. When
reflectance data from Querry were available tiey were added on to our

data set before the Kramers-Kronig transform was performed. Since some
features of the Kramers-Kronig transform are non-trivial, it is discussed
in the next section.

2.2 The Kramers-Kronig Transform.

When an electromagentic wave is reflected, the reflectance and
phase shift are not independent. The complex reflection coefficient r

for normal incidence is given by7

r =N-1- = Ir exp(iO) (3)• N+1

where N = n + ik and 0 is the phase angle. The reflectance R is given
by the square of the reflection coefficient.

R = 1r12 I + ik- (4)
n + ik + 1 )

* Separating into real and imaginary parts

nz+k
1-1 2k 2

R (n+l)1 + k2 (n+1)2 + k2  (5)

.2. 2
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and completing the square, the reflectance can be expressed in terms of

the real and imaginary parts of the index of refraction

R =IriS = (n-) 1 + k 2  (6)

(n+l) s + k s (

Expanding the first equation and solving for n and k a

relationship between the phase shift and index of refraction can be

developed.

n = 1 - IrIs

21rlsin(O)k = 2:-!T;Tcos(e) +t --  (8)

From the above expressions it is clear that if the phase angle in
addition to the reflectance is known then the optical properties are

easily determined.

To determine the phase a Kramers-Kronig analysis is done. This
analysis is based upon complex variable theory and its only physical

assumptions is that the response of the material to the incident
radiation be causal (i.e., no light is reflected until the light strikes
the material) and linear.

To derive the Kraumers-Kronig relations one starts with the
Cauchy Integral Formula

f(Zo) = 2- cfZZo)dz (9)

where f is analytic everywhere within and on a simple closed contour,

taken in the positive sense and z is any point interior to the contours

0

f(z)
• -

/
S/ I

• I'
-R Zo R
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Using the above contour the value of the integer is zero since

there are no enclosed poles. Writing the integral over each section of

the contour'

-R f" -?
and allowing R to go to infinity the second integeral vanishes. Applying

the Residue Theorem to the third integral one obtains

PV - Z if(Z) (11)P.V. Z - Zo

where P.V. denotes the Cauchy principal value. Sepcrating into real and

imaginary parts

f OO(DE 7-- !a (12)

-To L I -- (13)

Since the system is timi-independent and causal, the crossing relation

can be applied f(Z) = f (-Z)

Re[f(~I4 P Vj 7'*~ Z&(4

2L,.jE (15)

To determine the Kramer -Kronig relations the reflection coeficient is

identified with f(Z), (i.e., f(Z) is replaced by ln(r(w)) where

ln(r(w)) = lnlr()l + i e substituting into the previous equation the

phase is then expressed as an integeral depen'ent upon the reflectance.

"" CO In Ir ( l

e(wo) = -2 o P V-. .. dw (16).-. ~7 2 - _ 2 -
-CO 0

Clearly, if the reflectance is known for all frequencies, then

the complex index of refraction can be determined from the equations

14
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expressing n and k in terms of r and e. These equations represent exact
relationships, as long as the reflectance is known for the complete range
nf frequencies. Since the reflectance cannot be determined for all
frequencies and in fact the reflectance is usually known for only a very
limited range, approximations must be made for the reflectance outside of
the experimental values. These are referred to as wing corrections.
This leads to the basic problem of how to obtain the optical constants
over a limited frequency range from the experimental data. The most
common method is to evaluate the integral analytically from zero to the
lowest experimental point and from the highest experimental point to
infinity using a constant reflectance. Another common method is to
extend the reflectance data by fitting a model to it, usually a Lorentz
type model. The model then is used to calculate reflectance points
outside of the experimental range. There are many additional methods
used to perform the wing corrections, but none can replace having
actually data over a very large range. If a large enough range is
available, such that the denominator of the previous equation is small,
then the wing correction will only effect the edge of the actual data.

Specializing to the far infrared (i.e., frequencies smaller
than 500 cm-1 , wavelengths grbater than 20 microns) there usually exists
a strong resonance located outside of the experimental data which makes a
linear wing correction doubtful at best unless some information is known
about the resonance. Therefore, the preferred method for narrow range
mineral data is to do a single Lorentz type oscillator fit to extend the
high wave number end of the data and then do a constant reflectance wing
for both ends. The best method is to use a near infrared data made
available by Dr. Querry of U.M.K.C.. Figure 3 presents the optical
constants n and k for gypsum in the 0 - 400 cm-' spectral range in three
forms: first U.M.R., second U.M.K.C. and finally the combined set. As
stated earlier the main differences will be located at the edge of the
data set. Notice that the effect of the U.M.R. data is to basically
extend the U.M.K.C. data set and improve the resolution below 400 cm-1 .

The program used to compute the optical constants is in
appendix B of this report. The program is written in IBM Basic but must
be compiled by the IBM Basic compiler, since unnecessary line numbers
have been removed to improve the efficiency of the compiler. Eventually
this program will be rewritten in a version of Pascal that will be
compatible with the IBM-PC and the larger main frame computer.

2.3 Discussion of the Data for Natural Minerals.

In this section we discuss the measurements for the natural
minerals listed in Table 1. Some measurements of the effect of surface
roughness upon the reflectance measurements were made to insure that this
was not an important problem. Surface roughness is discussed in section
2.4.

15
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2.3.1 Gypsum.

Gypsum is a soft material which presses into pellets with a
mirror-like surface. It has an hexagonal crystal structure and hence is
not isotropic. Electron micrographs of the surface of the pressed gypsum
pellets showed that the pressing operation tended to align the
crystallites of the powder such that the hexagonal axis was perpendicular
to the pellet surface. The pressing also seemed to fracture larger
crystallites so that the surface layer was made up of crystallites of
very nearly the same size. Evidence discussed below indicates that the
surface layer of a pellet has a higher density than the bulk of the
pellet. After pressing with 12 tons of force on a one-half inch diameter
pellet, the bulk density of the pellet was 2.0 gm/cm s . Measurements by
Querry1 O and by Volz, 3 indicate that the pressure we used is
not quite sufficient to produce the maximum reflectance possible, but
comes very close.

Figure 4 shows the measured reflectance of a pressed pellet of
gypsum powder. As discussed above, this spectrum was combined with the
spectrum supplied by Querry for 400-4000 cm-1 and the Kramers-Kronig
transformation used to obtain n and k plotted in Fig. 5. This of course
is an average over the various orientations of the gypsum crystallites at
the pellet surface. Gypsum is available as a single crystal and Querry
has made comparisons between the spectra of a single crystal and the
powder sample in the infrared in his talk at the CSL Conference on
Aerosols and Obscurants in 1983.11

Pellets were prepared from powder from several different
sources, including chemically pure gypsum (calcium sulfate). No
significant differences were seen between these samples, so only the one
set of optical constants is included here.

2.3.2 Anhydrous Gypsum.

Naturally occurring gypsum contains waters of hydration.
Heating gypsum or exposing it to vacuum causes the loss of this water.
The resulting anhydrous gypsum is called anhydrite. We studied the
effect of this loss of water upon the optical constants. The pellet
sample was prepared from gypsum as described in the previous section. It
was then exposed to vacuum for a number of days which produced a surface
anydrite layer which retained most of the surface finish quality of the
original gypsum pellet. The reflectance of this pellet is shown as Fig.
6. Data from Querry were not available for this sample so the optical
constants were obtained by Kramers-Kronig transform of our reflectance
spectrum from 20 to 400 cm-. The real and imaginary parts of the
dielectric function are shown in Fig. 7. Note the considerable
differences between the spectra of the hydrated and anhydrous gypsum. The
ease with which gypsum loses its water of hydration suggests that an
aerosol formed in a low humidity atmosphere would probably consist of a
mixture of hydrated gypsum particles and particles of gypsum that had
lost various amounts of water.

16
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2.3.3 Kaolin.

Kaolin is also a soft material which presses into pellets with
a good surface finish. Our reflectance measurements from 20 to 400 cm-1

are shown in Fig. 8. When combined with the Kansas City reflectance
measurements and Kramers-Kronig transformed, the index of refraction
shown in Fig. 9 is obtained. Chemically pure kaolin was also measured,
but showed no significant differences from the naturally occurring
material. X-ray diffraction and x-ray fluorescence indicated that the
naturally occurring sample was 90% kaolinite, 5% muscovite, and 5%
quartz.

2.3.4 Limonite.

Limonite is harder than the two previous materials, but pellets
with good surface finish could be pressed. The measured reflectance
spectrum is shown in Fig. 10. The resulting index of refraction is
plotted in Fig. 11.

In addition to the powder sample, a solid piece of limonite was
ground and polished. The reflectance of this sample is shown in Fig. 12.
Because other data was not available, the Kramers-Kronig transformation
was limited to the range 20 to 400 cm- 1 . The index of refraction for
this region is shown in Fig. 13. Note there are some differences between
the powder sample and the rock sample. This is probably due to partial
orientation of the crystallites in the rock during its formation.

2.3.5 Illite.

Illite is yet another naturally occurring clay material. The
reflectance of a pressed pellet is shown in Fig. 14 and the index of
refraction is shown in Fig. 15.

2.3.6 Montmorillonite.

The reflectance of a pressed pellet of montmorillonite is shown
in Fig. 16. The index of refraction for our spectral range (below
400 cm-1 ) obtained using Querry's measurements for an upper wing
correction is shown in Fig. 17. X-ray fluorescence and x-ray
diffraction measurements gave the following composition for this sample:

Montmorillonite 80%
Quartz 20%

2.3.7 Hematite.

Hematite is the anhydrous form of limonite. Our samples were
produced by heating the light orange limonite until it turned dark red.
Pellets were pressed from this red powder. The measured reflectance is
shown as Fig. 18. As no infrared data were available, only the region
from 20 to 400 cm-1 is shown for the index of refraction in Fig. 18.
Once again appreciable changes in the spectra are seen upon loss of the
water of hydration.

17
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2.3.8 Surface Roughness.

The effect of surface roughness was studied to make sure that
the surfaces of the pressed pellets were sufficiently smooth not to
influence the reflectance measurements. That this is indeed true can be

seen from Fig. 20. Plotted there is the reflectance as a function of
wavenumber for pellets 'polished' with abrasive papers of various grit
sizes from 1 micrometer to #400 grit. There are at least two important
observations to be made. Note that roughening with 1 micrometer grit and
8 micrometer grit lead to identical spectra. We interpret this as
meaning roughness at the level of 8 micrometers does not influence the IR
measured reflectance. Second, the fact that polishing with 1 micrometer
grit reduces the reflectance of the as pressed pellet indicates that the
polishing operation is removing a thin layer of density greater than the
average density of the pellet. It is this evidence that convinces us
that the measured reflectance (and hence the derived optical constants)
corresponds more closely to material of nearly the density of single
crystals than the measured average density of the pellets would indicate.

The effects of surface roughness upon reflectance has been

studied in the near infrared and visible by a number of workers. For
example, see the paper by H. E. Bennett and J. 0. Porteus.1 2 Their
analysis suggests that the reflectance should depend upon the wavelength,
X, and the IMS surface roughness, s, in the form:

2
R = Ro exp [ -(As/) (17)

where Ro is the reflectance of the smooth surface and A is a constant.

Figure 21 shows a fit to the montmorillonite reflectance data for
surfaces polished with 8 micrometer, #600 and #400 grits. The fit with
Eq. (17) is also shown where s is chosen to give a good fit and is
considerably smaller than the grit size. The significance of this fit
should not be over emphasized because the model is being pushed rather
hard to use it for our wavelength region and roughness. If the data is
plotted as a function of wavenumber, instead of wavelength, a linear fit
as a function of wavelength works quite well, as shown in Fig. 22. The
significance of this is not obvious.

A gypsum pellet was also polished with several grit sizes, this
time starting with the course #400 grit and then with sucessively finer
grits. Gypsum was chosen because it has several strong absorptions
between 100-400 cm-1 . The results are shown in Fig. 23. Once again
the results suggest the removal of a thin surface layer of density higher
than the average for the pellet.

3. IRON AND GRAPHITE

Like all metals, iron has a very high reflectance, nearly
unity, in the millimeter and submillimeter. This extremely high
reflectance makes the usual reflectance measurements very difficult. For
this reason, we looked at other methods of measuring the absorption for
iron. Both methods in effect make use of multiple reflections to enhance
the absorption. Table C-1 lists the iron, steel and graphite samples
studied.

18

o. . .



Table 2. Iron, Steel and Graphite Samples Studied
I. Iron

(A) From the literature:
(1) single crystal, pd = 8.9 x 10-' ohmr-cm,

A pt . 14 x 10-'. aef. 13.

(2) bulk, polycrystaline, pd not measured,
from handbooks pd - 10 x 10- 6 ohm-cm,
POpt = 14 ohm-cm, Ref. 14.

(B) Private communications U.M.K.C. data from (M. Querry),

solid, polycrystalline rod, popt = 8.4 x 10-' ohm-cm

Pdc not measured.

(C) UMR measured, 200 nim thick evaporated Fe film on teflon
FEP, pdc = 86 x 10- 6 ohm-cm = POpt"

II. Steel

(A) UMR studied, steel shim stock ( See Table 3
presented later ). measured pdc 12 x 10- 6 ohm-cm,

POpt= 16 x 10-' ohm-cm.

(B) Data from J. D. McMuller from surface electromagnetic
wave experiments on type 304 stainless steel.

p = 72 x 10-6 ohm-cm, p sew = 67 x 10-' ohm-cm.
Re. 15 and 16.

111. Graphite

(A) Dixon 200-10, pd not known,

POpt = 1.3 x 1049 ohm-cm.

(B) POCO HPD-1, pd = 1.7 x 10-' ohm-cm.

(C) Reactor grade: measured pdc = 0.85 x 10-' ohm-cm.

(D) Single Crystal data, pdc and p unknown. Ref. 17.

3.1 The Plane Parallel Waveauide..

A waveguide consisting of two infinite plane parallel metal
sheets does not have a low frequency cut-off as do ordinary
rectangular or cylindrical waveguides.1' When a plane parallel waveguide
is operated at wavelengths longer than twice the plane separation, only
one mode propagates. By measuring the attenuation coefficient,a, at
submillimeter and lower frequencies of this mode, one can then determine
the imaginary part of the dielectric constant:
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2
Se2  2 [-R.](
2 ad + W/W

The index of refraction of the spacer is n, d is its thickness, and w is
the estimated scattering frequency. We used teflon for the spacer. in

* order to eliminate the effects of reflection at the ends of the waveguide
and any absorption in the dielectrice spacer filling the waveguide, one
measures the ratio of the intensity I1 and I of two different lengths of

1 2waveguide. From this one finds a from

a = [ln(I 2/ 1 )]/(x2-xl)] - 0Teflon (19)

where efl1  is the absorption coefficient of teflon as a function of
wavenumner, •x -x ) is the difference in length of the two waveguides.
The absorption coefficient of teflon has to be measured separately. We
have done this for the Dupont teflon FEP which we used as a spacer for
the waveguide. The measured absorption coefficients are shown in Fig.
24.

In practice, one does not use a single waveguide since the
required width across the guide is only of order 25 micrometers.
Instead, a stack of such waveguides is used as shown schematically in
Fig. 25.

3.2 Iron.

A stacked waveguide sample of iron was prepared by evaporating
high purity iron on Dupont FEP teflon sheet one mil (25 micrometers)
thick. The evaporation was done on both sides of the teflon so that when
the teflon sheet was stacked to make the waveguide sample, the
unavoidable oxide layer was sandwiched between two iron layers. Ion
sputtering, combined with ESCA showed that the iron layer was about 2000
Angstroms thick, and the only detectable impurities were oxygen and
carbon at the surface of the iron.

