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l. Introduction

This chapter deals primarily with absorption behavior of metals and
alloys. The term "soft x-ray region" in the title needs further expla-
nation since terminology is not very precise in this field. Historically
the spectral region between the visible and the x-ray regions was at-
tacked from both the high and the low energy sides, "soft x-ray" being
the region below about 6 keV photon energy, where x-rays become too
"soft" to penetrate macroscopic distances in air, while the region above
6 eV photon energy, where air begins to absorb heavily, is known as the
"vacuum ultraviolet". We shall be mainly concerned with the energy re-
gion 20 - 500 eV. This is the energy range in which core levels become
excited which are only minimally affected by crystal field or life-time
broadening (generally less than 0.1 eV). This makes spectroscopy in this
region in principle an excellent probe for empty final states. Normal
incidence reflectivity measurements do not furnish useful information

at energies higher than about 35 eV and are therefore treated only
marginally in this review. We also exclude Drude and plasma behavior
although with the light metals it may determine the low energy end of

this spectral region. Our main concern are the core electron excitations.

Investigations in the vacuum ultraviolet and soft x-ray regions have
gained tremendous impact through the use of synchrotron radiation.

This development began after 1960 although synchrotron radiation
is available since 1946. Before, it was a difficult task to investigate
optical properties in this spectral range since classical sources like

x—-ray tubes and gas discharges are weak, and spark and gas discharges



moreover emit a spectrum with plenty of line structure. Nevertheless
some pieces of excellent work have been carried out before the advent
of synchrotron radiation, especially in the laboratories of D.H. Tom-
boulian at Cornell and A.P. Lukirskii at Leningrad. Some of this older
work on metals has been reviewed by TOMBOULIAN [1957! and by PARRATT
[1959] . Also the proceedings of the conference on optical properties

of metals in Paris (ABELES p966] ) deserve mentioning.

This report is mainly based on measurements performed using synchrotron
radiation. After about ten years of more or less systematic investi-
gations on metals and some alloys a first resumée can be given on opti-
cal behavior in this range. The recent progress in this field has only
been touched before in a few review papers, e.g. those by FANO and
COOPER [1968 , 1969] and BROWN '1974] . A closed theoretical under-
standing is still not reached. Theory is now at the level that an a
posteriori explanation of many features in the spectra can be given. In
the more complicated cases it is, however, not possible to quantitative-

ly calculate details in the spectra.

There are many connections between absorption measurements and other
methods investigating core levels and unoccupied states in metals and
alloys. We only mention soft x-ray fluorescence emission, photoelectron
spectroscopy, appearance potential spectroscopy, isochromate spectrocopy.
We should also not forget to stress the importance of absorption data
for calculating optical constants which are among other applications,

needed to design better instruments in this spectral range.



Section 2 is a historical and tutorial introduction to the field. A
short survey on the main experimental techniques, especially on syn-—
chrotron radiation is given in section 3. Section 4 deals with the
phenomenological optical properties, as optical constants and sum rules.
The general theory of absorption in the soft x-ray region is outlined

in section 5 while the corresponding experimental results are discussed
in section 6. This section is divided into subsections for simple metals,
noble and heavy metals, rare earths, transition metals, and the respective
alloys. Section 7 is devoted to the edge shape in simple metals both to

the theoretical and experimental aspects.



2. Basic concepts, history

2.1. One-electron band picture

The one-electron picture of core electron absorption (and fluorescence
emission) is best described by fig. 1. Whenever the photon energy hv
reaches a value equal to the separation between a core electron binding
energy and the Fermi level a sudden increase in the absorption coeffi-
cient will occur. At higher energies this step will be followed by struc-—
tures which are an image of the unoccupied density of states right above
the Fermi edge. Since core states are available with different atomic
symmetry characters (s, p, d, f ...) also informationron the symmetry
character of the empty band states (including matrix elements) will be
extracted, e.g. transitions fromans like core level will depict the
p-projected density of states. Extensive investigations of unoccupied
states were planned in the mid-sixties, when four synchrotron radiation
groups started out to investigate the properties of metals (and other
materials) in this spectral range at the NBS (Washington), at Frascati,
at Tokyo and at Hamburg. A chart of expected edge positions as shown

in fig. 2 helps to recall the hopes of those days to map the symmetry—
projected density of unoccupied states from absorption measurements

in this region.

2.2, Matrix elements - local effects

Figure 3 displays the absorption spectrum of Au over a wide energy range.

This spectrum is composed from different experimental results (JAEGLE and

MISSONT [1966] , HAENSEL et al. [1968] , GUDAT et al. (1972] ). The ener-
gy positions where edges should occur are marked. With the exception of

faint structures at the positions of the N6 7 edges, however, no edges
b1



are observed. Even the N6 2 edges were missed in the first experiments
3

and could be observed only with sensitive techniques in a later measure-

ment (GUDAT et al. [i974] ¥

The reason for the absence of these edges is now well understood on the
basis of atomic calculations (see FANO and COOPER {]968 s l96§] ). The

atomic dipole matrix element is proportional to
M« fP.l(r)rPf(r)dr (1)

where 1 and f denote initial and final states, r is the distance from

the nucleus and the functions P(r)/r are radial wavefunctions. The func-—
tion Pi(r) is a core function well concentrated inside the atom while

the final state function Pf(r) has small amplitude inside the atom at
threshold energy. Only at energies high above threshold the final state
wavefunction is capable of penetrating into the atom yielding appreci-

able values of M in eq. (1). The fact that the atom is embedded in a

solid does not alter very much this behavior. As a matter of fact Pf(r)

