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Optical Constants from the Far Infrared to the X-Ray Region:

Mg, Al, Cu, Ag, Au, Bi, C, and A1203

+
H.-J. Hagemann , W. Gudat, and C. Kunz

Deutsches Elektronen-Synchrotron DESY, 2 Hamburg 52, W.-Germany

The tyansmissivity of the light metals Mg and Al, the noble
metals Cu, Ag and Au, the semimetal Bi, evaporated Carbon
and of Aluminumoxid has been determined in the photon energy
range from 13 eV to 150 eV. The experiments were performed
using the DESY electron synchrotron as a light source and a
special monochromator in combination with a two-beam optical
densitometer. The data cover the critical region around

40 eV where ordinary monochromators show weak performance.
The results were combined with exctisting data in the adjacent
energy region. A consistent set of optical constants between
7073 eV and 10% eV was obtained by Kramers=Kronig-analysis.

Five different sum rules were applied to each set of data.




This is a compilation of optical data on a few standard substances. It was
directly stimulated by three technical achievements at the DESY synchrotron
radiation®? laboratory. We have developed (1) a two beam optical densitome~
ter>? which in combination with a fixed-exit-slit grazing incidence mono-
chromator®? allowed for an accurate measurement of the transmissivity of
thin films between 13 and 150 eV photon energy with one instrument. This
energy range covers the critical region from 30 to 50 eV where normal inci-
dence monochromators are low in intensity and ordinary grazing incidence
monochromators suffer from the superposition of higher order radiation. We
have developed (2) a method to prepare very thin films down to below 100 1.
This was necessary because of the high absorption coefficients in this energy
rénge. And (3) an on-line data processing system®! with a digitizer and a
curve-plotter enabled us to handle measured spectra and spectra taken from
the literature in an easy way. Especially the rapid Kramers—-Kronig transfor-

mation routine®2:63 yag very important for this project.

With our measurements we were able to close a gap in the spectrum of optical
constants (o.c.) in a region where a large number of electrons contribute

to the optical behaviour. Interpolations in this region of the spectrum can
be misleading. This becomes especially clear from the pioneering paper of
Philipp and Ehrenreich®" who calculated the optical constants of Al over

an extended energy range for the first time using experimental results to-
gether with interpolations. Their sum rule check revealed a serious lack

of oscillator strangth. This was corrected for by a subsequent measurement

in the region of the Al 2p transitionsl!»30,
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In the wavelength region from the intrared down to the ultraviolet accu—
rate measurements of the normal incidence reflectance can be performed

while at even shorter wavelengths due to the rapid decrease of the reflec-—
tivity and due to the increasing importance of surface roughness only trans-—

mission measurements are feasible.

In order to join optical constants obtained from reflectivity measurements

to those obtained from transmission measurements a repeated Kramers—-Kronig-
analysis has to be applied. It was frequently necessary to join the two re-
gions by a smooth interpolation. We have stated in all cases in the text
which manipulations were made. We have attempted to consider all the rele-
vant data found in the literature. Although we have tried to make a careful
selection of the data used for our final curve we are aware of the arbitrari-

ness of our choice in several instances.

We are especially worried about the very large peak values of the absorption
coefficient of several substances which we obtain from our measurements. The
values are higher than those found in the literature in the overlapping re-
gions. We were unable to find any systematic errors in our measurements which
could explain this behaviour, especially since most errors as from stray light
and from higher order radiation tend to diminish the apparent absorption coef-
ficients. We therefore fitted the final curve to our data in this region and

only by doing so we obtained the correct number of electrons from the sum

rules.

In the case of gold, however, this set of optical data leads to a normal in-
cidence reflectivity of 26 % at 22.5 eV while it is 16 % according to appa-

rently reliable measurements!!. This is the most serious discrepancy which




shows up in our data and which we cannot explain satisfactorily. Because
of the large technical importance of gold as a reflecting c¢oating we have
constructed an alternative set of optical constants which fits better to
the reflectivity results. Clearly such discrepancies have to be clarified

by further experiments.

