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PREFACE

The ever increasing number of publications makes more and more difficult for scientists and engineers to
extract, evaluate und finally select the physical data relevant to their work from the original literature. At
the most, they may be able to do so in their special field of interest, but in all other cases they will have to
rely on data compilations. So far, there are many fields of physics for which such data compilations are not
available or which fail to meet the requirements due to the fact that only one edition is published which
soon becomes outdated, or the reason being that they are too specific and therefore not suitable for ge-
neral use. The present series »Physik Daten/ Physics Data« was created with the aim to relieve this short-
coming by regularly publishing data compilations for special topics. These compilations are constantly
brought up to date.

Data from all fields of physics are included. These data may be of an experimental or theoretical nature.
In some cases, bibliographies will also be published. If a large number of data is available on tape, a
description and a few examples of these data will be given in the respective issue of the series. The tapes
containing these data will be supplied upon request by the Fachinformationszentrum Energie, Physik,
Mathematik. The data compilations will be published as individual booklets with a special pamphlet for
each data collection. This form of publication has two advantages. To begin with, it will be handy for the
user and, secondly, old issues can easily be replaced by new ones. Depending onthe subject, the accom-
panying text will be in English, in German, or in both languages.

Suggestions for improvements in the selection of subjects, contents, and lay-out of future issues are wel-
come. Authors who are interested in the preparation of data collections are invited to contact the editors.

These data compilations are established and edited on the initiative and in cooperation with the Deutsche
Physikalische Gesellschaft.

The Editors



INTRODUCT FON

We have collected in this volume data on the optical properties
of the elemental transition metals Ti-Ni, Zr-Pd, and Hf-Pt. A companion
volume to follow will consider the optical properties of the noble metals
and aluminum, the lanthanides including Sc and Y, and the actinides. A
third volume will contain information on the alkali metals, the alkaline
earths, Zn, Cd, Hg, Ga, In, T}, Sn, and Pb. In this way we will gather
together for easy reference the optical properties of all the elemental
metals as they are known currently, 1980.

In this data compi1atioH we present tabies summarizing the work that
has been done for each element (techniques, sample preparation, spectral
range, etc.). Figures for each element display the most frequently used
optical quantities, i.e. the normal incidence reflectance or reflectivity,
the real and imaginary parts of the frequency-dependent dielectric function,
and the absorption coefficient. Tables of these quantities and the loss
function are given for each element.

This data compilation covers the wavelength range 25 R <A £ 25um, i.e.
the photon energy range 0.05 s‘hv < SOO’eV [hyv(eV) = 12398ﬂ\(3)]. Most
of the published data fall between ~1 eV and ~6 eV, in the range where photo-
multiplier detectors and conventional laboratory sources are avallable., In
the vacuum ultraviolet for 6 < hv < 30 eV, synchrotron radiation sources,
rare gas continua, and discrete line sources have been used to measure the
reflectance at near-normal incidence, For photon energies of ~30-200 eV,

the absorption coefficient has been measured with synchrotron radiation



for most of the transition metals but rarely at higher energy. Unfortunately,
we have found that there is not a complete set of data for many of tEe
transition metals throughout the entire range. Data for wavelengths shorter
than about 25 3 are quite sparse because of the difficulty of obtaining
mgnochromatic radiation, particularly between 1 and 3 keV. Monochremator
development programs now underway at many synchrotron radiation f$cilities
around the world should improve the situation within the next few years.

The comparative tables and figures wﬁiéh describe the available data
‘point out regions where reliable data are not available or where the present
data are still insufficient or ambiguous. In many cases when we seek to
provide a set of 'most reliable' optical data, we have chosen to use our
own data, accumulated for nearly all of the transition metals over the
last ten years. The reader can readily compare those tabular results to
the rest of the literature through perusal of the figures. The advantage
of this faormat has been twofold: first, we have studied these metals over
a wide spectral range (typically 0.1 to 30 eV} and therefore the tabulated
optical constants represent a single study rather than a patchwork of many
and, second, the results were available to us in a format which was quanti-
tatively more reliable than could have been duplicated by extracting numbers
from joﬁrna]-sized figures. MWe hope that the reader will forgive our
chauvinism; there are cases, of course, where the results of others are
superior. Before using our tables, the reader should consult the Methods

of Measurements and Errors section and that devoted to The Use and Misuse.