in the region where it contributes to the integral in eq. (1) is deter-
mined almost completely by the atomic potential and the angular momentum

of the final state. As will be explained in detail in section 5 the
interplay between the attractive Coulomb force and the repulsive angular
momentum force causes the shift of 'oscillator strength' away from the

edge to higher energies. This becomes more pronounced when the final

state's angular momentum gets larger. For example in fig. 3 the rising absorp-
tion coefficient from 140 eV on is due to the N6,7 transitions into g symme-
tric states. This shift of oscillator strength to higher energies also

accounts for the dominance of the Au N6 7 lines in XPS (x-ray photo-)
]



electron spectroscopy) where these electrons are ejected by e.g. 1.5 keV
photons, This is relevant as well for other excitations in other materials.
In cases, however, where the final state has the symmetry of incompletely
filled shells (like d-shells in transition metals or the 4f shell in

rare earths)Pf(r) has a large amplitude near the atom and M in eq. (1)
attains large values at threshold. This gives rise to further complica-

tions as we are going to show in the following section.

2.3.Multiplet splitting
Figure 4 shows the spectrum of 4d excitations in Pr. This spectrum was
first obtained with classical sources by FOMICHEV et al. []967] and

ZIMKINA et al. [1967] and later confirmed by HAENSEL et al. [197091

by means of synchrotron radiation. The prttt ion, as contained in the metal
(BREWER [I97ﬂ ), has the ground state configuration ...4824p632105825p6££2
(WYBOURNE (19651), where we have underlined the states which are mainly in-
volved in the spectrum of fig. 4. Instead of observing a single band (or a

few closely spaced bands) which would be due to transitioms into the unoccupied
part of the 4f states we observe a large number of lines including two broad
peaks at higher energies. The whole feature extends over an energy range of
more than 50 eV.

The explanation of this behavior again comes from an atomic picture

(DEHMER et al. [1971), STARACE [1972), SUGAR [1972] ). In this case

the wavefunction Pf(r) in eq. (1) is that of a bound state and therefore

there is a considerable overlap with Pi(r) yielding large values of M.

In addition the configuration of the excited BETTT (the other electrons

are the metal electrons) namely: 4d95325p64f3 is split into a series of

lines, mainly by the 4d-4f exchange interaction term, Both the d and f



electrons involved belong to a shell with the same principal quantum
number. This is the reason why the exchange interaction is so strong
and why the lines are spread over so large an energy range. The upper-
most lines are pushed into the ionization continuum, Therefore they are
broadened and smeared out. Figure 4 gives also the theoretical position
of lines as obtained from the atomic calculation and shows the good

agreement between theory and experiment.

Similar effects have been observed in the XPS-spectra of rare earth
metals by FADLEY and SHIRLEY []97@} - The energy of the escaping elec-
tron reflects the respective final state configuration left behind. A
configuration with one electron less than for absorption spectra has to

be considered.

2.4. Electron-hole attraction

It was always argued in the early days of absorption spectroscopy of
metals and especially with respect to the complementary process of

soft x-ray fluorescence (see fig. 1) that the hole in a good metal is
completely shielded from its environment because of the high conducti-
vity of metals. Therefore, no bound electron hole states (excitons)
should occur. However, we have just realized when looking at the example
of Pr that the shielding is obviously completely ineffective in the
region where the 4f electrons are located, otherwise the atomic model
would not have given the shape of the spectrum. Let us look at a simple

metal like Na where the L2 3 transitions should not be subject to any
3

of the complications mentioned in section 2.2 and 2.3.



Figure 5 shows the 2p absorption spectrum of Na metal as measured by
HAENSEL et al. [19693, 19705]. There is indeed a peak right at the spin
orbit split edges as shown in the inset. No one-electron band model of
sodium can account for a density of states peak at this position. Indeed,
the peak reminds one of an exciton with zero binding energy. As will be

explained in detail in section 7 this is too simple a picture.

The main reason of complication is the following: There is a small (about
I R wide) potential well due to the hole. This well is not strong enough
to bind an electron but it is capable of scattering electrons. Now the
main point is that it will not only scatter the one excited electron but
also all the other metal electrons predominantly those right at the Fermi
level. The sudden creation of the hole is accompanied by an excitation of
an infinite number of electrons. The excited electron is equivalent to
all these electrons and therefore we deal with a many-body problem, not
any more a two-body problem (hole and excited electron), nor a two-body
problem in a relaxing medium. The relevant many body theory explaining
this 'spike' at the edge is due to MAHAN [1967] and in its more rigorous
form to NOZIERES and De DOMINICIS [1969] . We shall come back to this
theory in section 7 and also to the objections which DOW i19745] has
raised against applying this theory in the interpretation of the spectra

of certain metals, especially Li,

2.5. Density of states structures in alloy spectra

Three major complications of the one-electron picture have been intro-
duced by now and some minor complications will be mentioned in the special

sections of this chapter. Nevertheless, there are examples which show in



a convincing way that the density of states plays its role in these spec-
tra. Ordered alloys of Al with other metals display structures above the
edge which can be correlated with density of states calculations. Figure

6 shows indeed a very good agreement between a measurement of the ordered
alloy AINi by HAGEMANN et al. D97431 and a density of states calculation
by CONNOLLY and JOHNSON [1971] . Of course,it is obvious that if a sharp
onset at the Fermi edge is observed in the spectra, as it is the case at
the Al L2,3 edge in this alloy, then we should also observe such a drastic
increase in the density of state as it occurs in AINi a few eV above the
Fermi level. In section 6.2 and 6.6 this and also other aspects of alloy

spectra will be discussed in detail.



