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INTRODUCTION

Wfc have co l i ec ted in th is volume data on the opt ical propert ies of

the e lementa l noble m e t a l s , aluminuro, the lanthanldes including Sc and Y,

and the dc t in ides . A companion volume (Vol . l) consldered the opt ical

proper t iea of the elemental t rans i t i on metals T i - N i , Zr-Pd, and H F - P t .

In t h i s way we have gathered together for easy reference ehe opt ical

propef t ies of most of ttie elemental metals äs they are knpwn today, I960.

'n th is data compi la t ion we present tabtes summarizing the work thac

has been dune for eaxh elernent (techniques, sample preparatlon, spectral

ranye, e t c . ) . Figures for each elernent display the roost frequently used

opt ica l quant i t ies, i.e. the normal incidence ref lectance or re f lec t i v i t y ,

tlie real and imaginary parts of the frequency-dependent dlelectr ic function

or the opt ical conductl v i ty . and the absorption coe f f i c i en t . Tables of

these quant i t ies and the loss functton are also glven for each el einent,

This data compilation covers the wavelength ränge 25 A s * S 25 \>m or

[he photon energy ränge -0.05 S h\> s 500 eU (hv(eV) - 1239Ö/V ( Ä ) ) . Host

of the published data fa l l between •) eV and ~6 eV, in the ränge where

photomuIt ip l ier detectors and convent ional l aboratory sources are ava i lab le .

In tfie uacuum u l t rav io le t for -6 s hu s 30 eV, Synchrotron rad ia t ion sources,

rare gas continua, and d iscrete line sources have been used to rneasure the

reM ei: Cdn^e at near normal incidence for the noble metals and aluminum

but fjr few of the other metals d iscussed here. For photon energies of

-9-

-30-200 eV the absorption coe f f i c len t has been measured w i th Synchrotron

radiation for most of the metals but rarely at higher energy. Unfortunately,

we have found that there is not a coniplete set of data for most of the metals

throughout the entIre ränge. Data for wavelengths shorter than abuut 25 X

are quite sp^rse because of the d J f f i c u l t y of obcaining monochronwtic

radiation, pär t icu lar ly between I and 3 keV. Monochromator development

programs now underway at itiany Synchrotron radiation faci E i t l e s around t ha

world should improve the S i tua t ion w i th in [he next few years .

The comparative Cab les and Figures which describe the ava i l ab te data

point out regions where rel fab le data are not avai lable or where the present

data are S t i l l Insuf f ic ient or amblguous. In many cases when we seek to

provi de a set of "most rel iable" optical data, we have chosen to übe our

ovrn data, accumulated for many of these metals over the last ten yeJrs.

The reader can readi ly conipare those tabular resu l ts to the rest of the

I l terature through perusal of the flgures. For the heavy lanthanide metals

and Sc and V, we Cabulate our data For both polarizat ions of the electri;:

f t e l d vector E relat ive to the crystal lographic C - a x f s of ttie hcp l a t t i c e .

For the lighter tanthanides we ine lüde no tabular r e s u l t s . Before using

our tabjes, the reader stiould consult the Methods of Measurements and Errors

section and that devoted to The Use and Misuse.

The data have been obtafned from a number of sources. To Supplement

the references col iected by the authors over the years, we have searched

via Computer the abstracto appearing in the Physics Abs t rac ts and Chemist ry

AbstractS, the former froin 1969 to present and the latter from 1970 to

present. In addit ion we have sol ic i ted unpublished data from col leagues.

We have Ofnit ted much of the data obtained in the 1950's ^nd ß s s e n t i a l t y
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a l l data obtained before 1950. We have general ly «xcluded nonspectral

op t i ca l data, e.g. vdlues of the complex re f rac t i ve Index obtalned e l l i p s o -

m e t r i c a l l y at the wavelengths of one or several spect ra l l in t js , and

e r o i s s i v i t y measurements at one wavelength. It is inevi table lhat we have

overlooked sane data or reference that we wou l d lIke to have included.

For such omissions we apologi^e.

Tlie compi la t ion has a large number of appi icat ions. For example,

re l iab le op t ica l constants are needed to design mu11iple- layer f i lms for

appl icat ion in solar-energy-systems or re f lec t ing opi lcal elements. The

data can be used to ubtain spect ra t em iss i v i t i e s for measurements of the

temperjtures of hot t rans i t ion metals. Of course, it can be uued for a

fundamental comparison between experimental opiical properties and thosfi

ca lcu la ted from f i r s t pr inc ip les .

Ue begin w i c h several definit ions, then br ie f l y d lscuss tnethods of

measurement and the associated errorS of each. Final l y , before presenting

the data In tabular and p ic tor ia t form, ws offer several caveats about the

use of the data.

are ccmbined into a frequencv-

e " EI + i*-2, or * f-

wi th

y,öepBnJ„.

complex conduct i vi ty , 5 = a\ ii^,

e ( u i ) = l +• I < j i i 5 W/u (1)

and EI * e and QI - o. Note that a roetal, w i t h its f i r i i te conduc t i v i t y at

u - 0, has £2(1") •* "" äs a •* 0, but th is causes no problems in the wave

equation.*

For non-cubic mater ia ls , o and £ w i l l be tensors '6, but for all

elemental metals which have been measured this tensor is diagonal in the

crystal lographlc axi s System, and there are no more than three independent

components. One should be aware, however, that evaporated f i lms of non-

cubic metals may not always have Isotropie optical properties, for there

often I s a preferred tex tu re , w i th close-packed planes preferred. In the

ensulng discussion we assume, for s imp l i c i t y , an op t i ca l l y Isotropie metal ,

either a cubic crys ta l or randomly-oriented gra ins In a polycrysta l l ine f i lm .

* The time~dependent HaxweM's equatlons are Fourier analyzed. In complex
Dotation the time dependence of all fields is then either exp(iiul) or
exp(-! iut). Either may be used and the resultant real parts of the
f ie lds, the measurables, are the sarae. The choice of slgn does, however,
a f fec t the signs of the imaglnary parts of the op t i ca l functions. Ue
have used exp(- iüi t) which leads to the pos i t ive s ign on the imag i nary
parts of the complex quant i t ies above. Th i s choice is more cons is tent
w i th the microscopic In terpre ta t ion of op t i ca l properties based on
quantum mechanics. The other choice of sign also is w ide l y used, however.
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Opt i ca l studies describe the response of ma t te r to an appl ied electro-

magnetic f ie ld at op t ica t frequencies (-1016 Hz) . As d iscussed above, this Is

done through the f requencydependent complex d ie lec t r i c function, e(id) -

el + ie? or, equivalent)y, the complex conduct iv i ty , ä(ui) - j( +• 102, which

are used w i t h Maxwel T s equations, but which are descr ip t ions of the mater ia l

being studied. These are fundamental quant i t ies, and can be ca lcu la ted

quantum mechanical ly from microscopic models of the so l id . Ei ther represents

the elementary exc i ta t ion spectruro, i . e . , e2 ( interband) or O j ( in terband)

provides a measure of interband absorption. e2 Unterband) can be wr l t ten äs

(!)••£ 2 =
d ik|<f |p| i>p (2 )

where the electr ic dipole approximation has been used for the electroti-photon

Interact ion Hamil tonian, |i> and | f> are the ini t ial (occupieö) and final

(empty) s ta tes , and k, the electron wave vector, has been conserved through

direct t rans i t ions.