The data have been obtained from a number of sources. To supple-
ment the references collected by the authors over the years, we have

searched via computer the abstracts appearing in Physics Abstracts and
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Chemistry Abstracts, the formef from 1969 to present and the latter from
1970 to present. In additiqn we have solicited unpublished data from
colleagues. We have omitted ﬁuch of the data obtained in the 1950's and
essentially all data obtained before 1950. Ve have generally excluded non~
spectral optical data, e.g. values of the complex refractive index obtained
ellipsometrically at the wavelengths of one or several spectral lines, and
emissivity measurements at one wavelength., [t is inevitable that we have
overlooked some data or reference that we would like to have included.

For such omissions we apologize.

The compilation has a large number of applications. For example,
reliable bptical constants are needed to design multiple-layer films for
application in so]ar-energy-s;stems or refleeting optical elements. The
data can be used to obtain spectral emissivities for measurements of the
temperatures of hot transition metals. Of course, it can be used for a
fundamental! compariscon between experimental optical properties and those
calcultated from first principles.

We begin with several definitions, then briefly discuss methods of
measurement and the associated errors of each. Finally, before presenting
the data in tabular and pictorial form, we offer several caveats about the

¢

use of the data.
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DEFINITIONS

fn a macroscopic view, the propagation of electromagnetic waves in
an absorbing medium is governed by a frequency-dependent conductivity,
olw), and a frequency-dependent dielectric constant, e(m)l's. These usually
are combined into a frequency-dependent complex dielectric functidn
£ = g1 + iep, or a frequency-dependent complex conductivity, 6 = oy + ios,

with
Elw) = 1 + bnid(e)/u (1)

and €7 = ¢ and 07 = ¢. MNote that a metal, with fts finite conductivity at
w =0, has ep(w) >~ @ as w > 0, but this causes no problems in the wave
equation.”

For non-cubic materials, & and € will be tensors’:8, but for all
 elemental metals which have been measured this tensor is diagonal in the
crystallographic axis system, and there are no more than three independent
components. One should be aware, however, that evaporated films of non-
cubic metals may not always have isotropic optical properties, for there
often is a preferred texture, with close-packed planes preferred. In the

ensuing discussion we assume, for simplicity, an optically isotropic metal,

either a cubic crystal or randomly-oriented grains in a polycrystallipne film,

* The time-dependent Maxwell's equations are Fourier analyzed. In complex
notation the time dependence of all fields is then either exp{iut) or
exp(-iwt). Either may be used and the resultant real parts of the

_ fields, the measurables, are the same. The choice of sign does, however,
affect the signs of the imaginary parts of the optical functions. We
have used exp(-iwt) which leads to the positive sign on the imaginary
parts of the complex quantities above. This choice is more consistent
with the microscopic interpretation of optical properties based on
quantum mechanics. The other choice of sign also is widely used, however.
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Optical studies describe the response of matter to an applied electro~
magnetic field at optical frequencies_(~1015 Hz). As discussed above, this is
Hone throuéh the frequency-dependent complex dielectric function, ¢(w) =
e;, + iepy or, equivalently, the complex conductivity, 5{w) = o + iop, which
are used with Maxwell's equations, but which are descriptions of the material
being studied. These are fundamental quantities, and can be calculated
quantum mechanically from microscopic models of the solid. Either represents
the elementary excitation spectrum, i.e., €, (interband) or o, (interband)

provides a measure of interband absorption. €3 (interband) can be written as

240 - - - -
wep = 1 .ZJ dki<fipi>|2 s{Es(k)-E; (k) fw), (2)
3mm2 LA

where the electric dipole approximation has been used for the electron-photon
interaction Hami&tonian, |i> and |f> are the initial {occupied) and final
(empty) states, and k, the electron wave vector, has been conserved through
direct transitions.

A complete caleculation of e, from first princip?es‘is difficult, but
can be simplified by assuming that matrix elements are independent of E,

i.e. are constant throughout the Brillouin zone. Then

w2e, = %J‘dak 6 (E¢ (R)-E; (R) ) , (3)
o]

which is termed the joint density of states (JDOS). The JDOS reflects the
shape of the electronic energy bands, but obscures any information regarding

transition probability variation.