3. Experimental methods

3.1. The source - synchrotron radiation

Different kinds of classical laboratory sources are used in the vacuum
ultraviolet but all of them are inferior to synchrotron radiation in quality
and intensity of the emitted radiation. The one important complication of
synchrotron radiation sources is, however, that, while the laboratory
sources are small appendices to the monochromators, in a synchrotron radi-
ation set—up the measuring device becomes a small appendix to the light
source. It is therefore recommendable to make use of synchrotron radiation
only when its advantages are really needed. Since information on this sub-
ject is now readily available we shall give only a brief survey on this
topic in the following. SAMSON I19671 has written a useful monograph
mainly on laboratory sources and techniques. Reviewson synchrotron radi-
ation have been published by SOKOLOV and TERNOV '1968' , MADDEN and CODLING
11967 , HAENSEL and KUNZ 1967’ , GODWIN 1969 , CODLING 1973 , MADDEN
fl974j » BROWN f1974{ , KUNZ 1974 . In addition useful information is
contained in the proceedings of three recent meetings (WATSON and PERLMAN
[1973] , MARR and MUNRO [1973] , KOCH et al. [I1974] ) and a bibliography

(MARR et al. (1972 , 1974 ).

Hydrogen or deuterium lamps provide a relatively weak continuum to about

7 eV and a many-line structure up to about 12 eV photon energy. Helium
discharge lamps provide a continuum up to 20 eV. Likewise several other
rare gas continua are available in intermediate regions. At higher energies
the uranium rod spark discharge source (BRV source) provides a useful
continuum with superimposed lines up to at least 250 eV (see DAMANY et al.

;I974f for recent developments). Spark sources give short pulses of light



with repetition times of several seconds. The bremsstrahlung tail of
x-ray tubes has been used with success by Lukirskii and coworkers
from 50 eV on, but serious problems arise from anode contamination

and low intensities.

Synchrotron radiation is emitted by electrons and positrons in circular
accelerators and storage rings when the velocity of the particles
approaches the speed of light. Energies of the particles above 100 MeV
are required in order to obtain intensity beyond the visible. Synchrotron
radiation is a by-product of the development of modern particle accele-
rators for high energy physics. Figure 7 shows the emission characte-
ristics of synchrotron radiation. The radiation is well collimated in
the momentaneous direction of flight of the particles. The main pro-
perties of synchrotron radiation are listed as follows, they are illu-
strated in several figures:

(1) collimation (figs. 7 and 8),

(2) linear and circular polarization (fig. 8),

(3) time structure (typically pulses of 0.1-1 nsec length at a

repetition rate of | MHz to 500 MHz),
(4) continuous spectrum (fig. 9),
(5) calculability in terms of absolute intensity (fig. 9),

(6) emission in a clean vacuum, no gas or sputtered materials.

As for examples in drawing the figures the laboratories at the DESY
synchrotron and at the DORIS storage rings in Hamburg were taken, there
the experiments are located at a distance of 40 m from the source point.

A higher flux can be accepted by a monochromator when the distance



from the source point is reduced. This is possible at smaller machines.

We shall not discuss here in detail the individual properties of syn-
chrotron radiation and its applications, but refer to the literature

given above. Synchrotron radiation has wide applicability not only to

the investigation of metals but also to semiconductors, insulators, atoms,
organic compounds, and living organisms. Especially structure investigations
of organic materials by means of the x-ray part of the spectrum deserves
mentioning. For the purpose of this article it is sufficient to recog-
nize the continuous spectrum and the high intensity. Figure 10 gives a
comparison between measurements of the Cr 3p absorption spectrum with
synchrotron radiation and with classical sources. The line structure of
classical sources and an underestimate of experimental errors has mis-
lead many investigators in assigning structures to spectra like this in

which no structures exist.

In comparing different accelerators and storage rings there are two im-—
portant parameters: the characteristic photon energy € above which the
spectrum begins to fall off rapidly (see fig. 9). This is determined by
the energy E of the orbiting electrons and the radius of bending in the

magnets R through

e (eV) = 2.22:103(E(GeV)) 3 (R(m)) 7! (2)

The other important parameter is the current of orbiting particles
which determines the intensity of synchrotron radiation. The intensity
is only weakly dependend on R. Table | gives a list of most of the syn-—

chrotrons and storage rings which are either used as light sources or

which are of interest as light sources.



3.2. Monochromatization

Most of the measurements we are going to discuss in this context are
performed with grazing incidence grating monochromators. The monochro-
mator type most widely used is the Rowland monochromator in which arrange-
ment entrance slit, grating,and exit slit all lie on the Rowland circle
(see SAMSON £l9671 ). Figure 11 shows an arrangement of this type. Since
the exit slit has to move precisely along the Rowland circle it is
difficult to attach heavy equipment to it. Usually samples and sample
handling devices are situated in front of the monochromator. After pene-
trating the sample synchrotron radiation is focussed onto the entrance
slit by a concave mirror at grazing incidence. Thus radiation coming

into a window of typically 5x20 mm? is accommodated by the monochromator.