A complete ca lcu lat ion of e; from f l rs t pr inc lp les is d i f f i cu l t , but

can be simplif ied by assumlng that matrix elements are independent of k,

i .e. are constant throughout the Br i l lou in Zone. Then

which is termed the joint density of s tates (JOQS) . The JDOS re f lec ts the

shape of the electronic energy bands, but obscures any Information regarding

transi t ion probabi l l ty Var ia t i on .

Evaluat ions of equations (2) or (3) for the. transi tion metals have-

shown that structures in the experimenta! £2 can ar ise from extended volumes

of k-space, and the importance of c r i t i ca l points is diminlshed in transit ion

-13-

m e t a t s , Further, it has been shown that volumes of k space which are removed

from high-symmetry l ines can be the source of interband structures.

The d ie lec t r i c funct ion for the t rans i t ion metals also includes contr l-

butions from intraband absorption. The free-carr ier or intraband (or free-

electron or Drude) absorpt ion is described by

where (Jp is the f ree-e lect ron plasma frequency and T is the electronic

relaxat ion time. The plasma frequency is def ined by wp2 =• l4nNe3/m, where

N Is the number of electrons of mass m per uni t volume. For a free-

eleccron gas w i th UT » l, the absorp t i v i t y reduces to A * 2/u>pT which

is small . In f igure 1, the f ree electron d ie lec t r ic function is shown

quä l i t a t i ve l y . . At Iow energy, e2 is large and posit ive whi le c^ Is large

and negative, ßoth approach zero wi th increasing photon energy; e\-

nately crosses zero at the plasma frequency and approaches unity at inf in i te

frequency. In an experimental spectrum of ehe d ie lect r ic function for a

real metal, the dev ia t ion from this s imple behavior can be taken äs an

indicat ion of Interband absorption; see Flg. l for Sketches of free

carr ier behavior.

For transit ion meta ls , where the d bands Intersect the Fermi level ,

Interband absorpt ion beglns at a rb i t ra r l l y Iowenerqy, and it is impossible

to separate the interband and intraband contributions comple te ly . Never-

the less, it may be possib le to fit the measured spectrum w i th a Orude-l ike

spectrum over a l imi ted energy ränge. The Drude Parameters obtained in

that way should not be taken too ser tously . Nevertheless, they are often

useful for separating approximately the low-energy interband and Intraband

contr ibut ions to g(ui) fac i l i ta t lng comparison of theory w i t h exper iment.
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which relates. [he red l part of the d ie lec t r i c function to ehe d.c. conduc-

t i v i t/, and

[ [n (t,) - l]du - 0 . (9)
u "

which s ta tes that the average value of the re f rac t i ve Index Is unity.

These, and o thers 5 " 1 - , have been appl ied to opt ica l data for almninum and,

to date, there are departures from se i f -cons is tency even when the best

ava i | jble data are used' ^

The boundary condit ions on the e lec t r ic and magnetic f le lds , impl ic i t

in M a x w e l l ' s equatIons1~6 , g ive values for the re f l ec ted and transmitted

f l e l d s in terms of the die lectr ic function, E, the angle of Incidence, *,

and the s ta te of po lar izat ion, s or p. lF r Is the rat io of ref lected

e l e c t r i c f i e l d to incident e lec t r i c f ie ld at a vacuum-sol id Interface,

then6

wi th

and

r - . - (g - D/(g + D
E j

g - /£ cos 4>' for s-polar izat ion

g - cos $'//£ for p-polarlzat ion,

(10)

in which > E s in >' = s in <f . The phase sh i f t upon re f lec t ion , 6 , !s Included

in f äs r = re1". At th is point 1t may be useful to introduce the complex

index of re f ract ion, defined f t äs

Then

N - n + ik -

and

(11 )

2n2

.̂  N Is sonietimes w r i t t en äs n(l * IK) .

-17-

l f 0 then the re f lec tance at normal incidence becomes

(n-H)2 + k2

(n any case, the measured ref lectance is

(12)

(13)

The absorption coef f ic ient u is

kn k/X

where V is the wavelength in vacuum and ndx = -dl / l is the f ract ional loss

of flux in distance dx, leading to the decay of the photon f lux in the

materlal äs exp(-ux).

One can a lso study the opt ical properties of a so l id w i t h electrons

rather than photons. The probabi l i ty that a fast e lec t ron loses energy E

in traverslng a thln f i l m of material wl th d ie lec t r i c function e ( E ) is

proportional to'1*"16

By making suitable correclions to the measured intensity of the t ransmit ted

etectron beam and by the use of a disperslon integral , it is possib le to

determine £ ( E ) . (There are addltional corrections to be roade for surface

e f f ec t s , for Cerenkov radiatlon, and For cases in which the incident e lect ron

Is not su f f l c i en t l y energet ic.)

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

mater ia l , the above expressions s imp i i f y to

n - l - 6

wi th k « 1 and 6 « 1. Then

£ [ - n2 - k2 - l,

„ (n-1)2 * k;

( 1 3 )

(IM

+ k

(n-f l)2 * k2

\m{-\/t) ~ E2 -

k -
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A useful opt ical quantity in the v l s i b l e and infrared is the spectral

em iss i v i t y , e{u>), the fraction of blackbody radiat ion w i th a part icular

po lar izat ion emitted into a d i f fe ren t la l sol id angle by the sample sur face'7 .

For an opaque sample with a f tat surface this is equal to the absorptance,

A = l - R, w i t h the foregoing expressions g iv ing R, the ref lectance. (This

is Ki rchhof f 's law.) The spectral hemlspherical emit tance Is the sum of the

Integrals of the above emit tance over 2n s teradlans for each polar izat ion.

The tota l hemispherical emi t tance at temperature T is the Integral of the

lat ter over the blackbody spectrum, d iv lded by the blackbody spect ra l integral

botti at temperature T. The hemispherical spectral emittance can be put Into

closed form as'e

l r , , \ , i . , l + 2n + n2 * k2I e , (u,a.B ) cos odfl - An - An2 ln( ' ' ' T " ) (|8)
•' n2 + k2

pol hemi s

)

An

n +• n2 + k2

ln( l + 2n + n2 + k2)
n2 + tf (n2 + k2)

Mn2 - k2) t ., k
+ _J tan ' ( i

k(n2 + k2) S + n

where dil • sinadadß. a and 3 are the polar and azimuthal angles (a • f, the

angle of incldence used previously, and often there Is no B-dependence).