Evaluations of equations (2) or (3) for the transition metals have-
shown that structures in the experimental e can arise from extended volumes

of k-space, and the importance of critical points is diminished in transition
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metals. Further, it has been shown that volumes of k space which are removed
from high-symmetry lines can be the source of interband structures,
The dielectric function for the transition metals also includes contri-

butions from intrabend absorption. The free-carrier or intraband (or free-

electron or Drude) absorption is described by

2 [ Y
S) =1 - Wy “
e {w) 1 ;T;:T7;T (4)

where Wp is the free-electron plasma frequency and T is the electronic

relaxation time. The plasma frequency is defined by mp2 = 4nNe?/m, where

M is the number of electrons of mass m per umit volume. For a free-

electron gas with wt >> .1, the absorptivity reduces to A = 2/mpT which

is small. In figure 1, the free electron dielectric function is shown

qualitatively.. At low energy, e; is large and positive while e; is large

and negative. Both approach zero with increasing photon energy; e; ulti-

mately crosses zero at the plasma frequency and approaches unity at infinite

frequency. In an experimental spectrum of the dielectric function for a

real metal, the deviation from this simple behavior can be taken as an

indication of interband absorption; see Fig. 1 for sketches of free

carrier.behavior. 2
Far transition metals, where the d bands intersect the Fermi level,

interband absorption begins at arbitrarily low enmergy, and it is impossible -

to separate the interband and intraband contributions completely. Never~

theless, it may be possible to fit the measured spectrum with a Drude-1ike
spectrum over a limited energy range. The Drude parameters obtained in

that way should not be taken too seriously. WNevertheless, they are often
useful for separating approximately the low-energy interband and intraband

contributions to £(w) facilitating comparison of theory with experiment.
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Fig. 1 Sketch of the reflectance of a free electron gas, its dielectric
function, and its loss function.
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The real and imaginary parts of the dielectric function are not

completely independent. They are related in an integral-transform fashion

by the so-called Kramers-Kronig or dispersion integrals:2-5
© gy(w”) = bwolo)
e (w) -1 =a"1 p [ o w dw” (5)
- O' w*Z-wZ
l* - " [ - - .
eplw) - Hrole) 2 g 1le’) — 1 4, (6)
w i o w'2_w2

where P denotes principal value. If a saf of optical data such as £} (w)
and sz(m) is self-consistent, it must satisfy the above relations, when
suitable extrapolations to zero and infinity are éppended to the data
measured over some finite spectral range.

By letting w » «, a-1imit in which we expect the electrons in the

solid to behave as free electrons, we obtain the sum rule?,®

= 2
f wep(w)d = 202 NET = Ty 2 (7)

o m 2

which forms a very useful test of the &ata. This is equiva]eﬁt to the
f-sum rule of atomic physics; It states that the integral of e; weighted
by w is proportional to N, the number density of electrons in the sample,
By integrating to a finite upper limit, partial sum rules are obtained,
but their use is somewhat restricted by assumptions necessary for their
use.

There are several other sum rules2:® that are useful for testing data
for consistency. These are

o0

[ fert) - 110 = w202000), (5)

o]




which relates the real part of the dielectric function to the d.c. conduc-

tivity, and

oo

f In{w) = 1]dw = 0 ' (%)

0

which states that the average value of the .refractive index is unity.
Tﬁése, and others® 12, have been applied to optical data for aluminum and,
to date, there are departures from self-consistency even when the best
available data are usedi?,

The boundary conditions on the electric and magnetic fields, implicit
in Maxwell's equationsl“e, give values for the reflected and transmitted
fields in terms of the dielectric Func£ion, £, the angle of incidence, ¢,
and the state of polarization, s or p. If F is the ratio of reflected

electric field to incident electric field at a vacuum-solid interface,

then®
Felre(g-0/@+ ) (10)
E;
with g = VT cos ¢~ for s-polarization
and g = cos ¢'//E for p-polarization,

in which V£ sin $° = sin ¢. The phase shift wupon refiection, 8, is included

~

in ¥t as F=rel®., At this point it may be useful to introduce the comp lex

index of refraction, defined”* as

N=n+ik=r+%. (11)
Then £] = n2 - k2 2n? = (+e1 + V*Elz + 522)
and
s = 2nk 2k2 = (~eq + VE‘.12 + E22)

* N is sometimes written as n(1 + iK).