The ratio of the transmission of a long iron waveguide sample
to a short one was used to obtain a2 for the evaporated iron film. The

* long sample was 3.70 mm long and the short sample was 1.95 mm long.
Using Eq. (18) along with the absorption coefficient for teflon shown in
Fig. 24, the imaginary part of the dielectric function, a (w), was
calculated. This is plotted as a function of frequency in Fig 26. At
long wavelengths, the Drude model relates e2 to Pdc' the DC resistivity
by

a= 601(w pdc (20)

The DC resistivity for our evaporated iron samples was measured to be 86

SI0-' ohm-cm. With this value of p.d, Eq. (20) is plotted in Fig. 26.
This value of the resistivity is a factor of nine higher than the value
for bulk iron. The high value for the evaporated film is due to
imperfections in the thin film and probably due to cracking when the film
is flexed in handling. This result shows that attempts to make 'chaff'
using a plastic base with a metallic coating may face problems with the
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metal coating having a higher than expected resistivity. This would

enhance absorption, but reduce scattering.

To avoid the problems of the thin film, such as the high
resistivity, a waveguide sample was made using 1 mil fully-hardened steel
shim stock with teflon FEP spacers. With such samples, an oxide coating,
much thinner than the wavelength is present on the steel. Because its

* thickness is so much less than the wavelength, the oxide does not affect
our results. Chemical analysis of the steel shim stock shows that it is
99% iron with less one per cent impurities. The major impurity is
manganese, present at about 0.5%. The detailed analysis is shown in
Table 3.

Table 3. Characterization of the Steel Shim Stock
Constituents by percent: Iron 99+%

Manganese 0.3% to 0.60%
Carbon 0.08% to 0.13%

Sulphur 0.050% maximum
Phosphorus 0.040% maximum

Traces: Cobalt, Chromium, Copper,

Magnesium, Molybdenum, Niobium,

Nickel, Silicon, Tin, and Vanadium

Physical characteristics: Hardened, Temper 1

Rockwell 890 minimum

Full-hard -6

Pdc 12.1 x 10 ohm-cm

Supplier information: Precision Brand

2252 Curtiss Street
Downes Grove, IL, 60515

(312)-969-7200
Spec. # QQ S 698

AISI 1010
Code A-1
NIDA/SIDA # 16130
Manufacture's code # 698158

The dielectric function derived from the waveguide transmission
measurements on steel shimstock [again using Eq. (18)] is shown in Fig.
27. Note that these measurements extend down to 30 GHz (1.1 cm-1). The
measurements at 33 GHz and 95 GHz (3.2 cm-1 ) were obtained using GaAs
IMPATI diode sources. The DC resistivity of the steel shim stock was
measured, and the Drude model prediction from Eq. (20) is also plotted in
Fig 27. Note the reasonable agreement between the measurements and the
estimated values for a (solid line). This DC resistivity of 12 z 10-'
ohm-cm is slightly higier than the handbook value for iron, 10 x 10-',
which in turn is slighlty higher than the value of p ..... 8.4 x 10-6tical

ohm-cm calculated from our Drude model fit to Querry'v ramers-Kronig

analysis of data for pure iron. Our best estimate for the steel shim
stock is pOptical - 16 x 10-' ohm-cm.
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Figure 28 shows the real and imaginary parts of the
dielectric function of iron, and Figure 29 the real and imaginary
purts of the complex index of refraction, n and k. derived from a
Kramers-Kronig analysis of Querry's data for iron. Also plotted in this
figure is our Drude model fit to Querry's results. The fit at any
frequency w is facilitated by using

1 = we21(1 - (21)

2

and

W2 = (1 - 61)(w2 + wa) (22)
p

Figure 30 shows the literature values for iron. Prior to our
and Querry's measurements, measurements had been made only for
wavelengths shorter that 25 micrometers as shown. A comparison of this
figure with Fig. 29 of Querry's data indicates that the inferred value
of the DC resistivity is lower for Querry's sample. p ic.. is 8.4 x
10-' for Querry's sample and p is 14 x 10-' forqceC'nst fit to
the literature data. The liteorit'U 1 data are referenced in the figure
caption.

3.3 Nonresonant Cavity.

Non-resonant cavities have been used by several workers for
qualitative measurements in the far infrared on moderately highly
reflecting materials. Pinkerton and Sievers' improved the necessary
calculations for data reduction to allow quantitative measurements. The
basic idea of this method is to use a cavity with dimensions large
compared to the wavelengths being investigated. This means that the
cavity has many modes per unit wavelength and an averaging procedure can
be used to calculate losses in the cavity. The radiation of interest is
coupled into the cavity from a light cone through a small coupling hole.
After many reflections inside the cavity, the unabsorbed radiation leaks
out the exit hole. Then the cavity provides a means of obtaining many
reflections and is thus useful for studying highly reflecting materials
such as metals. A schematic diagram of the cylindrical cavity we used is
shown in Fig 31.

In practice, one measures the 'transmission' of the cavity,
i.e., the intensity of the light leaking out the exit hole. The ratio of
two such measurements is the quantity of interest - one measurement is
the intensity when part of the cavity is made partly of a sample metal
the other measurement the intensity when the cavity is composed entirely
of one type of reference metal. The optical properties of the reference
metal (e.g.,brass, or aluminum alloy) must be known before one can obtain
results on the samples of interest. Pinkerton and Sievers' used the
waveviide transmission technique to measure a for a sample of brass foil
presumed to be similar in optical properties to the so-called 'cartridge'
brass used to fabricate their nonresonant cavities. We have noted that
the cavity method itself can be used to measure a2 of the actual cavity
walls by using a sample with well characterized optical constants (in
this case a gold foil). In our analysis of the nonresonant cavity we
solve for the optical properties of the reference metal (e.g., Al alloy)
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instead of the sample metal (Sold) in order to 'calibrate' the cavity.
Knowing the geometrical parameters of the cavity and the optical

;tants of the reference metal, one can derive the optical constants of
the sample from the ratio of the reference transmission to the sample
transmission. We chose gold as the calibration standard because its
optical constants are well known and have been measured at very long
wavelengths by Brandli and Sievers'$ using the waveguide technique (see
reference Ref. 19 and references therein).

For metals at millimeter wavelengths the cavity analysis is
fairly simple because the approximation that n and k are equal
(equivalently a >> e) is valid. This is the approximation originally
made by Lamb for microwave ;avities.2 0  Pinkerton and Sievers' made a
higher order approximation at the expense of considerable complication in
computation. Unfortunately for S-polarization their approximation is too
weak. We evaluated the exact integrals for both polarizations instead of
approximating the integrand function and expanding the approximate
integrand in a power series. We used the exact integrals to introduce
the reference material. Unfortunately the exact solution is extremely
difficult to invert for data analysis. Using the two approximations
(l/n2)M(1 and (1/k 2 )«1 before integrating, we found at submillimeter and
longer wavelengths that

3Pn s
D2 + k 2  

- - (1 + P /4) (23)

where

S-*Y - (24)

involving signal strengths I and I , areas S = area of each of the input
or output holes; S = area of sidewalls excluding the input and output

2
holes; S = area of endplate made of the reference material; and S4=
area of endplate made of the sample material; and P for the referencer
material gien exactly by

~(25)

Analysis of the nonresonant cavity results is nontrivial. The
~equations obtained both by Pinkerton and Sievers and by us involve four

initially u own quantities -I and e (or n and k) for both the

reference metal (brass or Al allo') and ihe sample (e.g, iron, graphite).
Naturally, the dielectric function of the reference metal only needs to

h.-..be deteruined once -- as a calibration of the cavity for a particular
".. wavelength region. As mentioned earlier, a2 for the reference metal can

be measured by the parallel waveguide metho. Alternatively, we can use

,i', our so-called calibration technique to extract the optical properties of
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the reference metal from nonresonant cavity measurements. In principle,
the nonresonant cavity method yields both s1 and e (or n and k). In
practice the extraction of both parameters may prove to be numerically
intractable due to the relative insensitvity of the equations to c1 . For
the reference metal Pinkerton and Sievers assumed that 1=0 (i.e.,n=k)
and solve the resulting one parameter tianscerdental equation numerically
for each experimental point. We have instead tried a Drude model
behavior for c as well as numerical '(,lution of the two parameter
trai)scendentpl equation that results if both c1 and e of the other metal

* are known.

To make the anqlysis more tractable we assume the Drude model
S w,':.t the long wavelengths in question. With this assumption, one can
obt2in approximations for the equations arising in the analysis of the
norrsonant cavity wlich are better than the simpler approximation made
by Larb but at the saree tirte mutt. less troublesome computationally than
the other more exact approaches tried by Pinkerton and Sievers and by us.
After much experience trying these methods, we feel that our
aprroximations given above are the most satisfactory. Compared to the
Pinkerton and Sievers method, our simplest method is much simpler
computationally and conceptually, and is at least as good an
approximation.

0Using a cavity with one planar side that is replaceable, we
have made measuremerts on iron, graphite, aluminum, copper using gold as

the reference metal. The signal to noise ratio is very poor in this data
and much tire has been devoted to trying various data reduction methods

* as discussed in the preceeding paragraphs. Our tentative conclusion is
that this method is inferior to the use of the waveguide method. Of
course, some materials such as graphite may not be suitable for
preparation of waveguides because they cannot he obtained in thin (of
order 1 mil thick) sheets.

3.4 Graphite.

Graphite is a material intermediate between metals and
insulators in terms of its long wavelength reflectance. Its reflectance
is probably too low to measure using the cavity method discussed above,
but is sufficiently high as to be difficult to measure using a single
reflecticn. However, the usual near normal incidence reflectance
measurement has prover, to be the best method tried so far. As was done
for the minerals, samples were pressed from graphite powder. Near mirror
like surfaces were produced when Dixon 200-10 graphite powder was
pressed. The reflectance of this sample is shown in Fig 32.

. easurements were made from 15 to 365 cm-' using our commercial RITIC
FS-720 Fourier t~ansform interferometer and at 3.2 cm- 1 using a GaAs
RIPATT diode and our asymmetric Fourier transform interferometer.

Reflectance data from 180 cm--s to the ultraviolet was available from
Ouerry for this sample and was combined with our data. After

~. Kramers-Kronig rnalysis, the dielectric function plotted in Fig 33 was
* obtained. Figure 34 shows the complex index of refraction, n and k,
"- for this sample.
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Various graphite samples have been measured by other workers.
B. R. Philip measured a sample of pyrolytic graphite to very long
waRvelengths. As shown in one of our quarterly reports, the reflectance
measured by H. R. Philipp is similar to the reflectance measured by us
and Querry on the Dixon 200-10 pressed powder sample, but our reflectance
is slightly lower, particularly at long wavelengths. This slightly lower
reflectance manifests itself as a leveling off of e and ae at long
wavelengths. Alternatively, the lower reflectance causes I to decrease
at long wavelengths, producing the peak in k at about 17 cm-1 or near

max - 29 cm-1 . This behavior is consistent with a low free carrier
cofbcentration. The Drude model fit of the reflectance data may be
fortuitous. In an article just published, Woolf, et al. (Ref. 21) find
from DC measurements that pyrolytic graphite has a free carrier
concentration of 9.7 x 1018 per cm3. This is consistent with our data.
We need to make measurements upon oriented polycrystalline pyrolytic
graphite samples in order to decide if the differences between our and
Querry's data and that of B. R. Philip is due to differences in
orientation, or differences in the oriented polycrystalline graphite used
by H. R. Philip and our Dixon 200-10 powder sample. One thing clear from
the literature is the wide variance among samples. We hope to pin down
the origin of this variance in future work.

3.5 Slopes.

There are experiments which give either eI or e2 but not both.

With the Drude model a1 and 82 are given by

WI/W2

e1 = 1 -1 + 1 (26)

and
02/(W W)

82+ = 1 + (27)

where w is the scattering frequency and w is the plasma frequency.
Taking a derivative yields P

D = -w d(ln(e 2))/dw (28)

A2

which gives

W = w [ (3-D)/(D-1) ]112 (29)

and

SW C (1 + W2/wZ) ) 1/2. (30)

Note the limits
w' << w2 =) D=1
W = W => D=2 (31)

w2 >) W2 0 D=3.
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If one only has e he can obtain e2 using the derivative

Ef w -w d [ ln(1 - e ) ]/dw (32)

from which

w= w [ (2-E)/E 1/2 (33)

and

= { (1-8 )W2 [ 1+W2/W2 1 (34)
p 1

with limits

W2 << w 2 => E=O

= W => E=1 (35)

W 2 >> 2 => E=2

The magnitude of D and/or E indicates whether or not the £1 or
e data is above or below the crossover frequency, W , for -E1 equal .

This is the boundary between the classical and relaxation regions. If2D
and E are outside their ranges of 1 < D < 3 or 0 < E < 2, they are not
Drude-like at that frequency. We usually smooth the data before taking
derivatives.

3.6 Casimir-Wooten Diagrams.

The boundries between, A, classical; B, relaxation; C,
transmission; D, anomalous skin effect; and E, anomalous reflection
are determined by w and w (Refs. 22-24). The Fermi velocity can be
expressed in terms of w

P

Recall that W2 = ne2/(rc2m ); so the plasma frequency mainly depends
on the concenfration of free carriers, n.

For Fe using Querry's data w = 3.21 x 104 cm-1 , (w = 144
cm- 1 ) resulting in x = 13.78 cm-1 . Sag Fig. 35. Note that Querry's data
is free carrier-like in the range of the solid line and exhibits band
structure at higher frequencies, dashed line. His w is 144 cm-1 .

These diagrams make it possible to see in which regimes the

data for a particular conductor lies. The classical range is the simple
Drude model (as stated in section 3.5) with w < . The relaxation
region is also the Drude range except w > w
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4. INSTRUMENTATION

1 Asymmetric Michelson Fourier Transform Spectrometer.

We have constructed an asymmetric interferometer for the
submillimeter and millimeter wavelength regions.1 5 The design is
patterned after a design by the late E. F. Bell.'$ Our dry box
enclosed instrument is for long wavelengths use.

An asymmetric interferometer (sometimes called a 'dispersive'
interferometer) gives both the real and imaginary parts of the dielectric
function of the sample without resort to a model or Kramers-Kronig
analysis. The sample is put in the fixed mirror arm of the
interferometer and the reference mirror is also, in turn, put there. As
shown by E. F. Bell 2 6 the Fourier integrals yield the complex amplitude

r exp(-iO () ) when referenced to a known metal:

r' J(' W)~fr (w) e 00 (7

ror t) e- J
where [ I (W)-I ( ) ] is the interferogram of the sample and the

Ss s
subscript 'r' refers to the reference metal.

We have used the interferometer with the diode sources to
obtain data ft rr v;avelengths for graphite. However, we did not use the
asymmetric feature. We have shown that the samples have to be flat t-
about (X/200) wbich prevented using the instrument for the pressed
natural minerals pellets since the surface of the pellet is slightly
cr ncaved and it is difficult to polish the surface to the required degree
of flatness. For the iron studies the reflectance is so near unity that
direct reflection studies are not possible in the submillimeter and
millimeter wavelength regions.

However we'll continue improving our technology so as to use
the asymmetric interferometer more fully.