(The factor of » represents l cos odfl, the spectrat hemispherical

hemi s

emissivity of a blackbody of unlt spectral emissivity, i.e. the normaliilng

factor.l
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HETHOOS ANO MEASUREMEHT AND ERRORS

In general, any measured quantity can be expressed in terms of EI

and €2 or n and k, tut, since both real and imaginary parts of the dlelectric

function appear in the axpresfton, two measurements are needed at each

frequency to obtain two equations from which e or N can be found. There

are four general categor ies of measurement: (1) photometric, (2) photo-

metrlc w i th dispersion Integrals, (3) e l l ipsometr ic , and (M electron energy

loss wi th dispersion In tegra ls . Space l imi tat ions preclude a detai led

dlscussion of each, but a few general Statements seem to be In order19.

(l) Photocnetric20"1 '0. Two quaniities involving the re f lec ted photon

f lux, or posslbly the f lux transmitted through thin f i lms, are measured.

Examples are the ref lectance of p-polarized light at two angles of incidence;

the angle at which the p-polarized reflectance ts a minimum and the value

of R there; and even R and dR /d^ at some $. More than two measurements

may be made, e.g. Rp vs. t, and the data f i t t ed to R p ( * ) . Experimental

errors inay involve all of the following: nonlinearlty of the detector, non-

homogeneity and polar izat ion sensi t iv i ty of the detector, fai lure to collect

all ref lected f lux, and the use of d i f ferent surface areas if two angles

of Incidence are used. These measurement errors may be very d l f f i cu l t to

estimate. If an est imate can be made, it Is re la t i ve l y easy to determine

how the errors wi l l propagate to produce errors In n and k. Such an error

ana lys is can be used to select the best, or at least be t te r , quant i t ies

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

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

length region make some methods bet ter than others.
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(2) Photomet ric w i t h dispersion i ntegral s2 '5 • l>1 ~5S . Here one measures

R at f i xed i (of ten near-normal incidence) and f i xed po la r l za t ion over äs

wide a frequncy ränge äs poss ib le . The real and imaginary pa rcs of the

r e f l e c t i o n c o e f f l c i e n t r » re ' a or of

Inr * I n f r e ' 9 ) - ln( /Re'B) - l InR + 16 (13)

Obey a dlspersion or krame r s - K r o n i g i n t e g r a l . W ! t h s u i t a b l e extrapolat ions

beyonrf the ränge of the data, one can obtain a(u) from R( u ) . Errors in the

meäsured ref lectance then apuear in the der ived d ie lec t r i c funct ion äs w i c h

other methods, but there are addit ional e r rors associated w i t h the ex t ra-

polat ions. In general , the extrapolation errors a f f ec t the magnitude of

ei and t-> much more than they af fect the pos i t ions and shapes of spectra l

s truciures. We have found, for example, tnat in Mo our d i e l e c t r i c furtctlon

resu l ts obtained using d ispers ion Integrals and measurements of R(u) for

0 .1 -30 eV agree w i th e data obtained by photometric and e l l ipsometr ic methods

tu wlt l i in 10t, whi le an error analysis y i e l d s an es t ima te of possible errors

of up to 50?.

Thtj a v a i l a b i l i t y of some t ransmlss ion or electron energy loss Uata

aboue 30 eV reduces tlie expected extrapolat ion errors, äs does requiring

the Ext rapo la t ion to give reasonable values for the sum rule on £2 '" t'le

region of the extrapolat Ion. A "Var ia t ion" of the Kramers-Kronig method Is

to Fit a re f lec tdnce spcctrum w i th a series of osc i l l a to rs , whose d ie lec t r ic

function then is represented by that of the sum of osc i l l a to rs 5 6 " 5 7 .

(3) El l ipsometr ic s s - The ratio of reflected e lec t r ic f ie lds for p-

and s~po la r i za t ion is

Fp /F5 • ( rp / r s )e ' (9P -ös) - pe 'A (20)

The change in the state of polar izal ion of re f lected l Ight can be measured,

-2 l -

giv ing p and i, from which c can be found. El l ipsoinetry has been car r ied

out on meta ls s ince the time of Drude, but only r e l a t i v e l y recent ly have

l
data been taken at more than a few discrete wavelengths. Automat ic e l l i pso-

meters now exist, often yielding £ ws. u directly with an on-line Computer.

Errors in el l ipsometry can be d i f fe ren t from those in photometry. The

alignment of the polar i i ing elementi is very important and can lead to

errors. E l l i psomet ry is rarely car r ied out at energics above 6 eV for Idtk

of e f f e c t i v e po lar lz ing e lements .

ft) E^[ectron energy loss 1** " 1 6 . As mentioned prev ious ly , energy ana lys i s

of energet lc electrons passing through thin f l lms can give \m(-\/i). Th is

quant i ty is re lated to Re( - l /e ) by a d ispers ion integral . Thus w i t h sui table

ext rapo la tJons, and possibly w i t h a normal ization factor based on other da ta ,

i can be obtained. In the measurement of electron energy loss Spectra one

jnust subcract out not only the surface losses but also mult iple losses. In

fact, the response of the sol id lo fast electrons is governed by the longi-

tudinal d ie lec t r i c function wh i le the response to photons is governed by the

transverse function. To date, experimental d i f ferences between thera are

negl ig ible for purposes of this document.

AM these methods are d i f f i c u l t to apply to meta ls in the infrared

because R -*• 1 for all * and p •* l . For photometric methods one can measure

the absorptance, A - l - R, in methods (2) or use large angles of incidence

In methods ( l) . In e l l ipsometry one can also use large angles of iricidence

and multiple (m) ref lect ions to obtain pmexp(imi). F inal ly , e lec t ron

energy loss measurements usually do not have suf f ic ient resolution to be

used for metals In the Infrared, i.e. hv s l eU, since the zero- loss

spectrum may have a width of up to 0.5 eV.

Above -30 eV the ref lectance of all mate r ia ls quickly f a l l s to values

below 0.01 except at large angles of incidence. The primary methods of



determin ing e(u) then cons ls t of f i t t l ng R vs . t for large values of t,

t ransmiss ion measurements which give u, or electron energy toss measurements

which then require s ign i f icant correct ions for mul t ip le s c a t t e r i n g . The

lat ter two require the use of dispersion Integrals to get real and Imaginary

par ts of i. New types of errors a r i se , Such äs p inholes in ' th in- f i Im samples,

Jncreased sca t t e r i ng from surface roughness äs the wave length decreases, and

i ncomplete !y col l ima ted radial Ion .