If ¢ + 0 then the reflectance at normal incidence becomes

R=|r|2 =M. ©(12)
(n+1)2 + K?
In any case, the measured reflectance is
R={F|2 . (13)
Tée absorption coefficient p is '
po= br k/x (14) i
where A is the wavelength in vacuum and udx = =dl/! is the fractional loss

of flux in distance dx, leading tc the decay of the photon flux in the
material as exp{-px).

One can also study the optical properties of a solid with electrons
rather than photons. The probability that a fast electron loses energy E
in traversing a thin film of material with dielectric function #{E) is

proportional tol“-186

Im(=1/8) = e5/({e;2 + €,2) (12)

By making suitable corrections to the measured intensity of the transmitted
electron beam and by the userof a dispersion integral, it is possible to
determine E(E). (There are additional corrections to be made for surface
effects, for Eerenkov radiation, and for cases in which the incident electron
is not sufficiently energetic.)

If the photon energy becomes high, larger than -50 eV depending on the

material, the above expressions simplify to

n=1-¢§ (13) »
with k << 1 and § << 1. Then
g; = n? - k%2 = 1, {14)
R=(n—1)2+k2 :62+k2 w1,
(n+1)2 + k2 L - 28

Im{-1/8) = €7 .
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A useful optical quantity in the visible and infrared is the spectral
emissivity, e(w), the fraction of blackbody radiation with a particular
polarization emitted into a differential solid angle by the sample surface!”.
For an opaque sample with a flat surface this is equal to the. absorptance,

A= 1 - R, with the foregoing expressions giving R, the reflectance. (This

is Kirchhoff's law.) The spectral hemispherical emittance is the sum of the
integrals of the above emittance over 27 steradians for each polarization.

The total hemispherical emittance at temperature T is the integral of the
Jatter over the blackbody spectrum, divided by the blackbody spectral integral,
both at pemperature T. The hemispherical spectral emittance can be put into

closed form as!®

' 2 2
[ €pol (v,a,8) cos ad = 4n - &n2 In{ T+2n+ 0"+ k Y {18)

)3

—Tf— . n? + k?
pol hemis
2 .2 .
. 4n(n k<) tan- ( k _
k n+ n? + k2
2
o A In{1 + 2n + n? + k?)

n2 + kz (n2 + k2)2

2 .2
+ ’-m(n K ) tan'l( k

k(n? + Kk2) 1 +n

) .
where do = sinadadd. o and 8 are the polar and azimuthal angles (o = ¢, the
angle of incidence used previously, and often there is no g -dependence) .

[The factor of & represents f 1 cos od?, the spectral hemispherical

hemis
emissivity of a blackbody of unit spectral emissivity, i.e. the normalizing

factor.]
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METHODS AND MEASUREMENT AND ERRORS

In general, any measured quantity can be expressed in terms of g
and g, .or n and k, but, since both real and imaginary parts of the dielectric
function appear in the expression, two measurements are needed at each
frequency to obtain two equations from which € or N can be found..-There
are four general categories of measurement: (1) photometric, (2) photo-
metric with dispersion integrals, (3) e!]fpsometric, and (4) electron energy

‘1055 with dispersion integrals. Space limitations preclude a detailed
discussion of each, but a few general statements seem to be in ordert?,

(1) Photometric?2?-%%, Two quantities involving the reflected photon
flux, or possibly the flux transmitted through thin films, are measured.
Examples are the reflectance of p-polarized light at two angles of incidence;
the angle at which the p-polarized reflectance is a minimum and the value

of RP there; and even R_ and dRp/d¢ at some ¢. More than two measurements

p
may be made, e.qg. Rp vs. ¢, and the data fitted to Rp(¢). Experimentatl
errors may involve all of the following: nontinearity of the detector, non-
homogeneity and polarization sensitivity of the detector, failure to collect
all reflected flux, and the use of different surface areas if two angles

of incfdence are used. These measurement errors may be very difficult to
estimate. If an estimate can be made, it is relatively easy to determine
how the errors will propagate to produce errors in n and k. Such an error
analysis can be used to select the best, or at least better, quantities

to measure for a sample of assumed optical properties. In general there

is not a universal best method. The sample, its properties, and the wave-

Jength region make some methods better than others,
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2,5,41-55