With 10 ym wide slits, a grating of 2 m radius of curvature, ruled with
1200 lines/mm a resolution (constant in wavelength) of AX = 0.05 R is
achievable. Since in solid state physics mostly resolution in energy AE
matters, we give as an example AE = 0.05 eV at 100 eV and AE = | eV at
500 eV photon energy. The Rowland monochromator is capable of achieving
the highest resolution of all grazing incidence instruments. This, how-
ever, is obtained at the cost of flexibility, since it produces a moving
exit beam. Moreover, once it is used with a given angle of incidence

the spectrum is only free from unwanted higher order background radiation
in a region from the highest transmitted photon energy to half that energy.
At lower photon energies the unfiltered radiation can be swamped with
higher order contributions. The ratio of wanted to unwanted radiation
depends mainly on the characteristics of the grating. It further changes

when the films under investigation are inserted. Filters, mainly of



aluminum, are used in order to reject second and higher order radiation
in certain spectral regions. The pertinent problems are treated in general
by SAMSON §1967j and the special problems involved with synchrotron

radiation are dealt with by KUNZ i1973q1.

Several attempts have been made to overcome the moving exit beam and the
higher order problems of the conventional Rowland arrangement. KUNZ 5197331
has summarized eight different arrangements invented for this purpose.

Some of these arrangements are designed around a Rowland core and have

a fixed exit beam by adding additional reflections from moving mirrors,
other arrangements strive for simplicity in the motion of the optical

components thereby sacrificing either resolution, or higher order rejec-

tion,or directional stability of the emerging beam.

Figure 12 shows a monochromator arrangement designed by DIETRICH and

KUNZ [1972] which is used quite successfully at DESY now for several years.
It has a moving and rotating first mirror M always illuminating the plane
grating G. The rotation of the grating is coupled to the motion of the
first mirror. A section of a rotational paraboloid F brings the monochro-
matized radiation to a stigmatic focus at the position of a 100 y m wide
exit slit. The exit beam is fixed, higher orders are efficiently rejected
in the range 20 - 280 eV and the resolution is a constant fraction of

the photon energy and is in the order of 1:500. The instrument is equipped

with an UHV sample chamber which incorporates the exit slit giving good

access to the narrow beam of monochromatic radiation.



22 ADBOIPLicn Spcetroscopy
Absorption measurements are performed by a sample-in sample-out technique.
Since samples are either supported by screens of high but limited trans-
parency (V75 Z is achievable) or by supporting substrate films of car-
bon, aluminum, collodion etec. one spectrum (I(w)), is taken with the
substrate plus sample and another one (Io(m)) with a possibly identical

substrate film. Afterwards the linear absorption coefficient p(w) is ex-

tracted according to I(w) = Io(w)e—“(tﬂ)d whereiy is the photon energy and

d the film thickness. (This procedure is valid if the reflectivity can
be neglected, if not, a more complicated evaluation has to be applied,

see section 4.1.) Since errors arise due to stray light and higher

order light, especially when e—U(w)d becomes very small, it is necessary

to prepare films with different thicknesses d when large variations of
n(w) occur in the range of investigation. Moreover, from plotting I(w)
versus d at a fixed photon energy stray light and higher order radiation
can be corrected for as described e.g. by HAENSEL et al. [1968] . Errors
in the relative variation of u in the order of less than 5 % can be achiev-
ed by this method. Absolute errors in p are mainly determined by the

error in measuring the film thickness d and are usually not less than

20 7%, With many materials the density of thin evaporated films is less
than that of the bulk material. Rather than using direct determination

of the thickness like the optical Tolanski method a weighing method (oscil-
lating quartz monitor) is used determining the mass of material per cm?.
Several authors prefer to give their result in terms of the mass absorp-
tion coefficient p' = p/p where p is the density of the material, others
give the result in terms of an atomic absorption cross section

o = (p-A)/(p'LA) where A is the atomic weight and LAris Avogadro's number,



A two beam densitometer which improves the accuracy in the grazing inci-—

dence region was described by GUDAT et al. il974t . It is shown in fig. 13.

The monochromatic beam hits either one of two mirrors Ml or M2 depending
on the position of the rotating mirror segment holding M]. This rotation
is synchronized with the pulse frequency (50 Hz) of the synchrotron alter-
natively sending a light pulse into beam | or beam 2. The two beams trans-—

mit sample film S, respectively reference film 5, (e.g. a substrate) and are

1
detected with open photomultipliers Dl and D, . Small structures in the
1073 range could be resolved with this technique. Moreover differential

measurements comparing two different samples are possible (see section 6.2).

Recently BALZAROTTL et al. [1974} have built a set-up in which the samples
are rotating synchronously with the synchrotron pulses measuring alter-—
natively two samples with a single beam and with a single detector. They

give an accuracy of 0.2 % for the ratio of transmissivities,

3.4, Yield spectroscopy

LUKIRSKII et al. [1966X using the bremsstrahlung continuum have measured
absorption and photoelectric yield as a function of photon energy for

several materials and could show a great similarity in both types of spectra.
GUDAT and KUNZ U972b1 demonstrated the great potentiality of yield spectro-—
scopy when using synchrotron radiation as a method of obtaining absorption
structures from bulk samples. In the mean time GUDAT and KUNZ {)975] .

and GUDAT [(1974] could demonstrate with more than 20 different materials
(metals, semiconductors and insulators) that the photoelectric yield spectra
show the same structures as absorption spectra in the region of core exci-

tations. Figure 14 shows as an example the spectra of Al as obtained by



both methods. Because of the surface sensitivity of photoelectronic emission
sample cleanliness is essential for yield spectroscopy and metal samples
have to be prepared under UHV conditions. Figure 15 shows the simple ex-—
perimental set-up for yield spectroscopy. After the light beam is reflec-
ted by a grazing incidence mirror (the photoelectrons emitted from its sur-—
face provide a reference signal to account for intensity fluctuations) it
hits the sample. The photoelectrons are pulled by an electric field into

an open photomultiplier near to the sample. The set-up allows for evapora-

tion, heat treatment, and scratching of the materials under investigation.