4.2 InSb Detectors.

Our biggest experimental problem has been poor detectors for
the submillimeter and millimeter wavelength regions. We have made InSb
detectors, borrowed some from NRL, purchased one, and have been lent one
(by K. D. Moeller) with an extremely thin absorbing Bi film evaporated on
a dielectric substrate with the detector. For their use we have modified
a LHe dewar, and have made some 'shake-down' efforts. However running
out of funds in May 1984 has held us up. We must have better signal to
noise ratios in our parallel plate and non-resonant cavity experiments.
These detectors become sensitive around 200 cm-1 down to 10 to 1 cm-1 .
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0 Reprinted from Applied Optics. Vol. 22, page 1099. April 1, 1983
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Optical properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd,
Pt, Ag, Ti, and W in the infrared and far infrared

M. A. Ordal, L. L. Long, R. J. Bell, S. E. Bell, R. R. Bell, R. W. Alexander, Jr., and C. A. Ward

Infrared optical constants collected from the literature are tabulated. The data for the noble metals and
Al. Pb, and W can be reasonably fit using the Drude model. It is shown that -( i~1) 1 = - wi'1 (2,,2 at
the damping frequency w = w,. Also -f i~ 01 -112) 1 M)), where the plasma frequency is w'

1. Introduction adjustable parameter; i.e., the Drude model parameters
Many' measurements of the optical constants of were obtained from the dc resistivity and fitted with one

mnetals have been made, primarily at near IR, visible, free electron per atom for gold and silver and 2.6 free
and UV' wavelengths. Brandli and Sievers' have electrons per atom for aluminum. Brandli and Sievers
measured Au andlPb in the far IR. For the near and far have shown that the Drude model is an excellent fit to
I R we have compiled these data and have tabulated the their far IR measurements on lead and provides a good

*real and imaginary parts tof the dielectric function, (I fit for gold with no adjustable parameters.
and 2 respectivelv, the index of refraction n and the
extinctionl index k for each metal. IDrude model2 pa-
rneter,; giving a reasonable fit to the data are given for II. Dfinitions and Equations

AA. .('u, A.Pb,andW. In general, the Drude model In keeping with JR spectroscopic notation, all
k riot expected to be appropriate for transition metals frequencies will be expressed in cm-'. The complex
irn the near and mniddle IR, but a good Fit can beobtained dielectric function (, and the complex index of refrac-
loir W wxith a llrude model dielectric function. tion no. are defined as

V, tA -w.er 1-t -:. Ihave compiled extensive tables or
Z!,Al properties of metals which have been recently f, (I + 1

(-,- 0 2i~n + ik )2 I

published. Most of their tables do not extend beyond The Drude model dielectric function is
12-pmn wavelength, while our compilation extends to the
longest wavelength for which data are available. An- = -. a(2)
oither standard cotmpilation is that of Haas and Hadley + lww

* in the AMERIC'AN INSTITUTE OF PHYSICS where w, wp, and w, have unitsotf cm-1. Separating the
* HAlNDBOO)K.- However, this includes data only up real and imaginary parts yields

!() 1967. Fxcept for a few cases, the data presented here 2

are mo~re recent. -i-43

Bennett and Bennett' have shown that the Drudle (32 ,
miodel fits t he measured reflectance of gold, silver, and Q W, (4)

*aluminum in the 3-30-jum wavelength range with one W., + ww
In these equations, the plasma frequency 6 is

1 I4irNe 12
I-I-l -L~e12 (5)

2rc rn.i

Whecn thi. work was done all authors were with tUniversityof Mis- where N is the free electron density, e is the electron
-- in Rlola. l'hNsics D~epartment, Rolla, Missouri 6.5401; C. A. W. charge, m * is the effective mass of the electrons, and (-
Kreb', is n,),w %sith Mct~onnell D~ouglas Astronautics Company, is the high frequency dielectric constant. The damping
Flecrrs~ptic Technol,,g. P) 0- Box .516, St. Louis Missouri 63166; S. frequency w, expressed in cm-1 is
E Bell knd R R. Bell are now at Rotate 4, Box 124, Rolla. Missouri

VIItec ' 6
Re tived 12 October 1982. 2rc'r

o(11: 693-519:1107 h91-21$t0t/tt where T is the electron lifetime in seconds and c is the
Ctj;:t Optical Society of America. velocity of light. Note that for low frequencies
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TABLE 3. Al, ALL1H3NUDI
E. Shales, T. Sasaki, M. Inokuta, and D. Y. Smith, Phys. Rev. 8 f,1612
(1980)

l.Xcmvr1) M19lm) -43 42 ni I

3.23(.02 3.10(403 23.E04 4.02E#04 9.86(*0I 2.04E.02

3.39E+02 2.95E#01 3.01E404 3.62E+04 9.22E+03 1.96E402

3.73(402 2.70E#01 2.68E#04 3.03E+04 8.26(401 3.83E402

4.03E#02 2.48E#03 2.43E+04 2.59E+04 7.50E+01 1.73E+02

4.36E+02 2.30E+01 2.34E+04 2.24E+04 6.93E+01 3.62E402
4.69(402 2.14E.03 1.95E404 2.01(404 6.52E+01 1.54E402
5.00(402 2.00(.03 3.80E404 1.79E+04 6.07E+01 3.47E+02
5.32E'02 1.8(401 3.66(404 1.60E+04 5.67E+01 1.41E402
5.83(402 3.72(403 3.50(404 1.39E+04 5.20E+03 1.33E+02

6.45(402 1.55E+01 1.32E+04 1.13E+04 4.58E403 1.24E+02
7.20(402 2.43(401 1.18(404 9.49(403 4.09(403 1.16E402

7.74(402 3.29(403 1.05E+04 7.89(403 3.62E+01 1.09E402
8.87E+02 I.13(.03 8.77E+03 5.94(403 3.02(403 9.84E+03
3.05E+03 9.54E+00 6.93E403 4.07(403 2.35E+03 8.65E+01
1.21E+03 8.27E+00 5.58(403 2.96(+03 3.86(403 7.70(403

3.37E403 7.29E+00 4.53(403 2.05(403 1.49E401 6.88E403
3.61E+03 6.20(400 3.39(403 3.39(403 1.17E+01 5.94(403
2.02(403 4.96(.CO 2.25(403 9.28(402 9.59(400 4.82(403

2.42(+03 4.13(+00 3.63(403 5.54(402 6.76(400 4.30(+01
2.82(403 3.54(400 1.24(+03 3.87(402 5.44(+00 3.56(401
3.23(403 3.30(400 9.73(402 2.80(402 4.45E.00 3.15(403

4.84(+03 2.07(+00 4.53X402 9.73(403 2.27(+00 2.14E+01
6.45(+03 1.55(400 2.52(.02 4.63(403 1.44(+00 3.60(403
8.07(403 1.24(400 1.54(+02 3.02(401 3.21(400 1.25E#0I
3.21(404 8.27E-01 6.15(401 4.56(+03 2.75(#00 0.33(400

3.63(404 6.20E-01 5.42(403 1.95(401 1.30(+00 7.48(400

TABLE 1. Al, ALUIINM (Continued)
H. E. Bennett and J. M. Bennett, Optical Properties and (lectronics
Structure of Metals and Alloys, ed. F. Abele. (North-Holland, 3966),
p. 175.

&flcur') x(3'm) -1 42 n kC

3.13(+02 3.20(+01 2.60(+04 5.56E404 1.33(402 2.09E402
3.23E+02 3.10(403 2.58(404 5.31(404 3.29(4+02 2.06E402
3.33E+02 3.00(403 2.56(404 5.08(404 1.25(+02 2.03(402
3.45(402 2.90(+03 2.54(404 4.84(404 1.23(402 2.00(+02
3.57(+02 2.80(+03 2.47(404 4.59(404 1.17(+02 3.96E402
3.70(402 2.70(401 2.45E404 4.36(404 1.13E+02 1.93(402
3.85E402 2.60(403 2.38(+04 4.32(404 3.09(402 3.89E+02
4.00(402 2.50(4031 2.36E404 3.91(404 1.05(402 1.86E02
4.137(402 2.40E+03 2.31E+04 3.64E+04 3.00(402 1.82(402
4.35E+02 2.30E+01 2.25(404 3.42E+04 9.60E+01 3.76(402
4.55E+02 2.20(+03 2.39E404 3.18(404 9.15(+01 3.74(402
4.76(.02 2.310(401 2.30(404 2.93(404 8.66(+03 3.69E402
5.00(402 2.00(403 2.05E404 2.71(+04 8.23(401 3.65(402

*5.26(+02 1.90(403 1.96(404 2.47(404 7.73(401 1.60(402
5.56(+02 3.80(+03 1.86(404 2.24(404 7.24E+01 135(02
5.80E402 3.70(403 3.00(+04 2.02(404 6.74(403 1.530(402
6.25(402 1.60(+03 3.69(404 3.79E404 6.23(+01 1.44(+02
6.67(402 1.50(403 3.56(404 1.56(404 5.71(401 3.36(+02
7.134(402 3.40(+03 1.47(404 3.37(404 5.139(401 1.32E+02
7.69(402 1.30(+03 3.37E+04 3.36(404 4.67(401 3.26(402
8.33(402 3.20(403 3.24(404 9.86(403 4.35(403 1.39(402
9.09(4+02 1.30(403 1.10(404 9.06(403 3.63(401I 3.33(402
3.00(+03 31.00(+01 9.84(402 6.49(402 3.32(403 1.04(402
3.1(403 9.00(400 8.43(403 5.02(403 2.63(403 9.54(403
3.25(+03 6.00(400 7.02(#03 3.72(403 2.35(403 8.65(403
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TAMEC I. Al, AADIHIMMD (Continued)

L. 93. Schulz. J. Opt. Soc. Am. ft. 357 (19'54) and 362 (1954).

).(P1) M) -42 42 n kC

1.05404 9.5CC-Cl 1:92E-01 2:9 C401 1.75(400 8*51111+0
SIC.C*4 9.0CC-C 5.54C.OI1 3.02E+01 1.96E+00 7.70C.CO
1.19E+04 8.5CC-Cl 4.66(#01 2.97CCS 2.09(400 7.151l0
1.25(404 8.0CC-Cl 4.57E*01 2.SIE+CI I.99(400 7.05(400
1.33(404 7.50E-01 4.75E+01 2.56(401 1.80(400 7.12(400
1.43(404 7.00C-011 4.66E401 2.17E*01 1.55E*00 7.OC400
1.54E#04 6.5CE-O1 4.20E#01 1.64E402 1.24E#00 6.60C400
1.67C.04 6.0CC-OS 3.51(401 1.16(401 9.70E-01 6.00E*00
1.82E#04 5.50C-O1 2.77E+01 9.09(400 7.60C-O1 5.32(400
2.OOC.04 5.0CC-OS 2.27E401 5.95(400 6.2CE-01 4.6CC+00
2.22E#04 4.5CC-C1 1.94E+01 4.23X#00 4.9CC-OS 4.32(4CC
2.50E+04 4.0CC-OS 1.52(401 3.14(400 4.0CC-Cl 3.92E400

TABLE 2. Cur COPPER
L. 0. Schulz, J. Opt. Am. 44, 357 and 362 (1954).

w(cm- ) M.pm) -41 42 n kC

1.05E#04 9.5CC-Cl 3.87E#01 1.42E+00 1.301-01 6.22E400
1.11(404 9.0CC-Cl 3.43(401 l.52C.CC 1.3CC-O1 5.86E400
1.19E#04 8.50C-O1 2.99(4+01 1.31E#00 1.20E-01 5.47(400

I. 25C04 9.0C-O1 2:57E+0; 1:22EC-:: 1.2CE-01 5.07(4*00
*1.33E*04 7.C-OS 213E 0 1 ISSC 1.2CC-OS 4.62(400

1. 43(404 7.0CC-Cl 1.74(401 ,-:0(CC :.2CC-Cl1 4.17E-:0
I.54(404 6.50C-C l33(.OS E.9-CI .30C-O 3.65E+0
I.67E*04 6.0CC-Cl 9?.40E.CC I.04(4+00 1-7CCE-0S 3.07(4CC0
1.82E+04 5.5CC-CS 5.34(4 00 3.48(+00 7.2CC-CS 2 42E+0
2.00E+04 5.0CC-Cl 5.08E+CC 4.26E#00 8.8CC-Cl 2.42E+00
2.22C.04 4.5CE-Cl 4.09(4CC 3.93(4CC 0.70C-C1 2.20(400

TABLE 2. Cu, COPPER (Continued)
A. P. Lonham and D. M. Traherne, J. Opt. Soc. An . 683 (1966).

Wc.() pm) -41 42 n kC

5.00(402 2.00(401 2.35E404 7.61E+03 3.16(401 1.20E#02
5.56(402 1.90E+01 1.15(404 6.11(+03 2.76(#01 1.11(02
6.25(402 1.60E*01 9.001+03 4.64(403 2.37(405 9.79(402
7.14(402 1.40(401 6.80(+03 3.36(403 1.90(401 8.49(#01
8.33E+02 1.20E#01 5.05E403 2.29(403 1.571E#01 7.26(#CS
1.00E+03 I.CC1#01 3.50(403 1.40(403 1.16(401 6.03(401

I. 25(#03 8.00(4CC 2.20E+03 7.20(402 7.661E#00 4.75E#01
1.67E*03 6.00E+CC 1.30E+03 3.24E#02 4.46(.00 3.63(401
2.00(403 5.00(400 1.00E403 1.40(+02 2.22(4CC 3.27(401
2.50C.03 4.00(400 6.22(402 8.6010 1.761E+CC 2.50E401

TABLE 2. Cu, Copper (Continued)
P. F. Robajato and Braunstein, Ptiys. Stat. Sol. Wb J7l, 443 (1901).

*w(cm-') MoPm) -451 42 n kC

1.56E#04 6.4CC-OS 7.69(400 21.70(400 3.04t-0S 2.79E+00
1.67(404 6.0CC-Cl 5.99(400 1.70(400 3.44E-01 2.47(400
1.79(404 5.6CC-Cl 4.09(400 2.20(400 5.26E-01 2.09(000
1.92(404 5.20E-OS 3.71(400 6.99(4f00 2.45(400 2.41(+00
2.06(404 4.9CC-Cl 3.110(400 7.01E*00 1.51(400 2.32(#00
2.27(404 4.4CC-Cl 2.39(400 6.79(400 5.55(400 2.159(400
2.50E*C4 4.0CC-Cl 1.31E*00 5.92C400 1.49E400 2.00(400
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0 TADLE 2. Cu, COPPER (Continlued)
H. J. Hagemann. W. Oudat, and C. Kunz, J. Opt. Soc. Am. 4,742 (1975,.

.(I-1) mf) -41 42 n k

8.O7E*02 1.24E*OI 4.24E*03 4.25E*03 2.97C.Ol 7.16E#01
j4.03E*03 2.49E*OO 3.O6E+02 6.03E+01 1.71E*O0 1.76E+01

S. 07E+03 1.24E*OO ?.i7E*Ol 7.46E*00 4.40E-01 S.4SE*OO
1.21E*04 6.27E-01 2.76E+01 2.74E*0O 2.60E-01 5.26E+00
1.37E+04 7.29E-01 1.96E*Ot 1.95E+00 2.20E-01 4.43E*OO
i.41E.04 7.O8E-01 1.BOE*01 1.79EOO 2.IOE-OI 4.25E+00
1.45E+04 6.89E-0I 1.63E+01 1.7OE*OO 2.IOE-OI 4.04E+00
1.49E+04 6.70E-01 1.49E*Oi 1.69E+OO 2.20E-01 3.85E+00
1.53E+04 6.53E-01 1.34E*O1 1.54E*OO 2.10E-01 3.67E*OO
1.61E+04 6.20E-01 1.04E*OI 1.751E+00 2.70E-01 3.24C.OO

TABLE 2. Cu, COPPER (Continued)
B. Dold and R. Macke, Optik fl, 435 (1965).