Even with these remarks of precaution we feel that a set of Kramers-Kronig
consistent optical constants could be very useful in several respects. There
are the technical applications as for example optical coatings for reflectors
in the normal and grazing incidence regions, reflecting polarizers, the use as
filter materials and substrates for thin samples. It is generally interesting
to see the interpendence of various optical quantities like R, yu, €15 €, W, k,
“Imé for real materials. Further we have evaluated several sum rules®5 ywith
the help of these optical functions because they are a good test of the quali-
ty of the data and also because some of them like the sum rules on n-1 and on
u(n=1) have not yet been tested on realistic optical functions over such a
wide energy range. Finally, since the complex dielectric constant contains in-
formation on the electronic structure of the materials, the data can serve for
a qualitative and quantitative comparison with theories. As for an example note-
worthy structures which are not yet explained show up in the spectra of the

three noble metals Cu, Ag and Au in the energy range 10 - 40 eV. In this paper

we limit ourselves to Presenting the optical data.

In the following Section 2 we describe details of the film preparation and
the measuring technique. Section 3 gives a general description of the Kramers-
Kronig transformation used and finally Section 4 containes in a standarized

pPresentation the origin and the way of composging the data as they were used

-



in the Kramers-Kronig—analysis. This is followed by the list of references
which because of technical reasons is not armanged in the usual order. Then
we give a section of tables of the optical functions which will be useful
if precise data are needed for secondary calculations. The last table gives
a survey on the tests of the sum rules. Finally all optical functions are
presented as graphs together with results of measurements. Three figures

at the beginning of the figure section deal with the experimental procedure
while the last nine figures show the evaluation of the sum rules. In all
sections of this paper the order of presentation of the different materials

is according to the order given in the title.




2. Experimental method

2.1 Film preparation

Because of the generally large absorption coefficients in the spectral region
investigated the film thickness ranged from below 100 & to 600 &. The films
were prepared by vacuum evaporation from resistance heated boats (Mg, Cu, Ag,
Au, Bi) or from an e-gun (Al, C, A1203). The vacuum during evaporation was
around 5+10~7 Torr. The evaporation rate (10 - 50 X/sec) and the thickness
of the sample were controlled by an oscillating quartz monitor and recorded
automatically as a function of time. The shutter protecting the sample was

opened only after an equilibrium rate was attained.

Thé quartz oscillator was calibrated with a Tolanski interferometer by eva-
porating films of thicknesses in the order of ~2800 X. This gives an nominal
error of the thickness measurement of ~].5 7. Because of the discrepancies
with the results on Au, mentioned already in the introduction, we applied in
this case also the weighing method and transmittance measurements in the

visible. Within the errors of each method all results were in agreement.

The films were supported by a copper screen with a separation of the holes
of 34p and 75 % transmissivity. The mesh was smeared with a solution of
2.5 Z collodium in amylacetate. After drying, the collodion forms a thin
continuous substrate. The evaporant was condensed onto this substrate.
Afterwards the collodion was dissolved thoroughly. When preparing very
thin films or when using materials which tend to oxidize we have Protected
and supported the films by evaporating a three layered sandwich without
breaking the vacuum: the material investigated was covered by 50 & thick
carbon layers on both sides. The efficiency of this protection was proved"*®

with Pr, which is an easily oxidizing material. The measuring method allowed

.



tor a cancellation of the effect of the copper screen and the carbon layers
by using a carbon sample of equivalent thickness in the second beam of the
two—beam optical densitometer (see below). Further details of the film pre-

paration can be found in Ref. 45.

In the case of Al it was necessary to perform an additional measurement with
Al evaporated onto carbon substrates in situ in an ultra-high vacuum system.
The pressure was about 10”7 Torr during evaporation. In this case the film

thickness could not be reliably measured and the absorption coefficient had

to be fitted to a general curve at one photon energy.

2.2 Measuring procedure

The monochromator used is a complicated instrument which is described in
great detail elsewhere®?. Here we only mention those of its features which
are important for the present experiments. The monochromator gives off a
light beam in a fixed direction which has a point focus at the fixed exit
slit. Higher order radiation is efficiently suppressed over the whole energy
range of operation. A thin surface layer of carbon develops on the optical
components because of the action of synchrotron light. This proved to be favor-
able for the suppression of higher order radiation when the instrument was
used in the s0 called "non-parallel mode'". A deviation from parallelity of
premirror and grating®® of 1° was used for photon energies in the range

21 eV — 150 eV and a deviation of 2.7° was used in the range 13 eV - 21 eV,
The calibration was good to 0.3 eV over the whole range of energies tﬁe reso-—

lution was in the order of 1:500.