The close correspondence between yield and absorption spectra can be ex-—
plained in the following way (GUDAT and KUNZ [J972b]). Assume that there

is a fixed escape depth L for the photoelectrons. Then the yield Y will be
proportional to the number of photons absorbed in a depth L from the surface
or Y « ]_e-uL # uL when pL << 1. All the power of absorbed radiation goes
into excited electrons,be it primary ionization or autoionization from
bound states,or Auger decay. Electrons, however, especially in a metal
have a short mean free path (about 4 X at 100 eV kinetic energy) for
electron-electron scattering (see e.g. LINDAU and SPICER [1974] ). By
means of electron-electron scattering they cascade down in energy and
undergo multiplication. Eventually the electrons will reach energies

just above the vacuum level (v4.5 eV for Al), where they obtain their
largest mean free path (e.g. about 40 R in Al). A certain fraction of
these electrons escape into the vacuum. It can be demonstrated in

energy distribution measurement that electrons having energies a few eV

above the vacuum level furnish the main component of the total yield.



Thus L is essentially determined by the mean free path of these electrons.
The number of electrons will further be roughly proportional to the photon

energy Hw due to multiplication. Thus we obtain

Y(w) « ﬁ@-u(w)'L (3)

Since #w is a slowly varying factor the yield Y is essentially an image

of p(w). In the following we shall use Y(w) and p(w) equivalently when
discussing absorption structures. Y(w) is usually not obtained in terms

of absolute numbers since the photon flux hitting the samples is not known.
The photocurrent from the sample is usually divided by a reference signal
which has a flat spectral dependence. Reflectivity losses of radiation
from samples at normal incidence and up to angles of incidence of about
45° are negligible in the spectral range discussed here and do not cause

any problems.

3.5, Electron energy loss spectroscopy

Measurement of the energy loss of electrons in the range up to 300 keV
serves as an additional means of obtaining optical constants. The method
is reviewed by DANIELS et al. Ll970] and is based on the following equa-

tion
e 1

v
o

)2 d -

1
PI(AE,g)dAE do = ( + Im(- m)dﬂﬁ: dQ (4)

02+92
(0]
PI(AE,q) is the probability for a fast electron to loose in a distinct
A
inelastic process an energy AE and to experience momentum transfer 1q
with q = q, + q, (q, normal and q, parallel components to the direction
AL Ar A AA Laal

of the incoming electron). Momentum transfer fiq is defined in the experi-

ment by the scattering angle through the relation

9% = qff + af = a2 (02 + 02) (5)

an



with 0, = AE/ZE0 and vo;ﬁqo, Eo being velocity, momentum and energy of the

incoming electrons, respectively, dAE is an energy interval around the

energy AE, d? a solid angle interval around the direction given by 6, d

the film thickness and Im(-1/e(w,q)) the imaginary part of the reciprocal
~

dielectric constant, the so called energy loss function. Through this

function optical and energy loss measurements are related.

While optical measurements measure the transverse dielectric constant

etGﬁm,q) which is in principle also a function of the wave vector q, energy
AAL

loss spectroscopy is determined by a longitudinal dielectric constant

€,(8E,q). In the limit of q = O
) 55 An

Etéﬁw,O) = ez(hm,O) = e(w) (6)

(see PINES LJ963] ). It is this limit in which energy loss measurements
are treated as an equivalent method for determining optical constants. In
optical measurements gkis linked to 4 through w/]gl = ¢ (velocity of light).
Energy loss measurements, however, allow for an independent variation of
AE and Q: Changes of the spectrum occur when q becomes larger than about

: An
1/5 of the Brillouin zone radius. In the context of this paper we shall
not deal with these special aspects of :gfspectroscopy' (with the excep-

tion of section 7.4.3).

One of the main problems in determining Im(-1/e(w)) from energy loss spec-
troscopy is the presence of electrons in the spectra which have experienced
more than one energy loss process while penetrating the film. These elec—
trons create a large, sometimes even structured background which has to be

substracted in a complicated procedure before an Im(-1/e(w)) spectrum is
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obtained. Two remedies against this background have been tried. They are
based on the fact that the multiple-loss probability is proportional to
dzlvg when the single-loss probabilities are small (see eq. (4)). One
methode is to keep d small. There is, however, a limitation of about

d = 100 & for unbacked films and it is impossible with many materials to
make such films. The other method which was recently realized by RITSKO
et al. [19745] is to increase L They have built a 300 keV energy loss
instrument with 80 meV resolution. With such an instrument core exclta-
tions in the 100 eV range can be measured without any real background

problems.

Other additional structures in energy loss spectra, like those originating
from surface losses and excitation of Cerenkov radiation are eliminated
much easier. After having obtained Im(-1/e(w)) a Kramers—-Kronig analysis
is applied to obtain Re(l/e(w)). The two functions give complete infor-
mation on &w). For detailed information the reader is referred to the

review by DANIELS et al. [1970] .