(d(cm-1) X(I'm) -41 42 n k

.OOE*03 l.OO0E.Oi 2.27E*03 1.14E.03 1.16E+01 4.P0E.Oi
*lIE*03 9.OOE.OO 1.99E+03 9.05E+02 9.P90OO 7*0

1.25E+03 B.OOE*OO 1.66E*03 6.72E*02 8.1OE+00 4.15E+01
1.43E+03 7.OOE.OO t.31E*03 4.71E+02 6.40E+00 3.68E*Oi
1.67E+03 6.OOE.OO 9.99E+02 3.17E+02 4.95E+00 3.20E*Ol
2.00L.03 5.OOE+0O 6.95E+02 1.92E*02 3.60E*00 2.66E+01
2.50E+03 4.0OE+00 4.56E*02 1.05E+02 2.45E+00 2.15E*O1
3.33E.O03 3.OOE+00 2.54E+02 4.SOE*Oi 1.50E+OO 1.60E+01
5.OOE*03 2.OOE+00 1.12E+02 1.BOE+011 8.50E-Ol 1.06E.Oi
6.67E*03 1.50E+00 6.37E+01 9.2BE.OO 5.BOE-O1 S.OOE*OD
8.O0E+03 1.25E+00 4.46E+01 6.57E+00 4.90E-01 6.70EOO

TABLE 3. Au, GOLD
H. E. Sennett and J. M1. Bennett, Optical Properties and Electronic
Structure o# Metals and Alloys edited by F. Abel.. (North-Holland,
Pensterclam, 1966)0 p. 175.

I.Xcm-') ).(Pm) -4 1 42 n k

3.13E*02 3.20E+01 3.69E*04 2.54E+04 6.28E+01 2.02E+02
3.33E+02 3.OOE.Ol 3.37E+04 2.17E*04 5.66E+01 1.92E+02
3.57E+02 2.BOE+01 3.06E*04 1.B4E*04 5.05E+01 1.B2E+02
3.BSE.02 2.60E+01 2.73E+04 1.53E+04 4.46E+01 1.71E+02
4.17E+02 2.40E.Oi 2.41E+04 1.24E+04 3.B9E*01 1.60E402
4.55E+02 2.20E*Ol 2.OSE.04 9.B9C.03 3.34E*01 1.48E+02
5.O0E+02 2.OOE+Ol 1.77E404 7.67C403 2.S2E+01 1.36E+02

*5.56E+02 l.SOE*Oi 1.48E+04 5.78E+03 2.33E.Oi 124+0
6.25E+02 1.60E+01 1.22E*04 4.19E*03 1.S7E*Oi 1.12E*02
7.14E+02 1.40E+01 9.51E*03 2.86E*03 1.45E*Ol 9.86E+01
8.33E+02 1.20E+01 7.14E+03 1.04E+03 1.OSE*Ol S.52E*Ol
1.0OE+03 l.OOE*01 5.05E+03 l.09C.03 7.62E*00 7.15E+01
1.25E#03 B.OOE.O0 3.29E+03 5.68C402 4.9)E*OO 5.76E#01
1.43E#03 7.OOE*OO 2.54E+03 3.83C.02 3.79E*OO 5.05E+01
1.67E+03 6.OO0 1.SBE+03 2.42E402 2.79E+00 4.34E*Oi
2.OOE+03 5.OOE.OO 1.31E+03 1.41E+02 1.95E+00 3.62E*Ol
2.50E.03 4.OOE*0O S.39E+02 7.25E*Ol 1.25E#00 2.90E#01
3.33E*03 3.OOE*0O 4.75E+02 3.07E+01 7.04E-01 2.19E+01
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* TABLE 3. Au, Sold (Continued)
L. 0. Schulz, J. Opt. Soc. Am. 4,357 and 362 (5954).

I~cmr') x(pe) -41 42 n kc

1.05E+04 9.5CC-Cl 3.72C+01 2.32E+00 1.90C-01 6.30C*oO4 .IIC.C4 9.0CC-Cl 3 27E#01 2.06+CO 1.0C-C1 S.72E.Co
3.25(404 6.0CC-Cl .34C+Ol l.55(.CO 1.6CC-OS 4.84C+00
1.4X+.04 7.0CC-C' 3.57(403 1.35E*CC 1.70C-Cl 3.97C+00
l.67C.04 6.OCC-r 8.77E#00 3.37(.CC 2.3CC-C1 2.97(.CC
2.O0C.04 5.0CC-Os 2.69ECC 3.09C.CC0 9.4CC-0l l.84C400
2.22E+04 4.5CC-Cl 1.57C+0O 5.26E*0C l.40C+00 3.89E+00

TABLE 3. Au, GOLD (Continued)
G3. P. Motulevich and A. A. Shubin, Soviet Phys. JCTP f0, 560 (3965).

I.(cmnr
t
) x(Pws) 1( (2 n kt

8.33E+02 1.20C+0l 6.24C.03 2.46E+03 1.54C.01 8.05E403
l.0CE+03 I.0OC+0l 4.42E+03 l.SSC.03 1.15E+01 6.75E+Cl
1.25E*03 9.00C.O0 2.92E*03 9.54(402 7.02C+0C 5.46E402
l.67C.O3 6.00C.00 a.72C.03 3.92C.C2 4.70E+00 4.17C.Cl
2.CCC.C3 5.00C.C0 1.23C+03 2.30C.02 3.27C.00 3.52E*01
2.SOC.03 4.CCC.CC 7.74E402 l.34C.C2 2.04E+00 2.79W+01
3.33C.03 3.OOC.00 4.40C402 4.93C.03 l.17E+00 2.lOC.Cl
4.CCC.C3 2.5CE+0C 2.99E402 2.84(401 9.2CC-OS 1.73(401
5.OOC.C3 2.OOE+O0 I.93E+02 1.52E401 5.46E-01 1.39C+C1
6.67C.C3 3.SCC.CO 1.00E+02 7.43(400 3.57E-01 1.04E+01
l.OOC+04 I.OCC400 4.SOC.Cl 3.ClE400 2.24C-C1 6.71C.CC

TABLE 3. Au, GOLD (Continued)
V. 0. Padallca and 1. N. Shftlyarevaftit, Opt. Spectr. U.S.S.R. fL, 295
(3961).

Iafcmur
t
) X(3Pm) -43 42 n ft

9.09E+02 3.ICC.Cl 3.31C+03 l.C3CE+C3 9.73C.CC 5.92C.Cl
l.OCC.03 l.00C401 2.8CC+C3 7.91E+02 7.41C+O0 5.34E+01
1.11E+03 9.00C400 2.32E+03 6.04(402 6.21E+CO 4.96E+01
3.25E+03 8.OOC#00 1.87E+03 4.39(402 5.05E400 4.35E#01
1.43X+03 7.CCC.OC 3.45(403 3.04E#02 3.97C+OC 3.83E+01
1.67E+03 6.OC.0C 1.08(403 1.99E+02 3.CIC.00 3.30C+01
2.COC+03 5.0CE+CO 7.62E+02 l.2lC.02 2.39(.CC 2.77E+01
2.50C.03 4.OCC.C0 4.91C.02 6.62C+01 1.49E+00 2.22E401
3.33C+03 3.OCC+00 2.78C.02 3.llC.Ol 9.30C-Cl 3.67(403
5.OCC.C3 2.00(4CC 1.25E+02 l.2lC.C1 5.40C-Cl 1.12E+03
l.CCE+04 l.C0E+C0 3.10(4031 3.46C.00 3.1CC-Cl1 5.50(400

TABLE 3. Au, GOLD (Continued)
0. A. Bolotin, A. N. Yoloahinakii, M. M. Neaftov, A. V. Sokolov, and
3. A. Charikov, Phya. Met. and Met. 1l, 923 (3962).

w(cm-') X(111) -342 n kt

1.05E+03 9.50E+00 2.44C.03 3. lOC.03 11.09E+01 5.06E+01
l.33C.E03 9.0C(.00 2.l9(.+03 9.SS(.02 3.OCC#03 4.79E+01

* .ISC+03 9.5CCE+00 1.99E403 8.866E+02 9.72(400 4.56(401
1.25E*03 9.CCC.0C 1.97E#03 6.95(402 7.90C.OC 4.40E+01
1.43E+03 7.OCC.0C 1.S1C.03 5.22(.02 6.62C.CC 3.94(+01
1.54E#03 6.SOC.0C 1.37(403 4. 30E#02 5.46(400 3.74(#01
3.67(403 6.00(400 1.17E+03 3.25E+02 4.71E4CC 3.45(403
2.OOC.03 5.OC.CC 9.05(+02 2.54(402 2.73C.C0 2.95(403
2.22E+03 4.50E+0O 6.35C.02 1.35E#02 2.29E+00 2.53(401
2.50E+03 4.OCC.C0 5.35E+02 9.72(+01 3.99E+00 2.32E+01
3.33C.03 3.OC.C0 3.09E+02 4.40[+01 1.25(400 1.76(401
4.00(403 2.5OC#00 2.07E#02 1.99(401 6.9CC-Cl 2.44(402
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TABLE 3. Au, Gold (Continued)

G. Brandli and A. J. Sievers, Phy. Rev. 8 , 3550 (1972).

W( cim- ) )d2Am) -421 42 n k

3.14E+01 3.186402 8.62E+04 6.23E+05 5.21E+02 5.98E+02
3.726401 2.696402 8.74E+04 5.376405 4.78E+02 5.62E402
4.24E+01 2.366402 9.47E404 4.B1E405 4.45E402 5.41E402
5.006402 2.00E+02 9.18E+04 4.00E+05 3.996402 5.01E+02
6.06E+01 1.65E+02 9.876404 3.37E+05 .55E+02 4.74E+02
6.99E+02 1.43E+02 9.60E+04 2.82E+05 J-18E+02 4.44E+02
8.006+01 1.25E+02 9.97E*04 2.47E.05 2.89E+02 4.26402
9.01E+01 1.226402 2.00E+05 2.15E+05 2.62E+02 4.11E.02
1.00E+02 1.00E402 1.06E+05 1.93E+05 2.39E402 4.04E+02
2.206402 9.09E+01 1.036405 1.696405 2.17E+02 3.99E+02
2.206402 9.336401 1.04E+05 1.49E+05 1.97E+02 3.78E+02
1.30E+02 7.69E+01 9.726404 1.3017+05 1.80E+02 3.60E+02
1.40E*02 7.246402 9.66E*04 1.14E+05 1.636402 3.51E+02
1.50E+02 6.67E+01 8.51E+04 1.00E+05 1.52E402 3.296402

J TABLE 3. Au, Gold (Continued)
J. H. Weaver, C. Krafka, D. W. Lynch, and E. E. Koch (with C. G. Olson),
Physics Data, Optical Properties of Metals, (Fach-Information Zentrum,
Kalsrub&, FOR, 2991).

wa(cm' ) )'(Pm) -4 1 42 k I

8 .076402 1.246402 6.796+03 1.35E+03 8.17E+00 8.29(401
1.216403 9.276400 3.07E+03 4.12E+02 3.71E+00 5.56E401
1.61E+03 6.20E400 1.74E+03 2.78(402 2.13E+00 4.27E+01
2.026403 4.96E400 1.226403 9.29E+01 1.39E400 3.346401
2.42E+03 4.13E+00 7.73E+02 5.526401 9.90E-01 2.78E+01
2.82E+03 3.546400 5.67E+02 3.57E401 7.50E-01 2.38E401
3.236403 3.10E+00 4.346402 2.46E+01 5.906-01 2.08E+01
3.63E+03 2.766400 3.42E+02 1.74E401 4.70E-01 1.85E+01
4.036403 2.496+00 2.766402 1.30E401 3.90E-01 1.66E+01
4.44E403 2.25E+00 2.27E,,02 9.95E+00 3.30E-01 1.51E401
4.846403 2.076+1,0 2.90E+02 7.72E+00 2.80E-01 1.38E*0I
5.246+03 1.916400 1.61E+02 6.096+00 2.40E-01 1.27(401
5.656403 2.776400 1.396+02 5.27E+00 2.20E-01 1.29(401
6.056403 2.656400 1.296402 4.13E+00 1.90E-01 1.09E+01
6.456403 1.55E400 1.04E+02 3.696#00 2.80E-01 1.02(401
6.86E+03 2.466400 9.1&6+01 3.06E+00 1.60E-01 9.576+00
7.26E+03 1.38E+00 8.12602 2.706400 1.506-02 9.02E+00
7.66C+03 1.31E+00 7.216402 2.38E+00 1.40E-01 8.49E+00
9.076403 2.246+00 6.45E+01 2.09E+00 1.30E-01 8.03(400
1.226404 6.27E-01 2.49(402 7.97E-01 8.00E-02 4.99E+00
1.61E+04 6.20E-01 9.97E+00 8.22E-01 1.30E-01 3.16(400

TABLE 4. Pb, LEAD
G . Drandl i and A. J. Stovers, Phys. Rev. 8 5, 3550 (2972).

w(cm'1) ).(Im) -41 42 n kC

6.25E400 1.60E+03 2.996+03 4.43E405 4.69E+02 4.716+02
1.17E+01 8.57E+02 2.746+03 2.22E+05 3.31E+02 3.346+02
178E401 5.636+02 2.216+03 1.646+05 2.956402 2.69(E402

2 261E401 3.93E+02 2.406+03 2.17(405 2.39E+02 2.44E+02
3.39E+02 2.966+02 2. 146+03 9.49(4+04 2.03E+02 2.09E+02
4.41[+02 2.27E+02 2.206#03 6.44(404 2.77E+02 1.82E+02
5.38E+01 1.66+02 2.09E+03 5.27E404 1.59(402 2.66E402
6.29E+01 1.59E*02 2.056403 4.47(404 1.466402 1.53E402
7.19E+01 1.39E+02 2.011E+03 3.07E+04 1.356+02 1.4X(402
7.96E401 1.26E+02 2.02E+03 3.50E+04 1.29E402 1.366+02
8.926+02 2.12602 2.056403 2.98E+04 2.19E+02 1.26E+02
1.02E402 9.80E+02 1.71E+03 2.526+04 2.09E+02 1.16E#02
1.12E+02 9.96E+02 1.646+03 2.24E+04 1.02E*02 2.20E+02
1.21E+02 9.25E+01 1.61E+03 2.056E+04 9.72(402 1.05E+02
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* TABLE 4. Pb, LEAD (Continued)
A. 1. Golovshlin and G. P. Motulevich, Soviet Physics JETP_?, 981
(1969)

(.(cm- 1) ).(Pm) -421 42 n Ic

8.33E.02 I. 20E401 1.0 4E*03 I. 99E+03 2.46(401 4.05E*01
9.09E402 1.10E+01 9.99(402 1.82E+03 2.32E+01 3.92E+01
l.00E.03 1.O0E+01 9.58E*02 1.57E+03 2.20E*02 3.74E401
2.21(403 9.0OE+00 9.32E+02 1.34E+03 1.87E401 3.5K+.01
1.25E+03 8.001+00 9.60(402 1.10E+03 1.64E*01 3.36E*01
1.43E*03 7.00E+00 7.56E+02 8.71E.02 1.42(401 3-09E+01
I.67E.03 8.00(400 6.53E+02 6.58E+02 1.17E+01 2.81E+01
2.OOE+03 5.00(400 5.33E+02 4.48E.02 9.04E*00 2.48E+01
2.50E+03 4.00E+00 3.89E+02 2.74E*02 6.58E+00 2.O8E+01
2.96(403 3.50(400 3.17E*02 2.01E+02 5.39E*00 1.86E*01
3.33E*03 3.00(400 2.51E+02 1.40(402 4.27E+00 1.64E+01
3.95(403 2.60E.00 I9E. 9.94E*01 3.45E400 1.44E+01
4.00(403 2.50(40 l.83E+02 8.95(401 3.22E+00 1.39E+01
4.17(403 2.40E+00 1.65E+02 8.00E+01 3.03E+0O 1.32E+01
4.35E*03 2.30(400 1.56E+02 7.27E+01 2.84E+00 1.28E+01
4.55E*03 2.20E+00 1.42E+02 6.42E+01 2.63E+00 1.22E*02
4.76(403 2.10E+00 1.31E+02 5.78E+01 2.47E+00 1.17E*01
5.00(.03 2.001+00 1.20E+02 5.20E*01 2.32E+00 1.12(401
5.88E+03 2.70(400 8.61E+01 3.58E.01 2.89(400 9.47E.00
6.67E+03 1.50E+00 6.62E*01 2.72E+01 2.64(400 8.30E.00
7.69(403 I. 30E+00 7.43E-01 5.19(400 :.50(400 1.73E*0O
1 .00E+04 2.00E+00 2.64(402 1. 4 7(402 .3 E+00 5 .32E+00
2.I2E*04 9.O0(-OI 1.79(01 2.32(401 1.40(400 4.68E+00
1.18E+04 8.50E-01 1.68E+01 1.25E+01 1.44(400 4.35E+00
1.25E+04 8.OOE-01 1.45E#01 1.23E+01 1.50E*00 4.09E+00
1.33E+04 7.50E-01 1.17E*01 1.21E+01 2.60E400 3.78E+00
2.43(404 7.OOE-02 9.58E+00 2.27(401 1.78E400 3.57E400
1.54E+04 6.50E-01 8.67(400 2.34(401 1.91E+00 3.51E+00
1.67(404 6.00(-01 8.25E+00 1.32E+01 1.9]E*00 3.45(400
1. 82(404 5.50E-01 8.22E+00 I. 24(401 2.93(400 3.40E+::

S2.OOE+04 5.00 E- 0, 8.0 0 E00 i.12E+0I 1.70E+00 3.30E+0
2.22E*04 4.50E-01 8.04E*0O 9.16E+00 2.44(400 3.18E+00

TABLE 5. Ag, SILVER

H4 E. Bvnn:ett and J.. . Bennett in Optical Froporties and Electronic
Structure o4Metal sand A lo s, edited bv F. Abela (North-Holland.
Asterdam, 1966), P. 175S.