(2) Photometric with dispersion integrals Here one measures

R at fixed ¢ (often near-normal incidence) and fixed polarization over as
wide a frequncy range as possible. The real and imaginary parts of the

reflection coefficient r = reif or of

Inr = In{rei®) = 1n{/Rei€) = & 1nR + i {19)

obey a dispersion or Kramers-Kronig integral. With suitable extrapolations
beyond the range of the data, one can obtain &(w) from R{w). Errors in the
measured reflectance then appear in thg derived dielectric fumction as with
other methods, but there are additicnal errors associated with the extra-
polations. In general, the e%trapolation errors affect the magnitude of
g1 and g5 much mﬁre than they affect the positions and shapes of spectral
structures. We have found, for example, that in Mo cur dielectric function
results obtafned‘using dispersion integrais and measurements of R{w) for
0.1-30 eV agree with € data cbhtained by photometric and ellipsometric methods
to within 10%, while an error analysis yields an estimate of possible errors
of up to 50%.

The availability of some transmission or electron energy loss data
above 30 eV reduces the expectedrextrapolétion errors, as does requiring
the extrapolation to give reasonable values for the sum rule on g5 in the
region of the extrapolation. A '"variation" of the Kramers-Kronig method is
to fit a reflectance spectrum with a serfes of oscillators, whose dielectric
function then is represented by that of the sum of oscillators®®~57,

(3) Ellipsometric®®. The ratio of reflected electric fields for p-

and s-polarization is
fp/tg = (rp/rs)ei(ep-es) = peld (20)

The change in the state of polarization of reflected light can be measured,
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giving p and A, from which & can be found. Ellipsometry has been carried
out on metals since the time of Drude, but only relatively recently have
data been taken at more than a few discrete wavelengths. Automatic ellipso-
meters now exist, often yielding & vs. w directly with an on-line computer.
Errors in ellipsometry can be different from those in photometry. The
alignment of the polarizing elements is very important and can lead to
errors. Ellipsometry is rarely carried out at energies above 6 eV for lack

of effective polarizing elements.

(4) Electron energy loss!“"16. As mentioned previously, energy analysis

of energetic electrons passing through thin Fi]ms.can give Im(-1/8). This
quantity is retated to Re(-1/8) by a dispersion integral. Thus with suitable
extrapolations, and possibly with a normalization factor based on other dats,
g can be obtained. |In the measurement of electron energy loss spectra one

" must substract out not only the surface losses but also multiple losses. In-
fact, the response of the solid to fast electrons is governed by the longi-
tudinal dielectric function while the response to photons is governed by the
transverse function. To date, experimental differences between them are
negligible for purposes of this document.

All‘these methods are difficult to apply to metals in the infrared
because R > 1 for all ¢ and p = 1. For photometric methods one can measure
the absorptance, A = 1 - R, in methods {(2) or use large angles of incidence
in methods (1). In ellipsometry one can also use large angles of incidence
and multiple (m) reflections to obtain pMexp(ima). Finally, electron
energy loss measurements usually do not have sufficient resolution to be
used for metals in the infrared, i.e. hv 5 1 eV, since the zero-loss
spectrum may have a width of up to 0.5 eV.

Above ~30 eV the reflectance of all materials quickly falls to values

below 0.01 except at large angles of incidence. The primary methods of
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determining &(w) then consist of fitting R vs. ¢ for large values of ¢,
transmission measurements which give p, of electron energy loss measurements
which then .require significant corrections for multiple scattering. The
latter two require the use of dispefsion integrals to get real and imaginary
parts of £. New types of errors arise, such as pinholes in thin-film samples,
increased scattering from surface roughness as the wavelength decreases, and
incompletely collimated radiation.