4.1. Kramers—Kronig analysis

Once the complex dielectric function e(w) = el(m)+i62(m) is obtained all

the relevant information necessary in linear optics is available. Instead

of e, and €, other pairs of independent optical quantities like

n(w)+ik(w) = Ve(w) the optical constants may serve the same purpose. Because
of causality being involved in optical response and other restrictions,real
and imaginary parts of such functions and others involving reflectivity and
absorption are connected by integral relationships the so called Kramers—
Kronig relations (see e.g. PHILIPP and EHRENREICH UQG&] , ALTARELLI et al.
{1972] , rToLL [1956] ). For the determination of one of these quantities

a complete knowledge of the other one from the infrared to the x—ray region
is required. The measurements below 30 eV, however, are usually reflectivity
measurements at normal incidence while those at higher energies are absorp-
tion measurements, In order to combine information from both regions an
iterative Kramers—-Kronig analysis of both reflectivity and absorption measure-
ments is necessary. Joining reflectivity and absorption measurements in the
region around 30 eV is usually not without problems. In order to obtain a
smooth transition the reflectivity has to be increased and the absorption
coefficient must be lowered in this region according to a quite general
experience.

The relation most useful for evaluating reflectance measurements in the low

energy region connects the phase angle GR(wO) with an integral over the re-

flectance R(w)

o0

)
BR(mO) = - 7? P dw lg—gggl (7)

wT=w
(6]
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where P denotes the Cauchy principal value of the integral. If the pola-
rization and the incident angle of the radiation are known the dielectric
functions can be calculated elementarily from equations given e.g. by

BORN and WOLF [1959] .

As long as the reflectivity of the samples used is small (more accurately
GREENAWAY and HARBEKE [1968] ¢ R << 1, k2<<n2) the absorption coefficient p
can simply be calculated from the transmittance T and the thickness d of
the sample by applying:

| 2w

mug) = -3 In Te) = —2 ko), (8)

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

Kramers—Kronig relation

nw ) =1+=p j dw _nw) (9)
(o] i 3 2
0 w UJO

If the transmittance of a thin foil is measured in a region where reflec-
tance is still important, the relation
L]
w© [ w

_ ..o In T(w) , "o
GT(wO) = . P dw + d (10)

C
mz—w 2

Jo

holds (NILSSON [|9681 , the sign convention used here is different from
that in the reference),n is determined from T and OT by the iterative

solution of an implicit system of equations (ABELES and THEYE [}966] ):

I
()

TEX—T(n,k) =

OT -0(n,k) =

I
@]



_23_

with (see HEAVENS [1964] ):

2 2
Tlusk) = (6 « DK
C2+D2
(1)
kC+nd
O(n,k) = arc tan (kD—nC) ;

¢ = e (((n+1)24k2) cos N + 2k(u+1) sin N)
—e_M{((n—l)z—kz) cos N - 2k(n-1) sin N} ,
D = dM {((n+1)2-k?) sin N - 2k(n+1) cos N}

+e_M{((n—l)2—k2) sin N

+

2k(n+1) cos N},

TEX is the experimentally determined transmittance and c the speed of
light. The Kramers-Kronig relations (7), (9) and (10) are valid for insu-

lators as well as for metals (ALTARELLI et al. [}972] Y

In order to obtain a complete set of optical constants for the entire
energy range the following procedures were applied by HAGEMANN et al.

[ 1974b) :

Lf the directly measured absorption coefficient could be matched to p-values
which were available from other experiments in the low energy region,Kramers-

Kronig analysis was performed with the total absorption spectrum (eq. (9)).
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If in the infrared, the visible- and near UV-regionsonly measured reflec-
tivities were available, first the Kramers-Kronig relation eq. (7) was
used with these data extrapolated to higher energies. Together with the
measured absorption 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. (10) was applied. In this case an
alternative method was tested which did not make use of eq. (10). In the
first step My and k _ is calculated from the measured transmittance TEX

(eq. (8)) neglecting the reflectance+). Then n_ was calculated from eq. (9)
and the transmittance T(no,ko) of a thin absorbing and reflecting layer

(see HEAVENS [1964] , HODGSON (1954] ) was determined according to eq. (11).

A better approximation of the absorption coefficient is then given by

1
u, = 2uo + E-ln T(no’ko) (12)

This procedure was repeated until TEX and the calculated T(n,k) coincided.
In all cases this was achieved with sufficient accuracy by the first

corrected p and the n was determined from it by eq. (9).

The analysis of optical data on Mg, Al, Cu, Ag, Au, Bi, C and A1203 reported

by HAGEMANN et al. [1974bﬂ was carried through by using the interactive

+ . . 3 ; . .
)Note that the simple minded idea that the transmittance of a film 1in
a region where small reflection and large absorption occurs is always
less than the transmittance calculated from T = exp(-pd) is not right!

This is to be seen e.g. from working out eq. (2.21) in GREENAWAY and
HARBEKE ([1968] .
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on-line data processing system at DESY documented in several stages of
evolution by NIELSEN [19731 , KLUCKER and NIELSEN (19737 , HAGEMANN et al.
T19737 + It consists of a PDP 8e as an intelligent terminal with several
convenient input-output and storing features connected to an IBM-computer
360/75, which opens the opportunity to try out variations of the input

data with considerable ease and speed.

The optical constants of materials in the region of linear response fulfil
various sum rules. ALTARELLI et al. [1972] have given a systematic deri-
vation of these sum rules. Some of them are very useful to check on the
accuracy and consistency of the optical functions as determined by the

procedures outlines in the previous section:

Wo
B f w Ez(w)dm = neffl(mo)’ (13)
0
Wo
c*B f plw)dw = neff2(wo)’ (14)
o
W
~B [ w Im{eXw))dw = LIPPNCIE (15)
o
w
lim 2
o <o n(w) [n(m)—l)dw = 0, (16)
¢ 0
w
lim @
w (n(m)ul]dm =0, (17)
)
m A




- 26 -

with neff(wo) the effective number of electrons per atom (molecule) con-—
tributing to the optical transitions in the frequency range up to W,

m the electron mass, e the electron charge, LA Avogadro's number, A the
atomic weight of the substance and p its density.