In all cases the most important k i n d s of error have not yet beer

rnentioned. AU methods make use of the Fresnel re la t ions , derived for a

f lat smooth Interface between two media. (This is so for the electron

energy loss measurements, too, for the sur face correct ions rely on a

descr ipt ion of the In ter face between the sample and vacuum.) Surface

roughness, OH l de f11ms, and surface S t resses al l cause errors because the

actual sample departs from the Ideal st ra in- f ree roaterial w i th a smooth,

abrupt vacuum Interface. The errors which can ar ise from these departures

from idea l i t y are d i f ferent for each type of measurement. A rough sur face ,

for example, w i l l make the measured ref lectance too low if any scat tered

rad ia t ion f a i l s to reach the detector5 9"6 3 . A new struclure, t yp ica l l y a

re f le t tance d ip , tnay appear in the re f lec tance if non- rad ia t i ve surface

plasmons are e x c i t e d at the rough surface. El l ipsometric methods are less

s e n s i t i v e to roughness, but only Insofar äs the scat tered radiation Is not

p r e f e r e n t i a l l y of one polarization. A transparent oxide w i l l lower the

measured re f lec tance, but in the (nfrared such an e f f e c t Is negl ig ib ly

smal l for a metal, whi le submonolayer coverages of transparent oxides can

be measured el l ipsometr i ca l l y , causing s ign i f i cant error if unsuspected. In

the u ! t t ö v i o l e t , ox ides are strongly absorbing and cause s ign i f i can t errors

in all types of measurement, but those sampl ing the bulk more than the s u r F a c e ,

e . g . e lect ron energy loss measurements, are less sens i t i ve to oxit les.
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In order to obtain the d l e l e c t r i c function of a metat a strain-free,

clean, flat crystalline surface i s needed. In princ i ple, the surface should

be cleaned in s i t u , with cleanliness verffied by Auger spectroscopy, and

checket) for c r y s t a l l I n i t y , and perhaps straln, by LEED or high-energy electron

diffraction (RHEED). This must be done In ultra high vacuum to insure

subsequent surface cleanliness . Only then should the opt Jcal proper t i es be

measured. Unfortunately, such studies have not been performed for most

metals In even limited spectrat ranges. Horeover, In data taken just at

one or at a few fixed wavelengttis on truly clean surfaces, evaluations of

surface roughness have not been made. Most surface cleaning techniques

e.g., Ar* bombardment followed by an anneal , can leaö 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, atoriically

clean surface and a smooth "dlrty" one with a few monolayers of oxide,

although in some cases a coinprofliise may be reached. A compromise often

used has been to electropolIsh the samples. This teaves a smooth, strain-

free surface, but one with an overlayer of oxide, often containing Cl äs

well if perchlorlc acid, H1C803, is used äs the electrolyte6*1. Such treat-

ment causes l l t t l e error In the Infrared reflectance, but above about 6 eV

the 2p electrons of oxygen absorb and cause errors. Of course the amount

of error varies from sample to sample because of the oxi dation processes

Itself ; the oxldation rate also varies for different crystalline faces of

a single crystal.

Thin films may be evaporated onto flat Substrates, but they are

Inherently strained, polycrystall ine samples. Strain w i l l broaden structure

in the optical spectra and the polycrystall ine character may Introduce

specla) effects due to graln boundaries or voids. Annealing of the f i l m



during deposit ion (hot Subs t ra te ) er af terward w i l l reduce t he st ra in but

at the expense of surface roughness. Recent ly it was showrt that many

con f l i c t i ng spectra obta ined on thlo f i lms of Au could t>e reconci led by

assuming d i f f e r e n t degrees of porosity in the f i lms , up to 10? maximum.

In yeneral, such voids iower the magniIndes of E] and ei , an ef fect which

can be viewed in ;ero order äs an averaging in the d i e l e c t r i c funct ion of

the f i l m w i c h that of the voids, approx irnated by vacuum6\e spectra of

many f i lms measured over the years have agreed in shape but not in inagn i lüde.

In another view of grain boundaries in f i lms the infrared energy dependence

of e(ui) has been interpreted w i th a two-tnedium mode l in wh i ch the grain

boundary mater ia l has a Iower electron denslty and a higher electron

scat ter ing (damping) ra te 6 6 ' 6 7 .

For purposes of ca lcu la t ing mirror or interference f i l t e r Performance,

J t may be deslrable to use data taken on f i lms, voids and al l , in order Co

model bet ter the performance of samples which w i l l , In fact , be vapor

deposited f i lms . For th is purpose, the tabular data reported in th is volume

are le^s su i t ab le than some of the data we haue shown in our comparison

figures s ince the tabular data were measured w i c h bulk samples. Furthermore,

for some of the hcp me ta l s we present tabular data for orlented single

c rys ta l s wi th E l le and EJ.Ö to d i sp tay the opt ical anisOlropy of the material .

In pr inc ip le , for a po lycrys ta l l ine f i lm w i t h randomly-oriented grains,

t(tu) c 1/3 £„ (u) + Z /3 e i(u), but in pract lce the f i l m may grow preferent ial ly

w l t h basal plane o r ien ta t ion along the surface (c perpendicular to the

sur face) .

USE AND MISUSE OF THE DATA

The data presented in th is document represent our assessment of the

I l terature. Some idea of the discrepancies between the data presented and

other data is also giuen. A glance at some of the data we do not present

but Mst only by reference wi l l show that there can be extremely large

discrepancies, not only In the magnitudes of c and o but even in the

occurrence and non-occurrence of spectra l features. We bei ieve that the

data tabulated are good to w i th in HO? in most cases (except near places

where EI crosses zero, for which a relat ive error Is meanrng less) . The

potential user should keep t h i s 10% flgure In mind for c r i t i c a l app l ica-

tions. Exceptlons can be Identif ied by examination of the f igures.

The data are Intended to represent the optical propert ies of pure,

f la t , straln-free, oxide-free samples. Ef fec ts of overlayers can be calcu-

lated In a straightforward manner. Departures from flatness are another

matter. S l ight surface roughness can be handled but in extreme cases ,

such äs gold black or dendritic tungsten surfaces, the optical properties

of the sample do not resemble those of the metal at al l , purely for morpho-

logical reasons. The data could, however, be used to model such inaterials

and cermcts unless the par t ic le s i z e becomes too smal l .

Ue should also mention that the data are appropriate only for the

normal room temperature or liquid helium temperature phase of the mater ia l .

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 e f fec t s of magnetic ordering are less extreme,

but are sometlmes important. For example, the data for Cr taken at k.2 K

show 3 small peak near 0.1 eV which is a result of the ant i ferromagnet ic
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ordering. As the temperature increases, th i s peak weakens and broadens and

is very d i f f i c u l t to see at rooni Cemperature, even though Cr is s t i l l ant i -

ferromagnet ic.

The f und ions e anö a can be ca lcu la ted theoret i ca l l y . As presented

here they are local funct ions. I.e. the mater ia ) E s presumed to have no

speciai e f f e c t s due to the sur face , and the anomalous skin e f f ec t has been

tgnored in obtaining ( from ehe measured data. This l a t te r e f f e c t 2 ' 5 can

be s i g n i f i c a n t for s ingle c r ys ta l s at and below room temperature In the

near, and especia l ly the far , infrared. The data can be appl ied Mi thout

correct ion to evaporated f i lms , whose mean free path is usually short. To

deal properly w i th single c r y s t a l s in the infrared, whenever interband

absorption does not dominate, one should abandon the £ concept and work

w i th the ref lectance i t se l f or the surface impedance2, Z = Cur/c)E/H, where

the f ie lds are the tangential components evaluated at the surface. Then

r a Cm/c-Zj/Cur/c+Z) at normal incidence.