Figure | shows the arrangement of the two beam optical densitometer behind

the exit slit of the monochromator. After passing a filter (see below and




Fig. 2a) the beam hits a rotating mirror Ml at a grazing angle of 49. The
reflected beam passes through sample | and hits the cathode of an open
photomultiplier at a grazing angle of 15°. The cathode is coated with a

thin layer of KCl which has a high yield in the low energy region of the
spectrum. When the mirror is rotated to the open segment the beam 1s re-
flected by a fixed mirror M2 and transmits a reference sample 2 (in our
application an empty mesh or a mesh covered with a carbon film). The signalg
of the two detectors D] and D2 are electronically divided. The instrument is

described in detail elsewhere.®?

Figure 2b shows in its bottom part the spectrum with empty sample positions.
The central part shows as an example an original spectrum of a VAl3 alloy
film compared with a vanadium film of equivalent vanadium density. The upper
part gives the 'reciprocal transmittance' of this VAl3 film (actually the
reciprocal transmittance of Al in the VA13') as it was corrected for the
apparative characteristics (bottom curve). The upper curve has a calibrated
linear energy scale. The example is taken from an application of this method

to the measurement of alloys.“®

Figure 2a shows the result of inserting different filters into the primary
-beam (Fig. 1). The Al filter reduces stray light and higher orders between
36 and 72 eV which results in a reduced apparent transmissivity. Pr is a
quite good filter material between 60 eV and 100 eV. Due to its very strong
absorption peak setting in above 120 eV, the primary intensity is decreased
with this filter by several orders of magnitude. This explains the deviation
around 130 eV of the curve measured with filter from that measured without
filter. Sb has a high transmissivity at low photon energies. The agreement
of the curves with and without the Sb filter is a good indication of low

stray~light and low higher-order contributions in this energy region.



3. Kramers—-Kronig-analysis

The Kramers—Kronig-relations connect the real and imaginary part of certain
complex functions describing the optical behaviour of $01ids®47 66, The re-

lation most useful for evaluating reflectance measurements in the low energy
region connects the phase angle O(wo ) with an integral over the reflectance

R(w)

W In R{w)

G(wo) = - TT‘P dgy ——m——— (1)

we-w 2
%o

where P denotes the Cauchy principal value of the integral and w the angular
frequency of the radiation. If the polarization and the incident angle of the

radiation are known the dielectric functions can be calculated elementarily®3,67,

While reflection measurements are used in the infrared visible and near vacuum
ultraviclet regions absorption is usually measured from the far vacuum ultra-
violet down to the x-ray region. As long as the reflectivity of the samples
used is small (more accurately®®: R << 1, k?<<n2?) the absorption coefficient p
can simply be calculated from the transmittance T and the thickness d of the
sample by applying:

1 Zwo
U(wo) = -3 in T(wo) = —;r'k(wo). (2)

The real part n of the complex refractive index A = n+ik is obtained by the

Kramers—-Kronig-relation

8

n(wo) =1 + %-P dw blw) (3)
)

If the transmittance of a thin foil is measured in a region where reflectance

is still important, the relation

W
0o w
Oplw ) = =~ —p | du 1—“-—-T—(—‘*")—+T°d (4)

w2_w 2
o]




holds®3:%% (the sign convention used here is different from that in Ref. 69.

n is determined from T and OT by the iterative solution of an implicit system

of equations®3:70;

(5)

2k{(n-1) sin N}

TEX-T(n,k) =0
OT-O(n,k) = Q
2412
with7l T(n,k) = 16 + 2otk
c2+D?
_ kC+nd
0(n,k) = arc tan (kD—nC)
c = eM{«n+1)2+k2) cos N + 2k(n+l) sin N}
-éiﬁ(n-l)z—kz) cos N -
_ My 212 .
D =. @ {«n+l) -k“) sin N -

+

+e (n-1)2-k2) sin N

2k (n+1) cos N}

2k(n=-1) cos N}

TEX is the experimentally determined transmittance and ¢ the speed of light.

The Kramers-Kronig-relations (1), (3) and (4) are valie for insulators as

well as for metals®>.

In order to obtain a complete set of optical constants for the entire energy

range the following procedures were applied:

If the directly measured absorption coefficient could be matched to u-values

which were available from other experiments in the low energy region, Kramers-

Kronig-analysis was performed with the total absorption spectrum (Eq. 3).