3.13E402 3.2OE-01 4.44E-04 2.06.E-04 4.78E-01 2.16(402
3.33E#02 3.001#01 3.9K4.04 1.74E#04 4.26.E*01 2.04(402

*3.57E-02 2.80E#01 3.55E-04 1.44E404 3.76E-01 1.92E#02
3.85E+02 2.60E*01 3.20E#04 1.17E404 3.2K#401 2.79(E402
4.17E#02 2.40E-01 2.71E-04 9.415(403 2.83E.01 1.67E*02
4.55E-02 2.?0E-01 2.31E*04 7.39(403 2.40E-01 1.54E#02
5.00(402 2.00E.01 1.95E404 5.67E403 2.OtE*01 2.41(402
5.56"402 1.80E-01 1.59E+04 4.17E-03 1.84E#01 1.27E+02
6.25(4-02 1.60E-01 1.28K#04 2.991*0 3 1.31E401 2.14(402
7.14E-02 2.40(402 9.90[.03 2.02E*03 1.01(402 2.00E*02
8.33X>02 1.20E#01 7.34E#03 1.28E #03 7.4&E#00 9.60E*01

* .00(403 1.001401 5.14E-03 7.49E>02 5.21E#00 7.I91>02
1.25E(403 9.00(400 3.32E-03 3.87E.02 3.35(400 5.77(401

1.43X+:3 7.00(1#00 2.55E.03 2.60E:02 2.57E*00 5. 06(401
1.67E#03 6.00E-00 1.88(403 1. 64E402 1. 89f400 4.34E:01
2.00E-03 5.00(400 2.31E#03 9. 56(.01 1.32E:.00 3.82E40
2.50E-03 4.00(.00 8.34[402 4.99E.0i 8.44E-01 2.891>01
3.33(403 3.00E+00 4.71(402 2.06E-02 4.74E-01I 2.271>02
5.00(403 2.001>00 2.10(E#02 8.251#0 0 2.12t-01 2.45(401

1108 APPLIED OPTICS Vol 22. No 7 1 April 1983

APP1ENDIX A 42



TABLE 5. Ag, SILVER (Continued)

L. 6. Schulz, J. Opt. Soc. Ami. 4,p. 357 and 362 (1954).

ed(cm-i) 3M(Pm) -41 42 n

I.05E+04 9.5CC-ClI 4.30E+01 1.44E+00 1.10E-01 6.56E+00-jlIIIC04 9.OOE-C1 3.97E+01 1.31E+00 1.05E-01 6.22E+00
1:I9E+04 8.50E-Cl1 3. 42E+01 1.17E+00 1.0CC-Cl 5.85E+00
1.25E* 04 .0CC-a1 2.97E*C1 9.8lE-0l 9.OOE-02 5.45E+00

1.33E+04 7.50E-01 2.55E+01 9.08E-01 8.00E-02 5.05E+00
I:43E+04 7.0CC-Cl 2.13E+01 6.93E-01 7.50E-02 4.62E+00
1.54E+04 6.5CC-Cl 1.76E+01 5.86E-01 7.COE-02 4.20E+00
1.67E+04 6.00E-01 1.41E+01 4.50E-01 6.OO-02 3.75E+00
1.82E+04 5.50E-Cl 1.lCE.01 3.65E-01 5.50E-02 3.32E+00
2.00E+04 5.0CC-Cl 8.23E+00 2.87E-01 5.00E-02 2.87E+00
2.22E+04 4.5CE-Cl 5.55E+00 2.66E+00 5.50E-C1 2.42E+00
2.50E+04 4.00E-01 3.72E+00 2.90C-01 7.50E-02 1.93E+00

TABLE 5. Ag, Silver (Continued)
H. J. Hagmian, Id. Gudat, and C. Kunz, J. Opt. Soc. Am. A2, 742 (1975).

w(cm-i) MOMP) -41 42 n k

8.07E.02 1.24E*01 8.05C403 l.79E*03 9.VIC.CC 9.C3C*Ol
l.61E*03 6.2CE*CC 2.08E+03 2.60E*C2 2.94E+00 4.57E+01
2.42E+03 4.13E*00 9.29C+02 S.60E+01 1.41E+00 3.05E+01
3.23E*03 3.IE.OC 5.23E+02 4.1?E.Ol 9.1CC-Cl 2.29E+01

0.3E+03 2.4:E0 3.35E+02 2.45E+01 .CCC .SC0
8.07E+03 1.24E+00 8.15E+01 5.06E+00 2.9OE-01 9.3E+C00
I.21E*04 8.27E-01 3.35E#01 3.13C.CC 2.70C-01 5.7PE.CO
1.61E+04 6.20E-01 1.74E+01 2.26E+00 2.70E-01 4.1SC+CC

TABLE 6. Co, COBALT
M. M. Kit ullova and 8. A. Chariko, Opt. Spectu-y. 17, 134 (1964).

k~cm-') )M(Pm) -4 1 42 n k

5.CCE.02 2.CCC+Cl 2.44C.C3 1.57E*C3 1.52E+01 5.17E+01
5.26E*02 I.P0C401 2.ISC+03 1.4&E+03 1.4PE+Cl 4.VOC4Cl
5:SSC.C2 l70E+01 1.94E+03 1.22E*03 1.35E+01 4.50C.Cl
6.67E+I) l.SCE*0I 1.511+03 9.07E+02 1.12E+01 4.SSC.CI
7 14E+02 1.40E+01 1.34E+03 7.7X+0C2 1.02E+01 3.SCC.CI1
0:33E+02 l.20C.CI 1.12E#03 6.25E*C2 V.CCC.CC 3.4?C.Cl
9.C9E*02 l.ICC4CI 9.97E+02 5.29E+02 8.10E+00 3.26E+01
l.CCC.C3 l.CCC4CI S.20E+02 4.19C.C2 7.IOE.CC 2.95E+01
I.IIE.C3 P.CCC.CC 6.97E.C2 3.57E+02 6.56E+00 2.72E+01
1.25E+03 8.00E+00 5.42E+02 2.7KC.02 5.SCC4CC 2.40E+01
1.4XC.03 7.00E+00 4.CSC.02 2.26E+02 5.40C.CC 2.CVECl
1.54E+03 6.50E+00 3.45C.C2 2.0IC+02 5.20E+00 1.93E+01
1.67E*03 6.OOE.CC 2.8IE+02 1.75C*02 5.OOC.CC 1.75E+01
1.62E+03 5.50E+00 2.40E+02 1.54E+02 4.76E+00 l.&2E.Cl
2.CCC.C3 5.CCC.CC I.P4C.C2 I.36C4C2 4.70E+00 1.47E+01
2.22E+03 4.50E+00 1.36E+02 1.20E+02 4.79E+00 1.2&E+01
2.5CC.C3 4.OOC.CC P.S9C.CI 1.83E+02 4.70E+00 l.11CC.CI
3.3XC.03 3.0CC0 4.79E.Cl 1 .26E+01 4.89E+00 S.46E+00
4.CCC.C3 2.50E+00 3.49E+01 7.96E+01 5.10E+00 7.90E+00
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TABLE 6. Co, COBALT (Continued)

P. B. Johfloon and R. W'. Chrioty, Phy%. 8 9, 5056 (1974).

w(cm-') MI(AM) -42 42 n k

5.16E+03 1.94(400 4.57E*01 6.03E+01 3.87(400 7.79E+00
6.21E*03 1.61(400 3.97E*01 5.24(402 3.61(400 7.26(400
7.28(403 1.39E+00 3.42(401 4.63(401 3.42E+00 6.77(400
8.23E+03 1.22E+00 2.98E*01 4.00(401 3.17E400 6.31E+00
9.19(403 2.09(4+00 2.59(402 3.4&E+01 2.94(400 5.90(+00
1.02E*04 9.84E-01 2.25(402 3.06E+01 2.78(400 5.50(400
1.12E+04 8.92E-01 1.96E*01 2.73(402 2.65(400 5.16(400
1.22E+04 8.21E-01 1.74E401 2.47(401 2.53E+00 4.86(400
2.32(404 7.56E-01 i.58(401 2.23E*02 2.40(400 4.64E+00
1.42E*04 7.04E-01 1.45(402 2.06E+01 2.31E400 4.45(400
2.52(404 6.59t-01 1.32E402 1.92E*01 2.25(400 4.27(400
1.62E+04 6.17E-01 2.21(401 1.80E401 2.19E+00 4.21(400
1.72E404 5.92E-01 i.11(401 1.69(E+01 2.13E+00 3.96(400
1.82(404 5.49E-01 2.04E402 1.57(401 2.05E+00 3.82E+00
1.92E*04 5.21E-01 9.66E+00 2.45(402 1.97(400 3.68E+00
2.02E+04 4.96E-01 9.07(400 1.33E401 2.8(E00 3.55E+00
2.12(04 4.71E-01 9.35E+00 1.23E+01 2.82(4*00 3.41(400
2.22E*04 4.51E-01 7.73(400 2.14(401 2.74(400 3.29E+00
2.32E*04 4.30E-01 7.26E*00 2.06(402 2.67(400 3.27(400
2.42(404 4.13E-01 6.71E+00 9.82E+00 1.61E400 3.05E*00
2.52E+04 3.V7E-01 6.12(00 9.20E+00 2.57(400 2.93(400
2.62E+04 3.8tE-01 5.61E*00 8.63E+00 1.53E+00 2.82(400
2.72E.04 3.68E-01 5.09E#00 8.23(400 1.50E+00 2.71E+00
2.82E+04 3.54E-01 4.59E#00 7.78E+00 1.49E400 2.61E+00
2.V2E+04 3.42E-01 4.16E*00 7.46E+00 1.48E+00 2.52E+00
3.02E+04 3.31E-01 3.82E400 7.12E+00 1.46E+00 2.44E*00
3.12(04 3.20E-01 3.52E+00 6.97E*00 2.45(400 2.37E400
3.22E+04 3.11E-011 3.26E+00 6.65E+00 1.44E+00 2.32(400
3.32E+04 3.01E-01 2.99E+00 6.48(400 2.44(400 2.25E+00
3.42E+04 2.92E-01 2.72E+00 6.31E400 1.44E400 2.29(400
3.52E#04 2.84E-01 2.51E*00 6.26(400 1.44E*00 2.14E+00

*3.62E+04 2.76E-01 2.29E+00 6.02E+00 1.44E400 2.09(4*00
3.72E+:4 2.69E-01 2.09(400 5.99E+00 1.44(400 2.04E+00
3.82E+04 2.62E-01 1.97E+00 5.79E+00 1.44E+00 2.01E+00
3.92(404 2.55E-01 1.78E+00 5.71E400 2.45(400 i.97E*00
4.02E+04 2.49E-01 1.62E+00 5.60(400 1.45(400 1.93E400
4.12E*04 2.43E-01 1.52E*00 5.58E+00 2.46(400 1.91E+00
4.22(404 2.37E-01 1.41E+00 5.56E+00 1.47E*00 1.9E00
4.32E+04 2.31E-01 1.34E+00 5.50E+00 2.47(400 1.87E+00
4.42E+04 2.26E-01 1.36(400 5.39E+00 1.45E+00 1.86E+00
4.52(404 2.21E-01 1.39E*00 5.29E+00 2.43(400 2.85(400
4.62(404 2.16E-01 1.40(400 5.29(400 1.41E+00 1.84E*00
4.72(404 2.12E-01 1.41E+00 5.02E*00 2.38(400 1.S2E400
4.82E+04 2.07E-01 2.32(400 4.84E+00 1.36E400 1.78(400
4.92E.04 2.03E-01 1.32E+00 4.62E*00 1.32E+00 1.75(400
5.02(404 1.99E-01 1.26E*0O 4.42(400 1.29E+00 1.71E+00
5.12(04 1.95E-01 1.20E400 4.21(400 1.26E+00 2.67(400
5.22E+04 1.92E-01 1.19E+00 3.94E+00 1.21E400 1.63E+00
5.32E+04 1.98E-01 1.18E400 3.69(400 1.16E+00 1.59(4*00

TABLE 6. Co, COBALT (Continued)
J. H. We~aver, E. Calavita, D. W. Lynch and R. Rosoi, Phys. Rev. 8 19,
3850 (1979).

w(cm- 1 ) .(pm) -42 42 n It

8.07(402 1.24E+01 1.39(4#03 5.08(402 6.72(400 3.79(402
1.05(+03 9.54E+00 9.05E#02 3.29(402 5.30(400 3.06(402
2.22(403 8.27E+00 6.27E402 2.37(402 4.66E400 2.55(402
1.61(403 6.20E400 3.40E+02 1.33(402 3.55(400 2.86(+02
2.02(403 4.96(400 1.97E#02 1.16(402 3.90(400 1.46(402
2.42E*03 4.13(400 1.32E+02 9.63(402 4.04(400 1.22E401
2.82E+03 3.54(400 9.03E*01 8.68(402 4.29(400 2.04(402
3.23(403 3.210(400 6.54E+01 7.74(402 4.24(400 9.23(+00
3.63(#03 2.76(400 4.90(402 6.9(402 4.24(400 8.12E400
4.03(403 2.48(400 3.22E402 6.34E+01 4.41(4000 7::$9(400
4 44(43 2.07E# 00 1.35E#401 6.02(402 4.92(400 6.240
5.65(403 2.77(400 &.76E+00 6.13E401 5.24(400 5.85(400
6.45(403 1.55E#00 7.96(#00 6.09(402 5.27(400 5.9(400
7.26(403 1.38(400 1.20(402 5.88(401 4.94E+00 5.95E400
8.07(403 2.24(400 1.44(+01 5.23(402 4.46(400 5.86E400
9.60(403 21.03(400 1.42(401 4.08(#02 3.82(400 5.36(400
2.22(404 8.27E-011 2.50(#01 3.08E+01 3.20E+00 4.9&E+00
2.62(404 6.20E-01 2.22(E#01 1.77(401 2.22(400 4.00(+00
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TABLE 7. Fe, Iron~
J. H. Weave., E. Colavita, 0. W. Lynch, and R. Roset, Phys. Rev. 9 12,
3050 (13979).