Final ly , we have presented rootn temperature or l iqoid hellum temper-

ature data only. Many appl icat ions require data at high temperature,

e.g., oplical pyrometry and solar-thermal energy appl icat ions. Provlded

Oxides or surface roughness do not increase at the higher temperatures,

one can use the room temperature data for many appl icat ions. There are two

ways to obtain the temperature dependence. One can make measurements, e.g.

of the ref lectance at all temperatures of Interest, but in addition to the

Problems of enhanced oxidation and possible surface roughenlng at high

temperature, Problems w i th sample evaporation and the blackbody radiation

of the sample i tsel f ar lse. At temperatures above -1000 K the e m l s s i v i t y

is usually what is measured, by comparing the radiation from the sample

w i th that from a cavi ty , often in the sample t t s e l f . The other method
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measures d i rec t l y the temperature der i va t i ve of the ref lectance or absorp-

tance of the sample, by modulation spectroscopic techniques w i th a ca l ib ra -

tion determined by a s teady-s ta te ca lor imet r ic method.
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Table t . List of abbrevlatIons used in the flgures and tables.
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T temperature; transmi55ion (if It appears In data presentatIon
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Sput Argon-sputterlng, generally InpIIes post-sputtarlng annealing

EP electropolIsh
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(0 .2 i hv < l» eV) and C . G . Glson and O.U. Lynch (-1» < lw ; 30 eV) . Opt lca l

conit an t s deiermi ncd by Kramers-Krön ig analys i s.
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PHOTON ENERGY (eV)

Fig. 23 Ref lec t i v l t y for Sc. SIngle crystal resul ts by W077 for
fdc ( } and tlc ( —) .

10

Sc

Fig. 22 Survey of a v a i l a b l e Jata on Sc.



10 20 30 40 50

2 3 4

PHOTON ENERGY(eV)

Flg. 25 £2 for Sc. Single crystal resul ts by W077 f o r T l I c ( )
and t j_c { ); potycrys ta l l ine resul ts by CGUSO ( • • • )
der ived from electron energy los s measurements.

10 20 30 40 50

2 3

PHOTON ENERGY (eV)

Fig. 1k EI for Sc. Single crystal results by W077 for £ l l c ( )
and ?_Lc ( ); polycrystal l ine results by CGUSO £ • - - )
derived from electron energy losa measurerients.
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Scandiurn s ing le c rys ta l wi th E|| c

puL l ica t ion by J .H. Weaver and C . G . Olson in Phys. Rev. ß
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Yttrlum single crystal wich £ U c
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- 2 . 5 4
-2 . I M
-I.Öl
-1 .b'6
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-1.45
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- 1 .HO
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- a . e s
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- 4 . 3 '2
-4 .1«
-3 .99
-3.60
- 3 . 3 U
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-2.7*
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-1.95
-1 .7ö
-1.57
- 1 . 4 M
-1 .26
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-1 .01
-0.90
-0.80
-0 .70
-0 .63
-0.46
-0.3b
-0.24

14 .13
13 . / J
U. 49
13 .47
1 3 . 4 7
1 3 . 5 4
1 J . o 4

13. 7i
1J.H7
13.01
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12.54
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11.42
iK .öy
1 U . 4 3

li). ii 3
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8 . 6 Ü
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7 .öf
7 . 4 3
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5. «S
5.11
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1 .80
1 .fli
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O.Ot f
0 . O"
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0.01
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0.40
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. O T J
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."itt
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Gadolinium single crysta l w i th fc_l_c

publlcation by J .H. Weaver and D . W . Lynch in Phys. Rev. Let t . 3^, lj2l| (1978)

based on the fo l lowing tabula t ion

Energy (eV)

0 . I C
0 . 1 2
0 . 1 4
0 . I n
0 . 1 8
0 . 2 0
0 . 2 2
0 . 2 4
0 . 26
0.28
0 . 3 0
0 . 3 2
0 .34
0.3o
0.3b
0 .40
0 .42
0.44
(1 .46
u. 48
O . b O
0 .52
0 .54
0 . 5 b
0.5d
0.60

0.62
0 .64
0.60
0.6B
0 . 7 0
0 .72
0 . 7 4
0 .7b
0.78
O . b O
O . U 4
0 .60
0 .92
0.96
1 .00
I . O b
1.10
1 .15
1.20
1 . 2 b
1.30
1 .35
1 .40

-5*3.73
- 4 0 9 . 7 1
-2*8. 13
- 2 2 5 . 3 7
-174.96
-138. 9 *
-1 1 1.5«*

-00.20
- 7 2 . 9 »
-5». 55
-46 .61
-36, Oft
- 2 H . 2 0
- 2 1 . 2 4
-16.52
-12.71

- 9 . r f t >
-7 .32
-4.9ö
-2. dt
-1 .02

0.20
0.80
0.90
0.42

-0.45
-1 .4ö
-2 .64
-4.16
-5.83
-7.30
-8.56
- 9 . 4 2
-9.77
-9.63
-9.12
-a. 10
-6.90
-6.04
-5.49
-4.63
-4.11
-4. 34
-S.Ot*
-6.04
- 7 . 0 7
-7 .36
-0. 40
-d.36

163. *2
1 2 4 . 3 1
9*. 91
Ö 1 .Ob
7 1 . b l
62. u l
5 4 . 4 3
4b . 53
4 J . o 4
4 0 . 2 2
37 . oO
36. H
36. 31
Jb. 59
37.10
37.41
37.60
3 7 . 5 1
3 7 . 4 9
3 7 . 7 2
3 H . 3 0
39 .22
40 .25
41 .21
42.no
4 2 . 5 3
4 2 . 6 7
<*2 .b l
4 2 . 3 3
41 .53
4 0 . 2 0
3 B . 5 3
36.54
3 4 . 4 4
32.47
10.03
2 b . 4 7
2b. 74

25.69
24.70
2 3 . 9 7
2 3 . 7 7
2 3 . 7 6
23 .50
2 2 . ö 4
2 1 . 7 8
2 0 . 3 5
I r i . b 8
10 .9B

3.32
3 . 0 4
2 . P 5
2 . 7 2
2.o 5
2.57
2.51
2 . 4 7
2. 45
2.50
2.5«
2 . 7 d
2 . 9 H
3 . 2 b
3 .47
3.66
3 . B 1
3.93
4 .05
4. 1 8
4 . 3 2
4 . 4 4
4 .53
4 .59
4.61
4.59
4 . 5 4
4 . 4 7
4. 3a
4.25
4. 10
3 . 9 3
J. ?o
3 .61
3 . 4 Ü
j.19
3.28
3.21
3. I S
3.15
3.15
3.16
3.15
3.08
2.97
2. Ö l
2 . 6 4
2 . 4 6
2.30

1 .29
1 .2 l
1.19
1.17
1 .15
1.13
1.12
1.11
1.11
1.12
1 . 1 3
1 . l ö
1 .22
1 .27
1 .32
1 .35
1 .39
1 .40
1 . 4 2
i .45
1.47
1 .49
1 .51
1 .51
1 . 52
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t .b l
I . S O
1 .40
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1 .43
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1 .34
1.32
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1.28
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1.22
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1.15
1.11
1 . 0 7