Table 2 gives the three n values from eqs. (13-15) and the deviation

eff
from the total number of electrons Z as obtained by HAGEMANN et al. {19745]
for their optical functions of several metals. In addition the contributions
of the conduction electrons Ancond and that of the K shell electrons AnK is
given. The agreement with what is expected is very satisfactory. The fact
that An, is considerably smaller than 2 is understood as shift of oscillator
strength from one to another shell (see e.g. COOPER [1962] ). Partial sum
rules for one atomic shell have to be considered wich precautions. Only

the overall sum rule is strictly valid. Tests of the sum rules as a function

of w according to eqs. (13-17) will be shown for Ag in the next section.

4.3. Optical properties of Ag from I to 1000 eV

The first attempt to obtain a complete set of optical functions for one
material was made in the piloneering paper by PHILIPP and EHRENREICH [I964].
Their sum rule test for Al, yielding neffl=neff3=8'2 instead of 13, revealed
a serious lack of oscillator strength. This was due to an interpolation

in the region of the L2’3 transitions. Later FOMICHEV 0967] and HAENSEL

et al. [196951 corrected these values and found good agreement with the
expected L Recently HAGEMANN et al. (1974b] have determined Kramers-
Kronig consistent optical functions based on own experiments and those of

other authors with the methods outlined in section 4.l. A complete set of

optical functions of Ag between | and 1000 eV may serve as an example. The
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tabulated values between 1072 eV and 5+10° eV are available in the original

paper.

Figures 16 —= 19 show the normal incidence reflectivity R, absorption coeffi-
cient yu, € and €, and k,and the energy loss function Im(-1/e). The con-
struction of the absorption spectrum from which the other optical functions
were derived was made as follows:

From 1073 eV to 0.5 eV the Drude parameters and from 0.5 eV to 3.5 eV the

k values from JOHNSON and CHRISTY [1972{ were taken. From 3.5 eV to Il eV
the k values obtained from Kramers—-Kronig transformed reflectivity measure-
ments under UHV conditions by IRANI et al. [19711 were used. Between |1 eV
and 16 eV a segment was interpolated with the help of results by CANFIELD
and HASS [1965] and EHRENREICH and PHILIPP [19621 « From 16 eV to 110 eV
original results on p by HAGEMANN et al. [I974b] calculated by the method
given in eqs. (10) and (11) were used. The original u was modified by sub-
tracting 0.7x107° em™ !, From 110 eV to 300 eV the values by HAENSEL et al.
[1968] were used and above 300 eV the data were taken from the compilation
by HUBBEL [19711 . Original data from several references are shown in the

respective figures together with the Kramers—Kronig consistent curves.

A display of the N ge SUM rule integrals as a function of the upper limit
of integration in fig. 20 reveals in which energy range the oscillator
strength for the different functions €0 M and Im-1/e is located. Figure 21
shows the behavior of the integrals eq. (16) and (17) as a function of the

upper limit of integration. The integration over (n-1) (eq. (16)) is



approaching zero within the limit of accuracy of the computer. The rapid
oscillations at the high energy end in fig. 21 of the integral over n-—l
are an artifact of the integration routine used on the computer. The

general trend, however, is clearly recognized and satisfactory.
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5. Theory
5.1. One-electron band theory

The one-electron optical properties of a crystalline solid are best described

in terms of the imaginary part of the dielectric function (see e.g.

HODGSON [1970] ):
h2e?

e, () = [ di ]E\.E}’Clz § (B -E ) (18)

mmes w
where k is the Bloch wave-vector, e is the unit vector in the direction of
A (a8
polarization of the incoming radiation, E, and EC are energies of occupied
valence (or core) and empty conduction states respectively. The integration
is carried out over the first Brillouin zone. The dipole matrix element

e M . is given by

MMV
# iKer
e*M = dr k ,xr) eam~ eV (k ,r 1
ey = fdr gk L) ey b,k ) (19)
where wc and ) are Bloch functions and the integration extends over unit

v

2% : . . ;

volume. |K| =-j? is the wave vector of the incoming light wave with wave-
N

length A,

An immediate consequence of (18) is the k-selection rule namely k =k +K+g
A A C AV An A

where g is a reciprocal lattice vector. For long wavelength radiation namely

KY0 and g=0 this yields k-conservation in optical transitions (vertical
A~ ey A

transitions). Since the core levels in the band-picture, however, are

completely flat bands this selection rule is unimportant for the

problems of this chapter.
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The full program of evaluating eqs. (18) and (19) numerically for real metals
is difficult to carry out and in those cases where bandstructures and wave-
functions have been obtained it is subject to considerable errors because

of the necessary approximations. In a rough approximation the matrix element
eq. (19) is set constant throughout the Brillouin zone. Then €, (w) becomes
an image of the density of states. Another approximation is to consider the
local character of the matrix element eq. (19) as the important feature.
Because wv(r) is different from zero only in the atomic core an atomic cal-
culation of the matrix element appears to be a good starting point. This is
the topic of the following section. A (local) density of states might come
into play as a modulation of the atomic absorption cross section in the

next higher approximation.