If the infrared, the visible- and near UV-region only measured reflectivi-

ties were available, first the Kramers-Kronig-relation Eq. (1) was used with

these data, extrapolated to higher energies.

Together with the measured ab-



sorption in the high energy region a total absorption spectrum was constructed

with some interpolations.

If the reflectance is high - as for Au and Ag in the intermediate range
between 13 eV and 50 eV - a total transmittance spectrum was constructed

and the Kramers-Kronig-relation Eq. 4 was applied. In this case an alter-
native method was tested which did not make use of Eq. 4. In the first step
My and kO is calculated from the measured transmittance TEX(Eq. 2)neglecting
the reflectance’?. Then n  was calculated from Eq. 3 and the transmittance
T(no,ko) of a thin absorbing and reflecting layer’!>75 was determined
according to Eq. 5. A better approximation of the absorption coefficient

is then given by

noo= 2y .

1 0 E-ln T(no’ko)

This procedure was repeated until T and the calculated T{n,k) coincided.

EX
In all cases this was achieved with sufficient accuracy by the first correct-

ed p and the n was determined from it by Eq. 3.

The analysis of the data was carried through by using the interactive on-—
line data processing system at DESY®1 ©3 consisting of a PDP 8e as an intelli-
gent terminal with several convenient input-output and storing features

connected to an IBM-computer 360/75.



4. Results

In this section the results of our measurements and calculations of the opti-
cal constants (o.c.) are given. Figures 3-34 show graphs of the absolute values
of the o.c. on a logarithmic energy scale. The o.c. are tabulated in the Tables
1-9. The abbreviations used in the description of the way in which we have com—

posed the data from different sources are as follows:

a (B) "a" type of data given in publication, "B" method (in most cases

n_n

measuring technique) used to obtain "a

Especially:

w_n

'Type of data "a

R reflectance in percent or absolute values
k imaginary part of the refractive index
. . . 2w
M absorption coefficient, = k
u/p absorption coefficient divided by the density of the material
o photon attenuation cross section in barn/atom

g€=e_+ie_ complex dielectric constant

Method "B"
DrP Drude parameters of the material in the free electron approxi-

mation obtained from reflectivity measurements; we have calculated
# from the elementary Drude formulas

R reflectivity measurements at near normal incidence

T transmissivity measurements at normal incidence

KrKr published results of Kramers-Kronig-analysis (calculated from

reflectance spectra)

R[a.

1] reflectivity measurements at various angles o

cp compilation of total attenuation cross sections by J.H. Hubbell™,
The contributions from compton effect and pair production have been
subtracted by a linear extrapolation of the logarithmic plots

at the highest energies




E11 ellipsometry
EL characteristic energy-loss of electrons
T[ai,P) transmissivity at various angles with polarized light

During the evaluation of the spectra it turned out that for some substances the
p=values calculated from our transmission measurements were somewhat higher (be-
tween 5 Z and 20 %) compared with previous reliable results in the high energy
tail of our present measurements around 130 eV. The source of this error was
located as a long-time energy independent shift of the relative detector effi-
ciencies due to frequent floating of the vacuum chamber and short pumping times.
This resulted in a constant factor by which the transmittance was measured too
low, i.e. an additive constant error for p. The absolute value X¢10° cm~! of this
correction could be determined from former absorption values considered to be
reliable in the overlapping energy range between 120 eV and 150 eV. If a correc—

tion of this type was applied it is designated in the description of the absorp-

tion curves as "p(T)-X".

Magnesium (Figs. 2-6, Table 1)

a) Construction of p-spectrum

E {eV) Origin of the data, reference no.
1073-0.2 u(DrP) 15
-12 R 39, 40, 15; we applied Kramers—Kronig-analysis

with extrapolation obtained from transmittance

data
=45 u(T) 14
-154 u(T)-1,0 present work, absolute value fitted at 45 eV
=530 - no experimental data, interpolated segment

>530 pu/p(T) 41, 42, 43
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b) Remarké~

The dip in the reflectivity at 7.1 eV is assigned to a nonradiative surface
plasmon!®, which can be excited by electromagnetic radiation only at a rough
surface. Referring to the method of sample preparation!” it has to be admitted
that the shape and the absolute value of p between 12 eV and the onset of the
L2,3—absorption at 49.5 eV could be influenced by MgO-impurities. If the situ-
ation is similar to that with Al in the respective energy range u could be
considerably increased by oxigen impurities. A UHV measurement would be neces-

sary to clarify this point. The absolute value of p between 50 eV and 160 eV

given by Townsend!3 is low by at least a factor of 3 compared to our results.