0 . 0 0
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0 . 0 0
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0 .02
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0 .02
0 .02
0 . 0 3
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0.0 i
0 . 0 3
0 .03
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0.02
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0 . 0 2
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0.03
0 . 0 3
O . O J
0 .03
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O . U 4
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0.04
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O . O b

. 120
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. O H 4
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, 14 j
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,17»
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, 2 0 1
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,20ö
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.1 72

, 15(1
. 1 4 0
. l 31
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. 1 1 7
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.097
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Terbium s i n g l e c rys ta l wi th E l l e

pub l icd t ion by J .H. Weaver and D . W . Lynch in Phys. Rev. Leu. ^. 1321* 0975)

bdsed on tlit fo l Iowi ng tabulat ion

Energy fei/) L ] E; n k lm( -1 / f ) R(+-|

f . 10

0 . 1 2
u . 1 4
U . 1h

f. . I t ,
U . 20
(J . 1 2
J . ? 4
O . i h

i). 2 H
(J. 10

0. 32
J. J4
u. 36
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i.'.-*J
- ) . 4 2
0 . 4 4
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U . 50

0 . ^ 2
0 . 5 4
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0 . 7 0
0. 74
o . 7 y
O . a i
0 . < J 6

0 . 9 0
o . y b
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1 . 1 »
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. ^ 5
.30
. J5
. 40
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J . 3 0
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-2o )
-iOQ
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-9b
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- f>5
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-3J
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-12
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-B
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.62
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.31
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.52
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.15

.94
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.15

.44
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.13

. 10
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.91

.89

.71

.60

. 4 4

.34
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. 7 2

.54

.31

. 1 1

l 40
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7 /
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tu
4*

4t
4 2
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3 1
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29
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10

17
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15
13

! < >
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.10

.77
- 9 U
,7 ' j
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. 9 ^
.54
. J i »
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.a9
. 1 4
. 1 3
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.-1
.*3
. 7 V
. 7 H

. B Ö

. 9 4

.41

.Oo

.25

. 3b

.7o

.10

.43

.91

.41

.02

.30

.«0

.33

.07
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. J4

.10

.90

.«7

.90
. 04

. 2 1

.•13

.70

.14
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. l u
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2
2
3
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3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
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.94
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, U O
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.07
. 14
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. 10
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.59
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.7b

.74
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.97

.90
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.5«

.3J
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.47
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1
1
1
1
1
1
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l
1
1
1
1
1
1
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1
1
1
1
1
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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.25
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.29

.21

.31
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. 3 7

.37

.37
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.122
, 1 2 d
. 1 14
. 136
.139
. 140
. 1 4 3
.141
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. 1 4 7
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.1 14
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.1 33
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Energy (eV)

1 .00
1.63

1 . 7 0
1 . iu
1 .90

2 . 0 u

2 . 1 0

2 . 2 0

2 . 3 0

2 . 4 0

2 . 3 U

2 . t>(J

2 . 7 0

2.80

2 .90

3 . 0 0

i. 10

3 . 2 0

3 . 3 0

3 . 4 0

3 .50

3 . b O

3.70

3 . 9 0

3,-*0
4 .00
4.10

4 . 2 0

4 .30
4 .40
4 . 5 0
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4.1)0
5.0u

EI

-l.lu
- 3 . 2 7
-3 .59
- 4 . 2 6
-4. IH
-5.07
-S. 20
-5.19
-5.11
-4.94
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- 4 . 4 5
-4. Ib
-3.96
-3.60
- 3 . 3 3
-3.12
-2.90
-2 .70
-2.50
-2 .31
-2.11
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-1 . 7H
-1.62
-1.48
-1.35
-1.20
-1 .00

-0.97
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-0.80
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-0 .46
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1 3 . 7 ( 1
l2.b7

1 1 .30
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1 .bO
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2. 30
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1 .45
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1.11
1.07

1.01
1 .00
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l .Ob
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0. bo
0 .7n

0 . Vb

O . J b
0. 73

Ü.'li
0. 71

0. hy
0. DU
0 . 6 7

O.bb

0.66
0 .65

0 .65

O . b 4

0 . 6 4

0. h4
0 . 6 4

0 . 6 4

y .o3
0.63

0 . 6 3

0 . 6 4

,.(-./.)
» .Ob

0.0h
0 . 0 7

0." 1
0.07

0 .07

U.Oe*

0.0 (t
0 . 0 4

0.09
0 . 1 0

U. 1 1

0.1 1
0.12

0 . 1 3

0 . 1 4

0.15

0. 16

0. IB
0.19

0 . 2 1
0 . 2 2

0.24

0 . 2 h

0.2r t
0 . 3 0

0 . 3 2

0 . 3 5

0 . 3 7

0 . 3 9

0.41

U. 44
0.49

0.55

RU-0)

.DH4

.06 4

.060

.US 1

.<> 15

.'W

.U 11

. U 2 1)

. 0 2 2

.1119

. 0 1 7

.013

. 0 1 4

. Ul 1

.1)1 )

. C V 3

.012

.012

. 0 1 2

.013

.01 1

.01 1
.01 3
. 014

.014

.014

.OH

.014

.014

.014

.015

. 01 5

.015

.014
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Terb ium s ing le c r y s t a l wi th E_i_c

publicaüon by J.H. Ueaver and D.U. Lynch in Phys. Reu. Lett . 1±, 132l| (1975)
based on the Fol lowing tabulation

Energy (eV) RU-0)

a
o
u
0
0
u
0
ü
u
f)
1)
0
0
U
u
0
0
0
0

0
0
0
u
ü
0
u
0
ü
0
u
0
0
0
0
0
ü
0
0
1
1
1
1
1
1
1
1
1
1
1

.UM

. lu

. 12

. 14 '

. Ifr

. 1 a

.20

.n

.24

.2*>

.28

.31)

.32

.34

. 3o

.33

.40

.42

.14

.46

.4H

.50

.5.!

.54

.56

.ib

.60

.62

.o4

.66

.ob

.70

.74

. )a

.d2

.«Jb

.yo

.95

.00

.OS

. to

. 15

.20

.23

. SO

. 3t>

.40

.43

.SO

-1*90.
-570.
-1<*2.
-205.
-215.
-164.
-121.
-99.
-78.
-13.
-bl.
-12.
-35.
-20.
-22.
-Id.
-14.
-1 1 .
-9.
-7.
-5.
-3.
-2.
-l.
-0.
-0.
0.
0.
1 .
1 .
0.
0.
-0.
-2.
-3.
-4.
-4.
-4.
-3.
-3.
-2.
-2.
-2.
-2.
-2.
- J.
-3.
-1 .
-4.