w(cm-
1
) X.(pm) -41 42 I' k

8.07(402 I. 24(402 1.05E+03 4.24E+02 6.41E+00 3.311+01
5E+ 1.5 3 9.54E400 6.79E402 3.36E+02 6.26E400 2.66(401

1.21E+03 8.27(400 4.82E+02 2.86E+02 6.26(400 2.28(+01
1.37E+03 7.29E+00 3.82E+02 2.38E#02 6.28(400 2.05E+01
1.61E403 6.20E400 3.29(402 1.34(402 3.68E+00 1.82(40!
1.77E+03 5.64(400 2.16(402 1.49E+02 4.80E+00 1.55(+01
1.94E+03 5.17E+00 1.88(402 1.45E+02 4.96E+00 1.46(403
2.10(403 4.77E+00 3.62(402 1.36E+02 4.98(+00 1.37(401
2.26(403 4.43E+00 1.43E#02 1.23E+02 4.79(400 1.29E+01
2.42(+03 4.13(400 1.21E+02 1.17(402 4.87E+00 1.22(401
2.56(403 3.97E400 1.21(402 2.09(402 4.73(400 1.15(401
2.74(403 3.65(400 9.69(402 2.03(402 4.70(400 1.09E+01
2.90(403 3.44E.00 9.72(401 9.77E+01 4.66(400 1.04(401
3.06E+03 3.26E+00 8.00(401 9.32E+01 4.63E+00 2.01E401
3.23(403 3. 10(400 7.55(402 8.62E401 4.42E+00 9.75E400
4.03(403 2.49(400 4.72(401 6.64(401 4.14E400 8.02(400
4.84(403 2.07(400 3.29(402 5.46E401 3.93(400 6.95E400
5.65(403 1.77(400 2.30(401 4.66E401 3.78(+00 6.17E400
6.45E403 1.55(400 2.90(401 4.09E401 3.65(400 5.60(400
7.26(403 1.30(400 1.42E401 3.63E+01 3.52(400 5.16(400
8.07(403 1.24(400 1.12E401 3.29(401 3.43(400 4.79(400
8.97(403 1.13E+00 1.03E401 3.08(401 3.33(400 4.62(400
9.68(403 1.03(+00 7.65(400 2.76(402 3.24(400 4.26(400
1.05(+04 9.54E-01 6.58(400 2.57(401 3.16(400 4.07E+00
1.13E+04 8.86E-01 5.24(400 2.41(401 3.12(400 3.87(400
1.22(404 8.27E-01 4.91(400 2.30(401 3.05(400 3.77(400
2.29(404 7.75E-01 3.96E+00 2.16E401 3.00(400 3.60E+00
2.37(404 7.29E-01 3.51E+00 2.30(402 2.98(400 3.52(400
1 .45(+04 6.89(-01 3.45E+00 2.02(401 2.92(400 3.46(400
1.53(404 6.53E-01 3.00(400 1.93(401 2.89(400 3.37E+00
1.61(404 6.20E-01 3.13(400 1.92(+01 2.86(400 3.36(400

TABLE 7. Fe, Iron (Continued)
G. A. Bolotmn, M. MI. Kirillova, and V. M. Mayevskily, Phys. Met. Metal),
27(2) 31 (1969).

U(cm'1) .(I'm) -42 42 n k

5.26(402 1.90(401 1.92E+03 2.09(403 1.20(402 4.54(401
5.56E+02 1.90(402 2.50(403 9.52(402 1.15E401 4.14(402
5.80(402 1.70E401 1.42(403 8.70(402 1.32(401 3.92(401
6.25E402 I.600 3.27(403 9.04(402 1.09E+02 3.72E+01
6.67(402 2.50(401 1.15E403 7.62E+02 3.07(401 3.56(402
7.14(402 3.40(402 1.06E+03 7.10E+02 1.05(+01 3.42(402
7.69(402 1.30(402 9.52E+02 6.62(402 3.02E401 3.25(402
9.33(402 1.20(401 9.43X402 5.47(402 9.00(400 3.04(401
9.09E+02 1.20(402 7.20(402 4.48(402 6.00(400 2.60(402
2.00(+03 3.00(401 6.06(402 3.50(402 7.00(400 2.56(402
2.22(403 9.00(400 4.67(+02 2.92(402 6.60(400 2.2&E401
1 .25(+03 9.00(400 3.46(402 2.56E402 6.50(400 2.97(401
1.43E403 7.00(400 2.60E4082 1.9P4E402 5.60E400 1.73(401
1.67(403 6.00(400 3.69(402 1.35(402 4.65E+00 1.45(402
2.00(403 5.00(400 3.39(402 1.04(402 4.15(400 1.25E401
2.50(403 4.00(+00 8.36(402 8.10(4011 4.05(400 2.00(402
3.33(403 3.00(400 4.72(403 6. 16(402 3."0(400 7.9(00
4. 27(403 2.40(400 4.02(402 4.27E+01 3.130(400 7.05(400
5.00(403 2.00(400 2.92(402 3.97(402 3.15E+00 6.30(400
6.47E+03 1.50(+00 2.0(401 3.02E401 2.S5W'00 5.30E+00
1.00(404 3.00(400 1.51E401 2.08(403 2.30E400 4.52(400
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TAMLE 8. Ni, NICKEL
*D. W. Lynch, ft. Rosol and J. H. Weaver, Solid State Caimiun._1,

2195 (1971).

wilcm-') x(pmn) -41 42 n k

0.07E*02 I.24E+01 2.01(403 8.74E+02 9.54E+00 4.58(401
87E+02 1.33E*01 1.68(403 6.79E+02 8.12(400 4.18(401

9::3E+:3 1:11E:: ::4:E-:3 5:44E+:2 7.13400*: 3.9303:
15(403 9.5 0 E+ .23E403 4.55E+02 6.44(40 3.5340

31.13(03 9.86(400 1.04(403 3.92E+02 5.83E+00 3 .28(401
1.21E+03 0.27E+00 ?.04E*02 3.33E+02 5.45(400 3.06(403
1.29(.*03 7.75E+00 7.95(402 2.86E.02 5.00(400 2.86E+01
1.37(403 7.29(400 6.98E+02 2.51E+02 4.68(400 2.68E+01
1.45(403 6.89(400 6.17E402 2.25(402 4.45E+00 2.52E+01
1.53X+03 6.53(400 5.48E+02 2.05E+02 4.30E+00 2.38E+01
1.61E403 6.20E400 4.88E402 3.85(402 4.12E*00 2.25E+01
1.69(403 5.90(400 4.35(402 1.76E*02 4.13E+00 2.13E*01
1.77(403 5.64(400 3.92(402 1.66E+02 4.31(400 2.02(403
1.86E+03 5.39(400 3.54E+02 1.60E402 4.34E400 1.93E+01
3.94(403 5.17E+00 3.22E+02 1.53E+02 4.36(400 3.84(403
2.02E+03 4.96E+00 2.95E+02 1.50E+02 4.25E+00 1.77(401
2.10E+03 4.77E+00 2.73E+02 3.46(402 4.29(400 1.71(403
2.38(403 4.59E+00 2.54E+02 1.42E+02 4.30E+00 1.65E+01
2.26(403 4.43E.00 2.37(402 3.38(402 4.30(400 1.60E401
2.34E+03 4.29(400 2.22E+02 1.32E402 4.26E+00 1.55E+01
2.42(403 4.13E00 2.09(402 1,26E402 4.19E+00 1.51E+01
2.66E+03 3.76E+00 1.73E+02 1.13E02 4.10E+00 1.30(403
2.82E+03 3.54(400 1.54E+02 1.05E+02 4.03(.00 1.31E+01
2.98E+03 3.35E+00 1.38E+02 P.84E*01 3.97E+00 3.24E403
3.15E+03 3.39E+00 1.23E402 9.12E+01 3.88(400 3.18(401
3.23E*03 3.10(400 1.16(402 8.78(401 3.84E+00 1.14E+01
3.63(403 2.76E*00 8.62E+01 9.56(403 4.20(400 1.02E+01
4.03E+03 2.48(400 7.67E+01 7.77(403 4.03E+00 9.64(400
4.44E+03 2.25E400 6.44(403 6.96(401 3.90(400 8.92E+00
4.84E+03 2.07E400 5.50E401 6.43(403 3.84E*00 8.35(400

*5.24E+03 1.91E+00 4.91E+01 5.84E+01 3.69E+00 7.92E+00
5.65(403 3.77(400 4.31(403 5.37E*01 3.59E+00 7.48E+00
6.05E403 1.65E+00 3.87E+01 4.98E+01 3.49E+00 7.13E+00
6.45E+03 1.55E+O0 3.51E+01 4.61E+03 3.38E+00 6.92E+00
6.86(403 1.46E400 3.17E+01 4.26E+01 3.27E*00 6.51E400
7.26E+03 1.38(400 2.97E+01 3.96E+01 3.18E(00 6.23E+00
7.66E+03 1.31E*00 2.61E+01 3.72E+01 3.33(400 5.98E.00
9.07(403 1.24E*00 2.36E+01 3.53E401 3.06(400 5.74(400
8.47E+03 3.38(400 2.17E+01 3.34E+01 3.01(400 5.55E+00
8.87E+03 1.13(400 2.01E+01 3.20E+01 2.97E*0O 5.38E.00
9.29(+03 3.08(400 3.90(401 3.05E+01 2.91E+00 5.24(400
9.68E+03 1.03E400 1.79E+01 2.91E+01 2.95(400 5.10E*00
1.01(404 9.92E-01 t.69E401 2.78E+01 2.80E+00 4.97E400
1.05E+04 9.54E-01 1.60E+01 2.66E+01 2.74E*00 4.05E+00
1.09E404 9.18E-01 1.51E+01 2.54E+01 2.69(400 4.73E400
1.13E04 8.86E-01 1.44(403 2.45(403 2.65E+00 4.63(400
1.17(404 8.55E-01 1.40E401 2.36(#01 2.59E+00 4.55(400
1.21E+04 8.27E-01 1.36E+01 2.26(401 2.53(.00 4.47E+00
1.25E#04 9.00(-01 3.30(403 2.17E*01 2.48(400 4.38(400
1.29(404 7.75E-01 1.27E+01 2.09(403 2.43(400 4.31(400

TABLE B. Ni, Nickcel (Continued)
B. Johnson and Rt. W. Christy, Phys. Rev. B99, 5056 (1974).

)~cf( t) M) -41 42 n k

5.16E403 1.94(+00 7.06(401 6.31(401 3.47E+00 9.09(400
6.21(+03 1.61(400 3.35(#01 5.00(401 3.14E+00 7.96(400
7.316+403 3.39(400 4.34(403 4.39(403 2.96(+00 7.08(400
8.23E403 1.22(400 3.36(403 3.59E#01 2.79E*00 6.4X+400
9.39(403 3.09(400 2.83(401 3.34(403 2.65(400 5.93(400
1.02E+04 P9S4E-01 2.47E+01 2.75(401 2.48(400 5.55(400
3.32(404 S.92E-03 2.16E401 2.53(403 2.40(400 5.23X+00

*1.22(404 8.2t(-01 3.96(401 2.25(401I 2.26(+00 4.97E+00
3.32(404 7.56E-01 3.?8E401 2.03(403 2.33(400 4.73(400
3.42(404 7.04E-01 1.60(401 I.95(403I 2.06(400 4.50(+00
3.52(404 6.5PE-01 1.42(401 1.70(401 3.99(400 4.26E400
1.62(404 6.17E-01 1.22(401 3.60(401 3.99(4*00 4.02(400
1.72E+04 5.S2E-01 3.06(403 3.49(403 1.96(400 3.60(400
1.02(404 S.49(-01 9.35(400 3.39(4+01 3.92(400 3.63(E+00
3.92(404 5.21E-01 8.27(400 3.27(403 3.85(400 3.42(400
2.02(404 4.P6(-01 7.25(400 1.38(401 1.32(400 3.25E+00
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TAfLE 10. Pt, Platinum
J. H. W*&Avw Ptiys. Rev. 9 3 141d (1975).

6.07(402 1.24E401 1.83(403 1.18(403 1.32E401 4.47(401
1.05E*03 9.54(400 1.25E*03 7.29E+02 9.93(400 3.67(401
1.21E#03 9.27(400 9.04E+02 5.10E#02 6. 16(00 3.12E401
3.37E403 7.29(400 6.92E+02 3.68E+02 6.76(400 2.72(401
1.61E#03 4.20E#00 5.3?E402 2.83X402 5.90(400 2.40E#01
2.42(403 4.13(400 2.46E402 3.27(402 3.92(400 1.62(401
3.23(403 3.30E*00 1.22E#02 6.40E*01 2.83(400 1.14(401
4.03(403 2.48(400 4.42(401 A.03('a3 3.93(400 7.71(400
4.84(403 2.07(400 1.92E+01 6.93E 01 5.33(400 6.75(#00
5.65(403 3.77(400 3.40(401 7.80(403 5.73(400 6.83(400
6.45(403 1.55(400 2.34(403 7.46(403 5.31E+00 7.04(400
8.07E403 1.24E+00 2.56(401 5.63(401 4.25(400 6.62(400
1.23(404 9.27E-01 1.72E401 2.96E#01 2.92(400 5.07(400
3.61(404 6.20E-01 3.13(401 3.67(40 3 2.30E+00 4.07E+00

TASLE 10. Pt, PLATINUMt (Continued)
J. H. Weaver, D. Wr. Lynch, and C. 0. Olson, Phys. Rev. 9 11t. 503 (3974).