In all cases the most important kinds of error have not yet been
mentioned. All methods make use of the Fresnel relations, derived for a
flat smooth interface between two media. (This is so for the electron
energy loss measurements, too, for the surface corrections rely on a
description of the interface between the sample and vacuum.} Surface
roughness, oxide films, and surface stresses all cause errors because the
actual sample departs from the i1deal strain-free material with a smocth,
abrupt vacuum interface. The errors which can arise from these departures
from idealfty are different for each type of measurement. A rough surface,
for example, will make the measured reflectance too low if any scattered
radiation fails to reach the detector5®7®3. A new structure, typically a
reflectance dip, may appear in the reflectance if non-radiative surface
plasmons are excited at the rough surface. Ellipsometric methods are less
sensitive to roughness, but only insofar as the scattered radiation is not
preferentially of one polarization. A transparent oxide will lower the
Eeasured reflectance, but in the infrared such an effect is negligibly
small for a metal, while submonolayer coverages of transparent oxides can
be measured ellipsometrically, causing significant error if unsuspected. |In
the ultraviolet, oxides are strongly absorbing and cause significant errors
in all types of measurement, but those sampling the bulk more than the surface,

e.g. electron energy loss measurements, are less sensitive to oxides.
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In order to obtain the dielectric function of a metal a strain-free,
cléan, flat crystalline surface is needed. In principle, the surface should

be cleaned in situ, with cleanliness verified by Auger spectroscopy, and

checked for crystallinity, and perhaps strain, by LEED or high-energy electron
" diffraction (RHEED). This must be done in ultra high vacuum to insure
subsequent surface cleantiness. Only then should the optical properties be
measured. Unfortunately, such studies have.not been performed for most
metals in even limited spectral ranges. Moreover, In data taken just at
one or at a few fixed wavelengths on truly clean surfaces, evaluations of
surféce roughness have not been made. Most surfaﬁe cleaning techniques
e.g., Art bombardment followed by an anneal, can lead to roughened surfaces.
Certainly the older techniques of cleaning by Ar* glow-discharge sputtering
creates rough surfaces. One may have to choose between a rough, atomically
" clean surface and a2 smooth ''dirty' one with a few monolayers of oxide,
although in some cases a compromise may be reached. A compromise often
used has been to electropolish the samples. This leaves a smooth, strain-
free surface, but one with an overlayer of oxide, often containing Cl as
well if perchloric acid, HyC203, is used as the electrolyte®t, Such treat-
ment causes little error in the infrared reflectance, but above about & eV
the 2p electrons of oxygen absorb and cause errors. Of course the amount
of error varies from sample to sample because of the oxidation processes
itself; the oxidation rate also varies for different crystalline faces of
a single crystal.

Thin films may be evaporated onto flat substrates, but they are
inherently strained, polycrystalline samples. Strain will broaden structure
tn the optical spectra and the polycrystalline character may introduce

special effects due to grain boundaries or voids. Annealing of the film
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during deposition (hot substrate) or afterward will reduce the strain but
at the expense of surface roughness. Recéntly it was shown that many
conflicting spectra obtained on thin films of Au could be reconciled by
assuming different degrees of porosity in the films, up to 10% maximum,
n generaj, such voids lower the magnitudes of ¢; and g;, an effect which
can be viewed in zero order as an averaging in the dielectric function of
the film with that of the voids, approximated by vacuum®®. The spectra of
many films measured over the years have agreed in shape but not in magnitude.
in another view of grain boundaries in films the infrared energy dependence
of £{uw) has been inferpreted with a two-medium model in which the grain
boundary material has a lower. electron density and a higher electron
scattering (damping) rate86,87,

For purposes of calculating mirror or interference filter performance,
it may be desirable to use data taken on films, voids and all, in order to
model better the performance of samples which will, in fact, be vapor
deposited films. For this purpose, the tabular data reported in this volume
are less suitable than some of the data we have shown in our comparison
figures since the tabular data were measured with bulk samples. Furthermore,
for some of the hcp metals we present tabular data for oriented single
crystals with Ellﬁ and E.LE to display the optical anisetrepy of the material.
In principle, for a polycrystalline fiim with randomly-oriented grains,
g{w) = 1/3 &,{w) + 2/3 &, (w), but in practice the film may grow preferentially

with basal plane orientation along the surface (¢ perpendicular to the

surface).
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USE AND MISUSE OF THE DATA

The data presented in this document represent our assessment of the
literature. Some idea of the discrepancies between the data presented and
other data is also given. A glance at some of the data we do not present
bﬁE 1ist only by reference will show that there can be extremely large
discrepancies, not only in the magnitudes of € and ¢ but even in the
occurrence and non-occurrence of spectral features. We believe that the
data tabulated are good to within z10% in most cases {except near places

‘where €; crosses zero, for which a relative error is meaningless). The
potential user should keep this 10% figure in mind for critical applica-
tions. Exceptions can be identified by examination of the figures.