24
18
5y
49
42
36
2y
45
9V
SB
71
97
3l
6«
9 U
4d
31
37
1h
2o
52
9b
66
7ä
89
20
23
71
01
03
95
5l
54
22
73
42
44
04
62
04
4t
1H
1 i
37
71
17
7H
19
5t>

211
141
1 D 4
t»4

D r.
55
4t)
44
•t 2
40
39
37
35
34
33
i3
32
32
3^
32
32
31
31
il
31
31
31
31
31
32
Jü
32
32
31
29
27
25
23
22
21
2u
l1*
l1*
iy
1t)
Ib
17
17
lu

.17

.5b

.63

.2')

.OB

.40

.13

. jy

.07

.2s*

.20

.45

.70

.43

.70

.09

.79

.85

.74

.43

.09

.87

.H2

.HO

.69
,o9
.73
.69
-B7
.10
.25
.33
.20
.55
.fa7
.72
.71
.8 u
.33
.10

.39

.96

.07

. 36

.yb

.tv*

.d«

.08

.15

3
2
2
2
2
2
2
2
2
3
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4

4
3
1
3
3
3
3
3
3
3
2
2
2
?
2
2
2
2

.51

.94

,62
.47
.23
.1 1
.10
.17
.29
.42
.57
.65
.73
.94
-y9
.12
.2«
.42
.52
.60
.63
.75
.H3
.aa
.93
.97
.00
.03
.Ob
.07
.07
.Üb
.90

.83

.63

.44

.29

.17

.(18

.03

.00

.99

.97

.93

.«?

.79

.70

.59

.47

1 .3J
t.?l
1.14
1.11
1 .05
1.03
1.02
1.04
1.07
1 .10
1.13
1 .15
1.17
1 .19
1.22
1.25
1.29
1.31
1.33
1.34
1.3o
1.37
1.38
1.39
1 .40
1 .41
1 .41
1.42
1 .42
1 .*3
1.43
1 .42
1.41
1 .38
1.35
1.31
1.2K
1.2fa
1 .24
1.23
1.23
1.22
1 .22
1.21
1 .20
1.1«
1.16
1.14
1.11

0
U

0
0
0
0
u
0
0
o
0
u
0
0

0
0
0
0
0
0
0
0
0
0
ü
0
0
0
0
0
u
u
0
0
0
0
1)
0
0
0
0
0
0
0

t'
0
0
0
0

.1(0

.00

.HO

.00

.00

.00

.00

.00

.01

.1)1

.01

.01

.01

.02

.02

.02

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.03

.'13

.03

.03

.03

.03

.04

.04

.04

.04

.05

.05

.05

.05

.05

.05

.05

.05

. U»i

,0h

.133

.095

.U74

.065

.052

.047

.045

.1)4̂

.055

.Oo2

.071

.076

.Ofll

.049
,<J*8
.106
.117
.127
.134
.139
.144
. 141»
.154
.158
.lol
.164
. lt>6
. 16H
, 1 70
.171
.IM
.164
.165
.155
.141
.12»
.Hd
.110
.104
.101
.u94
.09H
.09/
.0-14
.040
.(JHS
.079
.072
.UoS

Tb

Energy (eU)
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l .55
1 , ou
1.65
1. 70
l .ao
1 .9U
2 .00
2 . 1 0
2 . 2 0
J . 3 0
2 .40
2 .50
2 . 6 0
2 . 7 0
2 . 0 0
2 .yo
3 . 0 0
3.10
3.20
i. 30
3 .40
3.50
3 .oO
3.70
3. 00
3.90
4.00
4. 10
4 . 2 0
4 . 3 Ü
4.40
4.50
4 .60
4.80
5.00

-4
-4

-4
-$
-3
-3
-3
-3
-3
-3
-1
-3
-3
-3
-3
-3
-3
-3
-3
-2
-2
-'2
-2
-2
-1
-1
-t
-1
-1
-1
-0
-0
-0
-0
-u

. 71

.61

.3«

.1 '

.92

.57

.47

.35

.50

.60

. 70

.80
,d5
, B 7

. db

.81

.70

. 4 6

.19

.96

.71

.47

.24

.04

.«b

.68

.52

.36

. 2 2

.09

.97

.04

.74

.57

. 10

I b
14
13
12
11
11
1«
1«

9
5
h
8

7
o
6
5
5
4
4
3
3
3
3
2
2
2
2
2
2
2
2
1
1
l
1

. 14

.20

.•»4

. b f t

.92

.22

.03

. 14

.Sri

. 13

.5y

.01

.43

. b 5

.2ö

.71

.1 1

. b h

. 17
- H 2

.51

.25

. O J

. 00

.69

.54

.41

.30

.19

. 10

.02

.95

.90

.79

.70

2
2
2
2
2
2
1

0
0
0
0
0
0
ü
0
0
0
0
0

0
0
0
0

. 36

.27
.21
.10
.oy
.03
.96
.91
, H < J

.76

,6>i

.59

.50

.41

.33

.'/4

. 14

.07

.01

.97

.93

.90

.07

.96

. H 4

. » 3
.82
.81
.00
.80
. H O
. H O
.81
.81
.02

1
1
l
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
u
0
0
0
0

0
0
u
0
1)
0
0
l)
0

0
0
u

. uy

."7

.Ob

.04

.02

.01

.99

.9«

. 4 f >

.94

.92

. H 9

.87

. H 4

. H l

.74

.70

.7J

.71

.7u

.60

.67

. Ofl

, bb
.65
.64
.64
.64
.63
.63
.63

.6)

.03

.04

.64

0
n
0
0
0
0
0
0

0
0
0
I I
0
0
u
0
Ü

0
0
0
t)
0
0
0
0
0
1)
()
0
0
0
u
u
0
0

.06

.00

."7

.07

.08

. Ü B

.09
- U 9
.09
.09
. 1 0
.10
.11
.1 1
.12
. 12
.13
. 14
.15
. 1h
. 18
.20
.21
.23
.25
.27
.30
.32
.35
.30
.40
. 4 3
.46
.51
.56

. « Ja 9

. 054

.051

. O ^ H
, u 4 4
.041
. 0 3 M
.036
. 0 3 )
. u 3 0
, ( J?ö

. '123

. 0 2 1

.018

. O l o

.014

.1113

.1113

.012

.012

.013

.013
,1113
.013
.014
.014
.014
.014
.015
.015
.015
. U l ü
.01 4
.014
.014
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Dysprosium single crystal with lll c

publication by J.H. Ueaver and D.U. Lynch in Phys. Rev. Lett. |4, I32l| (1975)

based on the following tabulation

Energy (eV) e\2 n k lm(-1/E) R($-0

O . Ü 5

O . Ü o

0.0 /
u. üb
0.09

0.10

0.12
u. 14
0 . 1 ö
0.18

0 . 2 0

0 . 2 2

U. 2 4
0.2t

0 . 2 «

C . 3 0

0 . 3 2

0. 3l
U. 36
0. Ja
0.40

0.42

0 . 4 4

0. 16
0 .4b

0.50

0.52

0 . 5 4

0.56

0 .58

0.60

0.62

O . C 4

0.66

O.t>8
0.70

0 .7^

0 . 7 4

0 .76

U.7rf
0 . 8 0

0 . 8 4

O . b ä

Ü .92

U. 96
1 .00
LOS
1 .lü
1 .15

1844.97
1255.6?