3.(cm' ) x(3A*) -41 42 n Ic

9.06(402 1.24(403 1.62(403 9.29E402 3.33(403 4.36(403
3.20(403 9.30(400 8.02(402 4. 16(+02 7.132E+00 2.92E+01
1.61(+03 6.20(+00 4.75E*02 2.30(402 5.14(400 2.24(403
2.42E+03 4.33(400 2.17(+02 3.02(402 3.39(400 3.53(403
2.82(403 3.54(400 1.56(+02 7.19(#03 2.93(400 3.26(403
3.23E+03 3.10(400 3.09(402 5.24(+01 2.45(400 1.07E403
3.62(403 2.76E+00 6.93(403 4.77E#01 2.72E#00 6.76(400
4.03(+03 2.49(400 4.33(+01 5.47(403 3.64(400 7.52(400
4.44(+03 2.25(400 3.09(+01 5.59(403 4.06(400 6.86(400
4.83(403 2.07(400 2.21(401 6.03(+01 4.5K(400 6.56E+00
5.24(403 1.93(400 3.9(403 6.26(403 4.82(400 6.49(400
5.65(403 1.77(+00 1.86(401 6.35E+01 4.66(400 6.53(400
6.06E+03 3.65(400 2.00E+01 6.32E+01 4.63(400 6.57(400
6.45(403 1.55(400 2.38(401 6.33(403 4.64E*00 6.56(400
6.85(403 3.46(400 2.37(401 5.74(403 4.36(400 6.55(400
7.25E+03 3.38(400 2.47E+01 5.28(403 4.30(400 6.44(400
6.06(403 3.24(400 2.40(401 4.49(403 3.67(#00 6.32(400
8.65E+03 3.13(00 2.22(403 3.97(403 3.35(400 5.76(400
9.71(403 1.03(+00 2.04(403 3.35(403 3.07(#00 5.46(400
3.05(404 9.50E-01 1.85(401 2.96(401 2.86(400 5.37(400
3.32(404 9.90E-01 3.68(403 2.63(401 2.66(400 4.90(#00
1.20(404 0.30E-01 3.55(403 2.35(403 2.52(400 4.67(400
1.30(+04 7.70E-01 3.43(403 2.13(#01 2.39(4*00 4.45(400

I.37(404 7.30E-01 1.30E401 1.93(401 2.27(400 4.26(400
3.45E+04 6.90E-01 3.19(403 3.77(403 2.37(400 4.06(400
3.49(404 6.70E-01 3.35(403 3.70(403 2.32(400 4.00(+00
1.54(404 6.50E-01 3.33(403 3.64(403 2.09(400 3.93(400
1.56(404 6.40E-01 3.13(403 1357E#01 2.02E+00 3.9(4000
3.61(404 6.20E-01 3.06(403 3.49(403 3.96(400 3.80(400
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TABLE 13. Ti, TIT41U9
M. M. Kirillosa and 8. A. Charilkov, Opt. Spcctry 7, 334 (1964).

kflcm- 1 ) MIP.) -41 42 n k

-j5.00(902 2.00(903 8.43(902 3.37(903 3.73(903 3.38E+03
5.26(+02 3.90(901 6.85E*02 1.04E+03 1.68(901 3.33(903
5.56(.02 1.80(+01 6.54(902 8.82(.02 3.49(9+03 2.96(903
5.88902 3.70(903 5.96(+02 7.67E+02 1.37(901 2.80(901
6.25E+02 1.60(903 5.65(902 7.05(902 3.30(901 2.73(903
6.67(902 1.50(901 5.11(902 6.14(902 3.20(903 2.56E+01
7.34(902 1.40(903 4.74(902 5.25(902 3.09(901 2.43(903
8.33(902 3.20(+01 3.36(+02 3.77(.02 9.20(+00 2.05E+01
9.09E+02 3.30(901 3.24(902 3.38902 8.50(+00 1.99(+01
3.00(903 1.00(903 2.81(902 2.90(902 7.85(.00 1. 85(901I
3.31(903 9.00(900 2.22(902 2.42E#02 7.30(.00 3.66E+03
1.18(903 9.50(900 2.11E#02 2.24(+02 6.96(+00 1.61E901
1.25(903 8.00(900 1.76(902 3.94(902 6.56E+00 3.48901
3.33E*03 7.50(+00 1.53E+02 1.75(902 6.31E+00 1.39E+01
1.43E+03 7.00(+00 1.36E+02 3.58(902 5.99E.00 1.32E+01
3.54(903 6.50(+00 1.17E+02 1.37(902 5.63E+00 3.22(903
3.67E+03 6.00(900 9.87(903 3.22E+02 5.38(900 3.33(903
1.92(903 5.50E+00 8.04E+03 1.04E902 5.07E+00 3.03(901
2.00(903 5.00(900 6.06(+03 8.94E+01 4.97(900 9.38900
2.22E903 4.50(900 4.32(901 7.51E+01 4.66(900 8.06(900
2.50E+03 4.00(900 3.33(903 6.789*01 4.66(900 7.27(900
2.86(903 3.50(900 2.25(901 6.00(903 4.56E+00 6.58900
3.33(903 3.00(900 3.31(+01 5.33(903 4.57(+00 5.83(900
4.00(903 2.50(+00 8.37(900 4.93E+03 4.57E+00 5.39E+00

TABLE 33. Ti, T3T*43t* (Continued)
0. W. Lynch, C. 6. Olson, and J. H. Weaver, Phys. Rev. 8 11, 3617 (1975).

s(cm-
1
) MAM) -41 42 n k

8.07E+02 3.24(903 5.21(902 2.35(902 5.03(900 2.34(901
9.69(902 3.03(+03 3.76(+02 1.54(902 3.90(900 1.98(901
3.05(903 9.54(900 3.20(+02 3.27(902 3.49E900 3.92(903
3.21(903 8.27(+00 2.38(902 9.43(+01 3.00(900 1.57(903
1.63(+03 6.20(900 3.24(902 4.03(901 2.12(+00 3.13(901
1.69(903 5.90(.00 1.08(902 4.33(901 2.04(900 3.06(903

TABLE 33. Ti, TITANIUMI (Continued)
P. B. Johnson and R. W. Christy, Phys. Rev. *Z-, 5056 (1974).

kfcr' ) MA) -43 42 n It

5.16E+03 3.94(900 3.46(903 3.64E+01 3.51(.00 5.39(900
6.21E+03 1.61E+00 9.47(900 3.47(903 3.6ft900 4.70(900
7. 39E+03 1.39E+00 5.63(900 3.23(#03 3.67E+00 4.37(900
9.23(903 1.22E+00 4.32(900 3.00(903 3.62(900 4.13(00
9.19E+03 3.09(900 3.93(.00 2.83(903 3.50(900 4.02E#00
1.02E#04 9.84E-0I 4.54E+00 2.66(901 3.35(900 3.97(900
3.32(904 0.92(-01 4.86E+00 2.61E#01 3.29(900 3.96E+00
3.22(904 8.21E-01 5.78900 2.57E+01 3.21E+00 4.03(+00
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TAMLE 13. Ti, TITANIUM (Continued)

M. N. Kirillw..a and S. A. Charikov. Phys. Net. 1~,38 (1963).

W(cm- 1) X(ps) -4 1 42 n k

2.50(403 4.00E+00 3.37(401 6.79E+01 4.65E+00 7.30(400
2.86(403 3.50(4(10 2.29(401 6.01E+01 4.55E+00 6.60E#00
3.33(403 3.00(400 1.44(403 5.21(403 4.45(400 5.55(400
4.00(403 2.50E+00 0.20E400 4.62E401 4.40(400 5.25(400
4.17(403 2.40E+00 9.17E+00 4.63E+01 4.35(400 5.30(400
4.35(403 2.30(400 6.94E+00 4.25(401 4.25E400 5.00(400
4.55E*03 2.20E+00 7.36E400 4.20E+91 4.20(400 5.00E+00
5.00(403 2.00E+00 7.12(400 3.93(+01 4.05(400 4.05(400
5.56(+03 3.60E400 4.76E+00 3.73X+01 4.05(400 4.60(400
5.68(403 1.70(400 5.81E+00 3.42E+01 3.60(400 4.50E#00
6.25E*03 1.60E+00 5.36E*00 3.38(40I 3.60(400 4.45(400
6.45(403 1.55(400 6.56(400 3.33(401 3.70E+00 4.50E400
6.67E+03 1.50(400 4.48(400 3.31(403 3.60(400 4.35(400
6.90(403 1.45E+00 4.37E+00 3.15(401 3.70E400 4.25E+00
7.34E*03 1.40(400 5.04E400 2.96(401 3.55(+00 4.20(400
7.41E*03 1.35(400 3.75(400 2.80(401 3.50(400 4.00(400
7.69E*03 1.30E*00 4.84E+00 2.75(403 3.40E400 4.05E400
6.00E+03 1.25E400 8.47E400 2.90(401 3.30(400 4.40(400
8.33(403 1.20(400 5.60(400 2.42(403 3.10(400 3.90(400

TABLE 11. Ti, TITANIUM1 (Continued)
0. A. Bolotin, A. N. Voloshinlcii, M. M. Nealcav, A. V. Sok~olov, and
8. A. Charikov, Phys. Met. and Met. 12, 823 (1962).

W(cm'1) X(1111) -41 42 n k

1 .00E+03 1.00E+01 2.36E+02 3.21E+02 9.01E+00 1.79(403
1.05E+03 9.50(400 2.19E402 2.93(402 8.56(+00 1.71E+01
1.1(E+03 9.00(400 2.19(402 2.51(402 7.56(400 1.66E401
3.38(403 9.50(400 2.13(402 2.24E+02 6.96E400 1.63(403
1.25E+03 8.00(400 1.76E+02 3.94(402 6.56(400 1.48(401
3.33(403 7.50(+00 3.53(402 3.75(402 6.31E#00 1.39E+01
1.43(403 7.00(400 1.38(402 1.58E+02 5.99E400 3.32(401
1.54E+03 6.50(+00 1.37(402 3.37(402 5.63E400 3.22(401
3.67E+03 6.00(400 9.87E+01 1.22(402 5.38(400 1.3(401
1.82E+03 5.50(400 8.04(403 3.04(402 5.07(400 3.03(401
2.00(403 5.00(400 6.06(401 8.94E+01 4.97(400 9.19(+00
2.22(+03 4.50(400 4.34(401 7.52E+01 4.66E+00 8.07(400
2.50(403 4.00(400 3.13(+01 6.79(401 4.66(400 7.27(+00
2.86(403 3.50(400 2.25(401 6.00(+01 4.56(+00 6.58(400
3.33(403 3.00(400 1.33(401 5.33(+01 4.57E400 5.83(400
4.00(403 2.50(400 9. 37(400 4.93(401 4.57(+00 5.39(+00
5.00(403 2.00(400 4.24(400 4.24(401 4.38(10 4.84(400

4r we '21_ w . 2(110)~~~ - i', , /2]1i217)K. I~)
The dc conductivity (1( is related to wp and W, by Ill Determination of Drude Model Parameters

fy = w All data in the form of nl and h were changed to ( and
with (To having units of cm-1 This can he expressed in f2. Equat ions (3) and (4) were solved for u),, eliminating
terms of the dc resistivity 1)4): W)

e,(cmn ') = /2# () = (9 X 101 
1 Ij2rmcp,.W cmi. (9) __12)__

To analyze the data of Brandli, and Sievers' it is (
convenient to write the surface impedance Z(w) for the This equation was solved to determine w, using (I and
IDrude model 2: (2 at some frequency w. Then wp, was obtained from

Z(,0 10,Itw+,XI)=-(I +, (1) 2(+-El) + [(I)

This was (done for several values ((Iw to obtain several
- pairs of w, and l-l% which produce the curve with the

We shall need only 11(w): best eyeball tit to the data.
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TABLE '2. N, TUNGSTEN
L. V. Norsannaya, M. M. Kirllova, and N.M. Noskov, Opt. Spoctry.
17, 134 (1964).

U(cmr ) MOMm) -43 42 n kc

5.00(402 2.00(403 4.32E+03 2.39(403 1.75E401 6.80E+01

5.26E+02 1.90(401 3.70(403 2.05E403 1.63E+01 6.30E+01
5.56(402 3.90(403 3.56E+03 3.90(403 1.54E+01 6.16(403
5.98E#02 1.70(401 3.37E+03 1.90(403 1.50E+01 6.00(403
6.25(.02 1.60E+01 3.32E+03 1.91(4+03 3.60E*01 5.99(40!
6.67E+02 3.50E401 3.19(403 1.69E+03 1.45(403 5.93(401
7.14(402 1.40E401 2.94(403 1.43E403 3.20(401 5.57E*03
7.69E+02 1.30(401 2.65E+03 1.13E+03 1.07E+01 5.26(403
8.33E+02 3.20E+01 2.42(.03 3.10E+03 1.09E401 5.04(401
9.09(402 1.10(401 2.05E+03 9.80(402 9.50(400 4.63E*01
3.00(.03 3.00(403 1.65E403 6.85(402 9.25(400 4.15(401
3.05E+03 9.50(400 1.51E+03 5.85E+02 7.40(400 3.95(403
1.11(403 9.00(400 1.36(+03 5.49(402 7.30(400 3.76(403
1.18(403 9.50(400 1.19(403 4.49(402 6.40(400 3.50(+01
1.21E#03 9.25(400 3.3(403 4.30(402 6.00(400 3.42(403
1.25E403 9.00(400 1.07(403 4.06E+02 6.30(+00 3.33E+01
1.29E403 7.76(400 3.03(403 3.49(402 5.40(400 3.23E+01
1.33(403 7.50(+00 9.34(+02 3.19(402 5.15(400 3.10(401
3.30(+03 7.25(+00 9.43(402 3.07E+02 5.20(400 2.95E+03
1.43E+03 7.00(400 7.72E+02 3.03(+02 5.35(+00 2.93(401
3.4K(403 6.75(400 6.69(402 2.95(+02 5.40(400 2.64(+01
1.54(+03 6.50(400 5.90(402 2.49(402 5.03(400 2.48E401
I.60E+03 6.25(400 5.42(402 2.33(402 4.90(+00 2.38(+01
1.67(403 6.00(400 4.97(402 2.19(402 4.95(400 2.26(401
1.74E+03 5.75E+00 5.00(402 2.05(+02 4.50(400 2.20(E003
1.92E+03 5.50(400 4.92(402 2.01(402 4.49(400 2.24(401
I.90(.03 5.25E+O0 4.90(402 3.83(+02 4.13(400 2.23(+01

*2.00(403 5.00(400 4.37E+02 1.49(402 3.49(400 2.12E+01
2.11(403 4.75(400 3.93(402 3.32(+02 3.33(+00 1.99(401
2.22(+03 4.50(.00 3.89(402 1.13(402 2.95(+00 1.99E401
2.27(403 4.40(400 3.95(+02 1.05(+02 2.65(400 3.98(403
2.39(+03 4.20(400 3.53(402 9.50(401 2.50(+00 3.90(403
2.44(403 4.130(400 3.49(402 9.65(401 2.30(400 3.99(401
2.50E#33 4.00(400 3.30(402 9.16(403 2.23(+00 1.93E+03
2.56(403 3.90(+00 3.135(+02 7.95(401 2.22E#00 1.79E+01
2.70(403 3.70(400 2.81E+02 7.44(401 2.20(400 3.69(401
2.78(403 3.60(400 2.69(402 6.60(403 2.00(400 1.65(403
2.94E403 3.40E.00 2.35(+02 7. 19(403 2.32(+00 1.55(403
3.03(+03 3.30E+00 2.37(402 6.73(403 2.26(400 3.49(401
3.13(403 3.20(+00 2.09(402 6.49(401 2.22(400 1.46(403
3.23(+03 3.30(400 3.97(402 6.215(403 2.20(400 3.42(401
3.33(403 3.00(400 3.94(402 7.19(#03 2.60(400 1.38(+01
3.45(403 2.90(+00 3.76(+02 6.9(401 2.55(+00 1.35E+01
3.57E#03 2.90(+00 1.60(+02 6.26(403 2.30E.00 1.36(+01
3.70(#03 2.70(400 3.54(402 5.29(403 2.10E+00 3.26(403
3.85(403 2.60(400 3.39E402 5.36(403 2.35(400 3.20(401
4.00(403 2.50(.00 3.29(402 4.71(403 2.05(400 3.15(403
4.17(+03 2.40(+00 3.29(.02 4.95(403 2.15(+00 1.15(+01

TABLE 32. W, TUNGSTEN (Continued)

bflcm- A) MPmf) -41 42 n kc

4.35(403 2.30E+00 9.80(403 4.04(403 2.00(.00 3.03(401
4.55(403 2.20(400 9.95E+01 3.65(+01 1.90(400 9.60(+00
4.76(403 2.10E+00 7.59(401 3.29(E+03 1.85(400 9.90(400
5.00(403 2.00(400 6.09(+01 2.90(+03 1.75(+00 9.00(400
5.26(403 3.90(+00 4.96(403 2.90(403 2.00(400 7.25E.00
5.56(+03 1.90(+00 4.32(+01 2.84(403 2.30(+00 6.75(400

*5.73(403 1.75(400 3.9(401 2.62E+01 2.00(400 6.55(+00
5.9(+03 I.70(.00 3.34(401 2.59(403 2.30(400 6.15(400
6.02(403 1.66(400 3.27(.03 2.99(403 2.40E+00 6.20(400
6.25(403 3.60(400 3.99(401 3.53(403 2.60(400 6.75E+00
6.45(403 3.55(+00 2.53(403 2.90(403 2.50(+00 5.60(400
6.67(+03 3.50(+00 2.09(401 3.33(403 2.90(400 5.40(+00
6.90(403 3.45(400 3.75(403 3.09(403 3.00(400 5.35(400
7.14(403 1.40(400 1.73(401 3.36(+01 3.20(400 5.25E+00
7.43(403 3.35(E+00 3.64(+03 3.30(403 3.20(400 5.16E+00
7.69(+03 1.30(.00 3.53(401 3.23(401 3.20(.00 5.05(400
8.33(403 3.20(400 3.25(403 2.95(401 3.310(400 4.60(#00
9.09(+03 3.30(400 9.79(10 2.63(403 3.03(400 4.34(+00
3.00(#04 1.00(400 3.25(400 2.310(+01 3.00(400 3.50(400
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* TABLE 12. Wi, TUNGSTEN (Continued)
J. *4. Weaver, D. *4. Lynch and C. S. Olson, Phys. Rev. 9 12, 1293 (1975).