The expected value of the number of electrons n, 12 however is obtained

ff
only with the high u-values measured by us. The few experimental values above

160 eV do not allow statements on possible structure of the spectra in this

range.

Aluminum (Figs. 7-10, Table 2)

a) Construction of p-spectrum

E (eV) Origin of the data, reference no.
103-0.155 1 (DrP) 44
-0.8 - interpolated according to 44
-2.0 ¢ (E11) 20 (UHV)
-13.5 wu (DrP) estimated according to 44
-36 k(R(ai),T) 19

present work (UHV, see b and section 2.1),

-7a u(T) absolute values fitted at 74 eV

-150 u(T) 45, experimental procedure similar to
present work

-300 4(T) shape from 29 and 30, absolute values

fitted Lo 23 (soe alsce Ret. 1)

300 (p)



b} Remarks
The reflectivity as calculated by Kramers-Kronig-analysis is in good agree-

ment with the measured normal-incidence reflectivity3!. The maximum position

of ~Im% at 15.0 eV coincides within | % with the measured position of the
plasmon energy loss at 14.9 eV as determined from the characteristic energy

loss of fast electrons3?. In the region of low absorption between the plasma
frequency at 15 eV and the onset of the L2’3-absorption at 72.6 eV the trans-
mittance of the Al samples varied with preparation conditions like base-
pressure and evaporation rate. This was recognized earlier, compare e.g. Ref. 54.
We have attributed this variation to Aluminumoxid implanted in the foils during
evaporation and therefore remeasured the absorption coefficient in this energy
range with Al-films prepared in situ under UHV conditions. The extremely low
u-values obtained this way are consistent with those from Hunter“6 in the region
of overlap. The experimental results of different authorsl»28-30 are deviating
between 73 eV and 150 eV by 8 Z at most. The u-spectrum chosen here“® shows the
largest differencesbetween peaks and minima. From 200 eV to 500 eV the values

may be less accurate which could be responsible for the overestimation of n

eff
by 0.5 electrons as compared to the theoretical limit of 13,
Copper (Figs, 11-14, Table 3)
a) Construction of the p-spectrum
E (eV} Origin of the data, reference no.
1073-0.,5 u(DrP) 5
-6.5 k(R,T) 5
-13 k(R,Kr) 12 )
) interpolated curve, absolute values
k(R{a; ) 1) fitte to Ref. 11
-150 u(T)-0.8 present work
-450 p{T) 47, compare also Ref. 9

>450 alep)



b) Remarks

A reasonable interpolation between existing results (e.g. Ref. 11, 12) from

6.5 eV to 13 eV could be found without running into discrepancies, which in a

quite natural way joins the results from reflectance measurements at long wave-—

lengths to those of our absorption measurements at shorter wavelengths. The o.c.

for Cu calculated here are no longer in contradiction to electron=-loss spectra®»23,

The remaining deviations might be due to the difficulties with separating multiple

losses in electron energy-loss experiments. There are large deviations from the

results of Haensel et al.? in the vicinity of the onset of the M

2’3—absorption

(73.6 eV) which could be attributed to errors in those measurements induced

by the use of Al-filters.

Silver (Figs. 15-18, Table 4)

a) Construction of the p—-spectrum

E {ev)

1073-0.5
_3c5
-11

=16

-110
=300

>300

b) Remarks

Origin of the data, reference no,

u(DrP)
k(R,T)

k(R,Kr)

u(T)-0.7
u(T)

o(cp)

5
5
18 (URHV)

interpolated segment, interpolation facilitated
by results from Ref, 11, 12 and from present

work
present work (calculated from Eq. 4,5, compare b)-

9

Up to an energy of 3.5 eV the k—-values from Ref. 5 have been taken for the con-

struction of the absorption spectrum. On the basis of the total absorption curve

chosen the n-data given in Ref. 5 are not Kramers-Kronig-consistent (see Fig. 17).
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The peaks of the calculated -Im% at 19 eV, 27.5 eV, and 35 eV come to lie

at higher energies than the corresponding peaks in the energy-loss—spectra
as determined in Ref. 6 and 38, whereas the structures in -Im% from optical
data above 40 eV have not been found in energy loss experiments®. Because of
the high reflectance in the soft x-ray range (16.5 % at 23.5 eV) it is not
permissible to determineu from the simplified Eq. 2, instead the Kramers-—
Kronig-relation Eq. 4 and the procedures described in the section following

Eq. 3 have been applied in this energy range.