The data are intended to represent the optical properties of pure,
flat, strain-free, oxide-free samples. Effects of overlayers can be calcu-
lated in a straightforward manner. Departures from flatness are another
matter. Slight surface roughness can be handled but in extreme cases,
such as gold black or dendritic tungsten surfaces, the optical properties
of the sample do not resemble those of the metal at all, purely for morpho-
logical reasons. The data could, however, be used to model such materials
and cermets unless the particle size becomes too small.

We should also mention that the data are appropriate only for the
normal room temperature or liquid helium temperature phase of the material.
The data for fcc Ni are not at all close to those for amorphous Ni {not
given), nor can the data for bcc Fe be used for the high temperature fcc
phase of that metal. The effects of magnetic ordering are less extreme,
but are sometimes important. For example, the data for Cr taken at 4.2 K

‘show a small peak near 0.1 eV which is a result of the antiferromagnetic
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ordering. As the temperature increases, this peak weakens and broadens and
is very difficult to see at room temperature, even though Cr is still anti-
ferromagnetic.

The functions & and ¢ can be ca]éu]ated theoretically. As presented
here they are local functions, i.e. the material is presumed to have no
sgecial effects due to the surface, and the anomalous skin effect has been
ignored in obtaining € from the measured data. This latter effect?:® can
be significant for single crystals at and below room temperature in the
near, and especially the far, infraréd. The data can be applied without
correction to evaporated films, whose mean free path is usually short. To
deal properly with single crystals in £he infrared, whenever interband
absorption does not dominate, one should abandon the ¢ concept and work
with the reflectance itself or the surface impedance?®, 7 = (Un/c)E/H, where
the fields are the tangential components evaluated at the surface. Then
Fo= (hﬁ/c—z)/(hﬁ/c+i) at normal incidence.

Final]y, we have presented room temperature or liquid helium temper-
ature data only. Many applications require data at high temperature,

e.g., optical pyrometry and solar-thermal energy applications. Provided
oxides or surface roughness do not increase at the higher temperatures,

one can use the room temperature data for many applications. There are two
ways to obtain the femperature dependence. One can make measurements, €.g.
of the reflectance at all temperatures of interest, but in addition tc the
problems of enhanced oxidation and possible surface roughening at high
temperature, problems with sample evaporation and the blackbody radiation
of the sample itself arise. At temperatures above ~1000 K the emissivity
is usually what is measured, by comparing the radiation from the sample

with that from a cavity, often in the sample itself. The other method
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measures directly the temperature derivative of the reflectance or absorp-
tance of the sample, by modulation spectroscopic techniques with a calibra-

tion determined by a steady-state calorimetric method.
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Table 1.

£1,E£2

_—Im(E’l),-lm(§+1)'1

KK

RT

nk

A

R
Eu?,%lé

E,EHEN
MP

Ex, In
uhv

TEM
LEED
AES
Trans

Refl

Ellips
Sput
EP

cp
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List of abbreviations used in the figures and tables.

real and imaginary parts of the complex dielectric function,
E(m) =g + i52

volume and surface loss functions

Kramers-Kronig analysis

absorption ceefficient

room temperature, ~300 K

index of refraction and extinction coefficient, N(w) = n + ik
optical conductivity, o = equw/br

temperature; transmission (if it appears in data presentation
column)

absorptivity, A=1 - R
reflectivity or reflectance

T = electric field vector; € = crystallographic c-axis for hep
metals where ¢ is orthogonal to the basal plane

emissivity, hemispherical emissivity, normal emissivity
mechanical polishing

ex situ, in situ

ultra high vacﬁum {generally ~10"° Torr or better)
transmission electron microscopy

low energy electron diffraction

Auger electron spectroscopy

transmission

reflection

multi-angle

ellipsometry

Argon-sputtering, generally implies post-sputtering annealing
electropolish

chemically polished