w(cm-') X(110) -41 42 n it

4.S4E+02 2.07(403 5.69(+03 5.71E#03 3.45E+01 9.29E+01
5.65E+02 1.77E+01 4.75E,03 3.91E+03 2.65E401 7.39(401
6.45(402 3.55(403 3.83(4*03 2.73(403 2.09E401 6.53X401
7.26(402 3.36(403 3.31(403 2.04E+03 1.70E+01 6.00(401
0.07E*02 1.24E+01 2.80(403 3.54(403 1.41E*01 5.47E403
9.68(402 3.03(403 2.05E403 9.37E402 1.01E+01 4.64E+01
3.33(403 8.86E+00 3.56(403 6.09(402 7.58(+00 4.02(403
3.29(403 7.75(400 1.21(403 4.39E+02 5.92(400 3.53(401
3.63(403 6.20E+00 7.86E+02 2.39(402 3.87(400 2.83(401
2.42E+03 4.13(00 3.32E402 6.71E+01 3.83(400 1.83E+01
3.23(403 3.30(400 1.70E#02 5.31(401 1.94E+00 1.32E*01
4.03X+03 2.49E+00 1.09E+02 2.95E+01 1.40E400 1.05E+01
4.84E403 2.07E+00 6.39(403 3.P3E403 3.21E*00 7.96(400
5.65E+03 1.77E*00 3.50E401 1.95E+01 1.59E+00 6.33(400
6.61E+03 1.51E400 3.57(403 2.39(4*01 2.36(400 4.63(400
7.26(403 3.39(400 1.80E+01 2.76E+01 3.31E*00 4.44E+00
9.07(403 1.24E+00 9.90(400 2.71E+01 3.14E*00 4.32E400
1.21E+04 8.27E-01 -4.33(400 1.94E+01 3.48E+00 2.79E+00
1.61E*04 6.20E-01 -4.61E*00 2.08(401 3.60E*00 2.9(400

T&OWe13. Optical Psarmetm~s Found using a Orude Model Fit of the Experimental Dielectric Functions for Six Metals lor which the Dielectric Functions
could be Fit; here w, Is '1,e Frequency at which the Fit Is Forced, and -(,40) is -tj (w) at dc; the Crossover Frequency Apples to -#1 12

(cm- ( cm- ) .1)(cm- ) 7 (CM
F,(r f~t of !R fit P fit - - /.i. from dc crossover on

ddta 1rIIp resistivities -El 2 Plot
a nd ,

Al and rt

A! 4. r.7,13? 19 , 1 3700410 6.45.1C6 2 .000102

CuIx0 16 318-0 5.27.104 1.15.10 2 2.5500
14 5

A9 1.00003 .45100? 7.2500 4 2.5Ox0O5 1. 41 x10 2 1. 52x 10

Transition MetalsI

hI .06X102 4 . 33x102 4.8401O4 l.25xl104 2.16002 4.300102

The one exception to this process was the measure- IV. Data
ments of lBrandli and Sievers' for Au and Ph. They
reported values of R(w)Z 1 where Z,, = (470 /c. For the Figures 1-12 are plots (of - () and ((W) for the
far IR, Eq. 0 1) reduces to twelve metals. The high frequency termination occurs

where the Drudle model becomes invalid. The solid
___ ~ ~lines are calculated from the Drude model with the

ZO 2w%4r parameters listed in 'able 1:3. Tables 1-12 present the
w, was obtained from this data using w, from the near collected values of (1, (2, n and k. Table 13 summarizes
JR fit. This value of w, was used for gold and lead the Drudle model parameters from our fit (for Ag, Au,
rather than the w, obtained from the near IR fit. Cu. Al, Ph, and W) as well as w, calculated from wp and

We note from Eq. (12) the frequency for which -,(I ) the AlP Handbook'9 values of the dc resistivity. Di-
S(Aw) is ye ry nearly w = w, since -(I >> 1. With w = electric functions for all metals considered in this article

w, both components (~and (.) (of' the dielectric except Ph have been tabulated by Weaver et al. for the
function are ,:21(2W2). Thus the IDrudle parameters, W, I IV, visible, and near JR.
and w,, can be determined at the crossover from w = w, Finally, we disclaim any physical significance for the
and the value of the dielectric function. Note that lDrude model. The intent is only to parametrize the

_f W IW_: S _ I,( ( ,).optical constants for these m etals even when there is
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some question as to the physical meaning of the pa- 9. Au: H F Beninett and .1 M Bennett. Optical Properties and

rameters. The transition metals show interband Elcroi Stria turf' ,f Metals and Alloyvs. F. Aheles, Ed.
transht ons and cannot he fit with a Drude model in the INorth Hollanjd. Amsterdam, 1964Th p. 75;1L. G. Schulz,.. Opt.

JR ( ibtheexcptin tf W. Een he obl meals Soc. Am 44, . W :462 (1954): G P) Motutevich and A. A. Shubin.
IR (xii theexcptio ofW).Eventhenobl meals Soy I'hys -I' 20. '"1o )1%5). % G. l'adalka and 1. N Shkly.

in tht J R can have small interband contributions to the arevsku. Opt Spectrosc. 11 2. 85 19%1); G. A. Holotin, A. N_
dielectric constants' 4) Vsoloshinsin, M M Kirilra, M. M. Neskov, A. V. Sokolov, and

H A ('harako%. Fit. Met Metalloved. 13.82:1(1962); G. Brandli
and A. .1. Siesers. l'hv.. Rev. H 5, 3550 (1972).
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OPTION BASE 1
DIM R(4800) ,W(4800) ,F (4800) ,THETA(600)

***********Program Name KKtrap.CBS**************

J ** Kramers Kronig analysis of reflection ***

*** data. This program is designed to
* calculate the phase, and the real
*** and imaginary parts of the corplex
*** refractive index. These corrections *
*** are done by evaluating the integeral *
*** from zero to the lowest exp. point for ***
*** the lower wing, and then evaluate the *
*** integeral from the last exp. data point *
* to infinity for the upper wing.

* The upper and lower constant reflectance***
* *** is computed by averaging over the first *

*** five data points for the lower wing and ***

***~ the last five for the upper wing.

*** This spectrum is then used to conrute ***

*** the phase by doing a Trapezoidal
**** integeration over the data and wing *
*** corrections for the low and high ends. *

INFRARED LAB. 5/83
UNIVERSITY OF MISSOURI AT ROLLA

PHYSICS DEPTARTME*

VARIABLES ARRAYS & STRINGS USED IN PROGRAM

1 ARPAYS
I R (I%) ----- REFLCTANCE
if W(I%)------WAVE NUMBER (1/CM)

F (I%)-....ID
THETA(I%) -PHASE ANGLE
F (I%)--- ALSO USED TO STORE THE PHASE

'1 VARIABLES
I SUM-----INTERMEDIATE RESULTS OF INTEGRATION
* SUM1-----RESULTS OF INDIVIDUAL TERMS OF INTEGRATION

DERR-- DERIVATIVE OF R (W)
DELTAX- -USED IN SIMPSON INTERGRATION
DENOM----DENOMINATOR OF EQUATIONS FOR N AND K
RLOW------CONSTANT REFLECTION COEF.USED FOR LOWER WING I
REXT------CONSTANT " " " " " I

I1 PI.----3.14159265 I
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i STRINGS
'I FILENAME$--FILENAME OF RATIO DATA
I RNAME$---FILENAME FOR RESULTS W,N,K,E1,E2,3r3} I
I SNAME$----ILENAME FOR SCRATCH FILES

'II

CLS GOYO 3
BEEP :CLS : RESUME 3

3 INPUT "FILENAME OF RATIO DATA ";FILENAME$
ON EPJT)R GOO 1

OPEN "I",#I,FILENAME$
ON FTJWR GOTO 0

5 INPUT "IF k IS LESS ITM ZERO SET k EQUAL TD ZERO? Y(es)/N(o) ";FLAG1$

IF FLAG1$<>"Y" AND FLAG1$<>"y" AND FLAGI$<>"N" AND FLAG1$<>"n"_
THEN CIS _

PRINT "FILENAME OF RATIO DATA ";FILENAME$:_
GOTO 5

* INPUT "SCRATCH FILES T DISK -;DISK$
IF D1SK$="" THEN SNAME$="SCRATCH"_

ELSE SNAME$=DISK$+" :SCRACH"

INPUT "MAX IUM WAVE NUMBER TO COMPUTE RESULTS (RETURN FOR EN7TIRE RANGE) ""

LAS'IWAVE

GOSUB 1800 ' GET FILNAME FOR RESULTS

ENDPOINT%=0
NPTS%=1

20 IF DF(1) THEN 30
INPUT #1,W(NPTS%) ,R(NPTS%)

R(NPTS%)=SQR(R(NPIS%))
IF LASTWAVE>0.0 THEN_

IF W(NPTS%)<AS'WAVE THEN ENDPOINT%=NPTS%
NPTS%=NPTS%+I

IF NPI'%=4801 THEN PRI "**********ARRAYS FULL*********":-
INPUT "STRIKE ANY KEY TO CONTINUE OR Ctrl Break TM TERMINATE ";FLAG2$ :_

GO1 30
GOTO 20

30 CLOSE #1
iI%=NFTS%-I

EVALUATE THE INTERGRAND OF THE PHASE ANGLE

PI=3.141592653589793
COMPUTE AVERAGE SEPERATION OF WAVE NUMBERS
DELTAX=. 5
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GOSUB 1600 'AVERAG FIRST 5 AND LAST 5 POINTS FOR WINGS
IF NPTS%/2=INT(NMT%/2) THEN NPTS%=NPIS%-I 'MAKE TWTAL NUMBER OF

~WU=W (NPTS%) +DELTAX 'DATA POINTS ODD

WL=W (1) -DELTAX

IF LAS'WAVE=0 THEN ENDPOINT%=NP1S%
LOCATE 15,15,0
PRINT "DATA POINT - OF ";NPTS%;" DOING ";ENDPOINr%;" WTOAL POINTS";

K%=I ' INITIALIZE THETA COUNTER
IF ENDPOINT%<600 THEN 35
OPEN "O",#3,SNAME$

35 FOR I%=i TO ENDPOIT%
FOR J%=l TO NPTS%

IF I%=J% THEN GOSUB 1500 :GOD0 40 ' COMPUTE DERIVATIVE
F(J%)=LOC (R(J%)/R(I%))/W(I%)*W(I%)-W(J%)*W(J%))

40 NEXT J%

USE TRAPEZOID RULE TO EVALUATE THE DEFINITE INTEGRAL

SUM=0 .0
*. FOR J%=l M1 NPTS%-I

SL41= (W(J%+l)-W (J%))* ( (J%+l) +F (J%))
SUm=SUM+SUMI

NEXT J%
CORRCT=F (1) +F (NTS)
THETAL=LOG (R (I%) /ROW) *LOG ( (W (I%) +WL) / (W (I%) -WL))
THETAU=LOG (R (I%) /REXT) *LOG ( (WU-W (I%)) / (WU+W (I%) )
THETA (K%) = (SUM*W (I%) 4CORRET*2*DELTAX-THEAU-HETAL)/PI
IF K%=600 THEN GOSUB 2200 ' WRITE PHASE TO SCRATCH FILE
K%=K%+I

LOCATE 15,26,0
PRINT USING "####";I%

NEXT 1%
K%=K%-I
IF FLAG3$<>"SET" THEN 50
GOSUB 2200 ' FINISH WRITING SCRATCH FILE TO DISK
CLOSE #3
GOSUB 2400 ' READ PHASE IN OVER F ARRAY
KILL SNAME$
GYOO 60

IF NO SCRATCH FILE THEN TRANSFER ARRAY FROM THETA TO F
50 FOR I%=1 M1 ENDPOINT% : F(I%)--THEA(I%) : NEXT I%

60 PRINT " " PRINT "WRITING DATA TO DISK"

GDSUB 2000 'WRITE DATA TO DISK

END
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1500

* SUBROUTINE q1 COMPUTE DERIVATIVE *

I********************************************

COMlPim' DER IATIVE OF R(W) SO AS TO COMPUTE
S' F (I%) RIEN J%=I%

where F (I%) =-RI (I%)/ [2*W (I%) *R (I%) I

DE{R= (R (I%+1) -R (I%))/ (W (I%+) -4q (I%))
F (J%) =-DEIM/(2*W (I%) *R (I%))

END

1600 *

* SLBROUTINE TO AVEl,IGE FIRST FIVE AND LAST FIVE POINTS *

AVEFAGE FIRST FIVE DATA POINIS

R1111=0.r

FOR) I%=I ml 5
RLOW=RLIXv +R (1%)

NEXT I% : PRIk=RLLW/5
PRINT "LOWER REFLECTANCE=";
PRINT USING "#.######";RLOW^2; PRINT "

* AVERAGE LAST FIVE POINTS FOR UPPER WING

REXT=0
FOP I%=NVTS%-4 Ml NPTS%

RLXT=REXT+R (1%)
NEXT 1% : REX T=REXT/5

PRINT "U'PPE, REFLEBCTAE=";
PRINTn USING "#.######";REXT^2

ELTD
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1800'

* * FILENAME FOR OUTPL7T*

INPLTP "FILENAME FOR RESULTS w,n,k,E1,E2 & 1rla2 ";RbW E$
PRI1NTI
PRIbC "ONE LINE COIHEIU 80 CHAPCTERS OR LESS"
LINE INPUT ONELINE$
RETURN
ED

2000

I * WRITE DATPA TOD ONE DISK FILE*

OPEN "O",#2,RNAME$
PRINT #2,ONELINE$
PRINT #2, "UPPER REFLECTANCE= "

PRINT *2,UStbE "*.tt***f;REXTA2
PRINT #2, "LOWER REFLECTAICE=- ";
PRIMT #2,USING "####-Ra-

FOR I%=. TO0 ENDK)INT%
DElCM=1.0-2.0*R(I%)*OOS(F (I%) )+R(I%)*R(I%)
K=2.0*R(I%)*SIN(F(I%) )/D)ENJM
IF K<0.0 AND (FLPC1$="Y" OR FLAIl$="y") THEN K=0.0

PRINT *2,USING -**#*.*#*# ";W(I%) , N , K
NA2-KA2 ,2*rK ,

R(I%) *R(I%)
NEXT I%

CLOSE *2
RETURN
END
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2200

* SUBROUTINE TO WRITE SCRATCH FILES TO DISK *

FLAG3$="SEr" ' SET FLAG TO INDICATE SCRATCH FILE
FOR L%=1 TO K%

PRINT #3, THErA(L%)
NEXT L%

K%=0
RETURN
END

2400 ******************************************************
I * *

* SUBROUTINE TO READ PHASE OVER ARRAY F *

I ******************************************************

OPEN "I",#3,SNAME$
FOR I%=1 TO NPTS%

INPUT #3,F(I%)
NEXT 1%

CLOSE #3
RETLURN
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CRUDE DIAGRAM OF THE SAMPLE STACK
USING PLANE-PARALLEL WAVEGUIDE PROCEDURES.

Figure 25. Diagram of the plane-parallel waveguides. d is the d asi
in the figure.pasl
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Cylindrical
Cavity

cone- out put

coe

Sample at top; Reference elsewhere

Figure 31. Diagram of the non-resonant cylindrical cavity used in
the submm and mm wavelengths.
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