Gold (Figs. 19-22, Tables 5, 6)

a) Construction of the p—spectrum

E [eV] Origin of the data, reference no.
1073-0.6 u (DrP) 5
-2.4 k(R,T) 5
-10.5 k(R,Kr) 18 (UHV)
=20 - fitted segment, shape from Ref. 10 (reflecti
measurements)‘
~-117 p(T)-1.4 present work (calculated from Eq. 4,5,

compare Ag (b))

-300 u(T) 48
>300 pn(T) shape up to 500 eV interpolated from Ref. 9,
o{cp) absolute values fitted in such a way that a

smooth counnection at 300 eV and 500 eV is

achieved

b) Remarks
The remarks on n of silver as given in Ref. 5 apply here as well. For Au the
joining of the results from reflection measurements!? to the transmission resul

(present work) was not possible without appreciable arbitrariness between 12 eV



and 40 eV. Au is the element exhibiting the highest reflectance in this energy
range in comparison to all other materials investigated here. At 22.5 eV it
is 16 Z from the direct reflection measurements and 26 7% on the basis of a
Kramers—Kronig-analysis of the transmission spectrum. Such discrepancies have
been found by several experimentalists for a number of substances: Lukirskii
et al.l”7 obtained the absorption coefficient of Al, Ag and Au from reflection
and penetration between 113 % and 23 X, the reflectivity results give only

50 = 60 Z of the penetration results. Similar deviations have been measured
by Parratt®°® for copper with radiation with a few Xngstrﬁm wavelength, and

by Romer>’ for rhenium and plantinum between 30 eV und 130 eV photon energy.
The authors assume that this is caused in part by the lower surface density
of evaporated films compared to the density of bulk material. Furthermore due
to surface roughness part of the light may not be specularly reflected from
the sample. Another possibility is the reduction of the measured reflectance
in the vacuum-ultraviolet by impurity atoms adherent to the surface, an effect

that was observed by Platzdder and Steinmann3 for gold.

Therefore we give two alternative versions of the o.c. of gold: the first one

(Table 5) follows from fitting the adjacent values to our transmission results,
the second one (Table 6) from extrapolating the measured reflectance data. The
first alternative is leading to the correct value of 79 effectiv electrons, the

second one reproduces the energy-loss—spectra®s38 more closely.

Corresponding discrepancies did not show up so severely with other substances.
Also in several cases measured reflectances extending up to 40 eV — 50 eV were

not available.
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Bismuth (Figs. 23-26, Table 7)

a) Construction of the p-spectrum |
|
E {eV] Origin of the data, reference no.
0.2-0.6 E(R(mi)) 22, 75
-15 u(T[ai,P)) 49, 22, present work:
¢ (EL,Kr) interpolated between the
u(T) different results
-150 u(T) present work
-500 u(T) synthesized curve from Refs. 9, 25
-1000 - interpolated segment
> 1000 o(cp)
b) Remarks

The reflectivity as measured by Cardona and Greenaway?’ exhibits additional
structure when compared to the result of the Kramers-Kronig-analysis, probably
because the measurements were made with Bi-single-crystals (Bi is a non-cubic
crystal). The absolute value and the slope of the absorption curve as determined
from our work joins in a natural way with the low energy data by Hunter et al.2"

in the vicinity of the onset of the O -absorption at 24 eV and with the

v,V
data by Haensel et al.? near the 57 eV-peak. The splitting of the dominant peak
between 50 eV and 80 eV in our measurements is not as pronounced as in Ref., 29,
no splitting was observed, however, in Ref. 26, We feel that our measurements

are more accurate than the others in this respect since the two-beam technique

is especially accurate in the measurement of relative intensities.
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Glassy carbon (Figs. 27-30, Table 8)

a) Construction of the p-spectrum

E {ev) Origin of the data, reference no.