-090. ̂ 1
- 6 5 4 . 7 5
-499. ÖU
-193. / 2
-2o4.09
- 1 8 2 . 1 2
-U5.ua

-107.83
-üo.20
-10.05
-59. lü
-i-i . 15

-11 .56
-36.36

- 3 1 . 4 3

-28.25
-24.45

-21.57

-19.34
-Ib. 76
-14.70
-12.64

-10.55
-9.47
-8.29
-7 .43
-6.o5
-5.91
-5,13
-4.90
-4 .46
-3.9«
-3.59
-2.91
-2 .33
-1.85
-1.59
-1.38
-1.27
-1.21
-1.27
-1.28
-1.8d
-1.70
-1.78
-1.84
-1.91

351 .3«
21 4 . 9 Ü

l a Z . l y
1 32 . un
HB.HtJ
Ufa. 89
96. bb
W J . 8 0
90. 50
83. U7
7o .o5
7 0 . H 5
o4.**2
6 0 . * 1
5 7 . 7 0
54. 11
11 .Ufa

1 7 .94
45.05

42.81
40.48

3«. 34
J fe .61

35 .03

3 3 . 9 7
3 3 . 2 4
3 2 . 2 9

31 .50
30 .b4

29. & J
29. IS
2b .b4

2 7 . 7 U
27.04

26.32
25 .59
25.18
2 4 . 9 1
24 .72
2 4 . 4 »
2 4 . 2 7

2 3 . 7 7
23.19
22. 6J
22.10
2U.97
20.26
19.45
18.72

43. 15
3 5 . 5 7

'2.5t
2 . 5 7

2.64

2.91

2.92

3 . 3 7

3 . 7 0

3 . 7 h

3 . 7 9

3 .85

3 . 7 9

3 . B 4

3 . b 4

3. SO
3. ;<i
3 .70

3.66
3 .63

3 . 5 7

3 . 5 4

3 . 6 2

3 .51

3 . 5 4

3 . 5 4

3 . 5 4

3 . 5 3

3 . 5 1

3.50

3 .50

3 . 4 8

3 . 4 4

3 . 4 2

3.39

3 . 3 3

3 . 3 9

3 . 4 0

3 . 4 0

J.40
3 . 3 9

J . 3 6

3 . 3 1

3 . 2 7

3. Iß
3.11

3 .05

2 . 9 7

2 . 9 1

4 .64

4 . 2 2

1 .13

1 .13
1.15

1 . 2 1

1 .21
1.3')
1 .3«)

1 .37

1. 16
1.39

1 .3H

1 .iH
1.39

1 ..1B

1.37

i. 3h
I.Jb
1.35

1.3-1
1.3)

1 . 3 3

1 .32

1 . 3 3

1.3J

1.33

1 .33

1.33

1.32

1.32

1.32

1.31

1.31

) .30
1 .30
1 .30
1.30

1.30
1. 30
1.30

1 .30
1.29

1 .20
1.26

1.25

1.23

1.22

1.21

0 .00

0.00

0.00
o.uc
0.00

0 . 0 »
U. 00
0.1)0

0.00

0.00

0.01
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o.Ol
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0.01
n . n 1
11. (Jl
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O . U 2

O.Ü2

u . U 2
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0 .03

U.0J

n. 03
u. 03
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0 . 0 3
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0 . 0 4

0 .04
0.04

0.04

0 . 0 4

0.04

0 . 0 4

O . H 4

0 , 0 4

0.04

0 .04

0 . 0 4
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0.05

0.05

0.05

0 .05
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.u7 l
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,'J94
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.146
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.1 IS

. 143
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.137

. 1 3 5

. 1 3 3

.13 )

.1 15

.135

.1 H

. 1 3 4

.1 33

.13?

.132

.1)1

.128

.127

.125

.124

.125

.125

.12b

.126

.125

.12)

. 120

.117

.111

.106

. 102

.097

.093
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M-l /e ) RU-0)

1 .20

1 .^i
1 . 3"
l. Jb
1 . 4 0

1 . 03
1 .50
1 . bb
1 . tiO
1 .ob
. '0
. /b
. HO

. 85
, 4U

i .95
2. DO

2. Üb
2. lü
2. Ib
2 . 2 0

2 . 2 5

2. Ju
2.13

2. 40
i . - *s
2. 5u
2 . 5 5
2 . e O

2. ob
2 . 7 0

2 . 7 5

2 . b i >
2 . b 5

i. 50
2,9b
J . U O

3. ! ')
1. 2 U
3 . 3 0

J . 40
3 . 5 0

3 .60

1.70

3. HO
1.90
4 . Ü U

4. 10
4 . i 't
4. lu
4. •SO
4 . b O

4 . 6 0

4 .00
b . O O

-2. Jl
-2. Üb
-2. 10
-i .Üb

- 2 . 0 2
- .97
- .ab
- .7«
- .32
- .97
- 2 . 2 1
-2 .61
- 2 . 9 2
- 3 . 1 7
- 1. J b
-1 .52
-i. 60
-3.6:>
-1.04

-3 .o l
- 3 . o 3
- 3 . 6 J
- 1 .75
-1 .81
-3 .97
-1.91)
-3. M«
-3. Ob
-3. 02
- 3 . 7 4
-3 .68
-3 .57
-i. 49
-3. 39
-1.29
-3.19
-3.K)
-2. HO
-2.61
- 2 . 4 1
-2.19
-1 .98
-1 .79
-1 .bl
-1.4h
-1 .32
-1.19
-1 .06

-0.94

-1 .52
-1.18
- 0 . 5 H
-0 .52
-U. 37
- 0 . 2 2

1 a . 0 1
17. Jl

16. bl

16.01

15. 4o
14 .97
14. bb
U. 2«
14.10
13.5.1
1 3 . 7 5
l i . 4 2
13. ul
12. bb
12.'Jb

11 .56
1 1 .07
10. bl
1 « . 1 9

9 . 8 3

9 . 5 1

9 . 2 2

b.yo
8. 56
U. 21
7.IJ4

7.-*;
7 . 1 3

6 . 7 8

6.t6

6.1b

5 . 8 7

5.bl

b .36

5 .12

4.90

«.öd

1.28

1.9b

3 . b 7

3 . 4 2

3 . 2 1

3.04

2 . H 9

2 . 7 7

2 .D5

2 . b 6

2 . 5 1

2 . 6 4

2.10

1 . 7 0

1 .72
I .B2

1. 11
1 .7»

2 . 8 4

2 . 7 7

2 . 7 1

^ .65

2 .öü

2 . 5 6

2 . 5 3

2 .51

2 . 4 y

2.4f t

2 . 4 1

2. 3b
2 . 2 d

2 . 2 1

2.14

2. 07
2. »1
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u-Urani um

from J.H. Weaver. J. Opt . Soc. Am. 7£, 1030 (1980); d ie lec t r i c function computed
by KK a n a l y s i s based on measurements over a l imited spectral ränge. See ref lectance
spectrun for ränge of greatest re l i ab i l i t y
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