1072-0.5 R 21, 50; we applied Kramers-Kronig-analysis
with extrapolation obtained from transmittance
data

-80 k(R{a;)) 51
=700 u(T) » 52, the absolute values have been reduced

by a factor of 0.75 (density correction) to
obtain the correct value of 2 effective

K~electrons

>700 O’(cp)

b) Remarks

In this case our values have not been used for constructing the universal
curve. The results by Carter et al.37 for n and k have been obtained from
multiangle reflectance measurements with graphite. When comparing values by
Klucker®3 (not shown here) on graphite (to be averaged over the crystal
orientations for this purpose), the results on glassy carbon®! and our results
from amorphous evaporated carbon we come to the conclusion that oscillator
strength from the 5 eV (n>r transitions) to the 15 eV (o»c transitions) peak
in €, must be transferred along with the changes of structure. Great care has
to be applied in assessing absolute M=values since the density of carbon

samples depends crucially on the conditions of preparation. The values re-

ported here are given on the basis of p= 1.5 g em™3.
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A1203 (Figs. 31-34, Table 9)

a) Construction of the p-spectrum

E [eVJ Origin of the data, reference no.
5.5-10 k(R(ai]) 36, interpolated between 2 experimental points
-20 k(R{ai)) 46; shape interpolated by means of our

transmission measurements

-150 p(T)-0.6 present work
-500 u(T) 33 (12 measured points)
500 o{cp) calculated by superposition of Aluminum-

and oxygen-data

b) Remarks

Here the o.c. of evaporated amorphous A1203 are reported, which are im-
portant in estimating errors due to oxydation of Al and Al-alloys. The only
results obtained with a continuum light source are those between 15 eV and

180 eV (our measurements and Ref. 1) and more structure of the spectra may

be hidden between the few measured points. The overall absolute values

however seem to be reasonable since no serious discrepancies between different
experimental result have been detected and LI is exceeding the number of

50 electrons theoretically expected only little, The absorption coefficient

in the vicinity of the oxygen k—edge obtained by superposition of Hubbell's
data“ is probably overestimating the oscillator strength (tested by sum~rules)
in this region. This is not the case with the values measured by Fomichev

and Parobets33, but with these values the continuation of 1 to higher photon

energies is problematic.
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5. Sum rules

The optical constants of materials in the region of linear response fulfil
various sum rules?, Alterelli et al.®5 have given a systematic derivation
of these sum rules. We have applied several of them to check on the accuracy

. :
and consistency of the o.c. given here:

w
o
B f w Ez(w)dm = neff(wo) (6)
o
(o (7)
c'B J plw)dw = neff(mo)
0
Ys
-B f w Im(é 1(w)}dw = neff{mo) (8)
[0}
W
1i o . 9)
w;ﬂ; cB pw) {n(w)—l)dm =0 (
o
(o]
w
. O
j%ﬁ; (n(w)-1)dw = 0 (10
0
a
B = m -.A_
2122 p*L
c vacuum speed of light
neff(wo) effective number of electrons per atom (molecule) contributing

to the optical transitions in the frequency range up to W

m electron rest mass

e electron charge

L Avogadro's number

A atomic weight of the substance

D density of the substance




The results for D g a5 @ function of E = Fwo as given in Tables 1-9 have
been calculated from Eq. 6. Figures 35-42 are showing the values of the
integrals as a function of E according to Eqs. 6-8. An evaluation of the
results of the numerical integrations (Eqs. 6-8) and a comparison with

the theoretically expected number of electrons for the substances investi-
gated is listed in Table 10. Quite generally, the agreement is very good.

An example of the behaviour of the integrals Eqs. 9 and 10 is given in Fig. 43
for Ag. The integration of u{n-l] (Eq. 9) is approaching zero within the
limits of accuracy of the computation proving the correct distribution of

n around | in the energy region below 103 eV. A quantitative test of Eq., 10
could not be achieved because the integration routine used on the computer
was not suitable for integrating values very close to zero over a large
energy range. This results in the rapid oscillations at the high energy

end of Fig. 43. However, the general trend is clearly recognized in Fig. 43.
The large deviations from zero of the value of the integral between 103 and
10> eV are clearly associated with the oscillators in the K-shell. In testing
the o.c. of the other materials with Eqs. 9 and 10 we obtained similar re-

sults which are not shown.

It can be extracted from Figs. 35-42 that for most of the substances an
analysis of partial sum rules with the aim of obtaining the number of the
effective electrons from a single atomic inner shell (or subshell) does not
make much sense. For most inner electrons, oscillator strength is shifted
away from the omset of a particular transition to higher energies, ;nd fre-
quently the contribution of a shell is by far not exhausted at the onset

of transitions from the next shell.
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The x—ray absorption coefficient from the onset of K-transitions should con-
tribute 2 electrons per atom corresponding to the number of electrons, the
contribution to the sum rules in this region, however, appears to be low

by 30 Z on the average (cf. Table 10, for C compare Section 4, "glassy

carbon", a). Such a deficiency was noted previously for a number of materials’3.
This transfer of oscillator strength from more tightly bound to less tightly

bound shells can be understood on a qualitative basis.’"
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Figure Captions

Fig. 1: Grazing incidence beam splitter. A puls (duration 10 msec) of
monachromatized radiation is reflected either by the rotating
mirror Ml and continues on the path marked "1", or it passes
the open segment of the mirror holder, is reflected by the
static mirror M2, and continues as beam "2". The beams hit the
KCl-coated cathodes of the open photomultiplier DI and D2 at
a grazing angle of 159, Path "2" serves as the reference channel.

The signals of the 2 detectors are electronically divided.

Fig. 2: a) Transmissivity of Ag: example of inserting different filters
into the primary beam (see Fig. 1). The agreement of the curves
at low photon energies with and without Sb-filter indicates low
stray-light and low higher-order contributions in this region.
The Al-filter reduces second order radiation between 36 eV and
72 eV, which simultates higher Ag-transmissivity when measured
without filter. Possessing a transmittance window between 60 eV
and 120 eV, Pr is an efficient filter material in this region.
Above 120 eV, however, it is totally inadaquate as a filter due
to a giant absorption peak around 130 eV which reduces the primary
intensity by several orders of magnitude. The different segments
of the curves can be joined smoothly to give the correct Ag-

transmissivity.

b) Bottom part: unprocessed spectrum ("apparative characteristics')
without samples in positions ! and 2 (cf. Fig. 1), central part:
raw data of a VA].3 alloy film (position 2) when compared with a
V-film (position 1) of equivalent V optical density. Upper part:
This spectrum after correction for the apparative characteristics,

pluotted with 4 calibrated linear energy scale.




Figs. 3 - 34: Symbols of the optical functions:

R Z = normal incidence reflectivity

[~
= absorption coefficient in 10 cm™?

= real part )
) of the dielectric constant

= imaginary part)

n = real part )
)} of the refractive index
k = imaginary part)
€2 .
-Ime~! = ———— , energy loss function
€17+£?

Scaling factors:

e.g. "x3": values taken from the graphs for this section

have to be multiplied by a factor of three.

If there is a break in the curves without a factor the left
respective right scale applies to the adjacent individual

sections.

Drafting of the curves:

Full lines: final absorption spectra as they were composed from
the different measurements and results from the Kramers—-Kronig-
analysis. For measurements which have been used for the full line
curves see text. For Mg there is an important spectral range where
no measurements were available, the solid line is interrupted here:
(Fig. 3). Representative additional experimental results are drawn
into those graphs which show the optical functions that were

measured.

The materials are given in the following order: Mg, Al, Cu, Ag,

Au, Bi, C, AlﬂOq.




il\.v_-g.

35 = 43:

lest of the sum rules according to the integrals given in
the figures (see also Eqs. 6-10). The lower boundary is

O while the upper boundary of the integrals corresponds to
the photon energy given. Neff is the effective number of
electrons/atom or molecule contributing to the respective
optical function between these boundaries. The left scale
in Fig. 43 is given in units of 10° cm™! while the right

scale is given in units of eV.

scaling factors:

e.g. "10 x": This curve section has been enhanced in the

graph by a factor of ten.



Table Captions

Tables 1 - 9: Numerical values of the optical functions from the
Kramers-Kronig—-analysis of absorption data, N-EFF
according to Eq. 6. Table 6 gives in addition the
results of the Kramers-Kronig-analysis of the

measured reflectivity of Au which has been extra-

polated to higher energies.

Tables 10: Summary of the numerical evaluation of the sum rules

according to Egs. 6 - 8.
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