5.2. Atomic one-electron approximation

In atomic physics usually the atomic ionization cross section ¢ is calculated.
This is related to the measured absorption coefficient by u = No. After
COOPER [1962] and FANO and COOPER [1968] the ionization cross section for

the n,1 subshell is given by

= 3 2 2
Gnl(w) (4 a0/3) hw (Cl_l RI—I + Cl+l R1+1) (20)

here o is the fine structure constant, a the Bohr radius and the two terms
in the last bracket describe two possible transitions to final states with

angular quantum numbers 1+] and 1-1.

{e 5]
i 2
thl f Pnl(r) r PgJil(r)dr (21)
o
are radial matrix elements and the Cl+l are statistical factors from

averaging over initial states and summing over final states. It should be

mentioned that the R141 matrix elements are the dipole matrix elements in



the 'length' form while those in eq. (19) were given in the equivalent
'velocity' form. Pnl(r) and Pc,lil(r) in eq. (21) are the functions which
really determine the behavior of the absorption coefficient. Let us con-
sider how they are related to the initial and final state wave functions.
The ground state wave function is Volms = Unl(r) Ylm(¢,0)xs where Xg is a
spin function, Ylm(¢,0) is a spherical harmonic and Unl(r) = Pnl(r)/r is

a radial wave function. The wave function Pnl(r) obeys a radial wave equation
2 2 B 9, 2 _
d?p . (r)/dr? + (2m/A )(Enl V(r)-1(1+1)42/2mr JPnl(r) B (22)

Continuum state radial wave functions Pel(r) are obtained by solving eq. (22)
with Pnl(r) replaced by P 1(r) and n replaced by €. The Coulomb potential

£
V(r) and the centrifugal 'potential' 1(1+1M2/2mr? in eq. (22) are combined

to form an effective potential

1(1+1)%?

r? 2m

Veff(r) = V(r) + (23)
The evaluation of the matrix elements Rlil is straight-forward by making
use of tabulated atomic one-electron wave functions for the bound states

as e.g. those of HERMAN and SKILLMAN [1963] obtained from Hartree-Fock-
Slater equations. The continuum-state functionsare computed from eq. (22)
after obtaining an appropriate potential again based on calculations like

those of HERMAN and SKILLMAN [1963] .

A series of effective potentials (eq. (23)) for 1 =3 are shown in fig., 22
after MANSON and COOPER [19681 . It is realized that a potential barrier
builds up which is responsible for the suppression of overlap between
initial and final states at threshold. This is demonstrated for the &4f

transitions of Bi in fig. 23 after COMBET FARNOUX [1969] . The wave function
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marked =0 is the one at threshold and is zero in the region of overlap
with the 4f shell. At €=11.5 Ry (156 eV) the final state wave function

has moved into the core region and an appreciable overlap with the 4f shell
occurs, Figure 24 shows the calculated absorption coefficient with the onset
of 4f electron transition at about 200 eV. A small edge appears due to the
4f+ed transitions but the major contribution to the oscillator strength is
the 4f-eg contribution which comes into play only at higher energies. The
experiments show the rise in the absorption above 200 eV in qualitative
agreement. There is, however, no edge observed and the increase is less pro-

minent than that in the calculations.

Calculations for several materials based on these theories have been per-
formed by COOPER [1962] , MANSON and COOPER (1968] , COMBET FARNOUX and
HENO [1967] , FANO and COOPER [1968] , JAEGLE et al. (1969 . McGUIRE

(1968] has tabulated calculated cross sections for the elements Helium

to Xenon using a different technique. The numerical potential from

HERMAN and SKILLMAN D963] is represented in successive radial intervals

by hydrogenic potentials. Thereby the radial wave functions become piece-
wise analytic. This way of calculating the continuum wavefunctions is essen-

tially equivalent to solving eq. (22).

5.3. Extended absorption fine structure (EXAFS)

The atomic approximation is essentially one where in eq. (19) the final

state wave function $c(k ,r) is approximated by that of an isolated atom.
arC7oan

The next step of approximation is to describe the final state as a super-

position of an outgoing wave §(r) with a sum over backscattered waves

) = z wi scattered from neighboring atoms located at positions i. In order
sc .
1



to calculate the matrix element it is only necessary to obtain the amplitude

of wsc at the position of the excited atom. Equation (19) becomes
Mo S(r) + 9h (£)) erV v (r)d (24)
g VD) e (1)) L v, (n)dg

We have omitted here the additional index k in the wave functions, which has
no meaning in this model. If multiple scattering was included into wsc this
method when carried out correctly would build up the true one-electron wave-

functions of the excited electrons.

Variations in the x-ray absorption spectrum as a function of the kinetic
energy of the excited electron are now produced by the interference near
the nucleus between the outgoing wave ¢(£) and the backscattered waves
wsc(fg' When these waves add constructively there is an absorption

maximum and when they add destructively there is a minimum,

The calculation is usually applied in an electron energy range where the
scattering amplitude from a single atom is small. Therefore the multiple
scattering contribution is neglected. Further it is assumed that the out-
going and the backscattered waves are rapidly damped through inelastic
scattering. This is achieved by a damping factor e_eri where r, is the
distance to the scattering atom at position i. The assumption of rapid
damping is well justified since 1/y is in the order of 5-50 R in the 100 eV -
1000 eV range (see e.g. LINDAU and SPICER [19741 ). On the other hand,

very strong electron-electron interactions cannot be described just by a

simple damping.

Since the absorption cross section is proportional to |e-M[2 we obtain
A Ane

from eq. (24)
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o o |f¢*(r)e-v Y (r)dr + fw* (r)e-V (r)dr|2 (25)
AN AR V A~ A SC v 4. . Voo a

The first term squared gives the smoothly varying atomic absorption coeffi-
cient while the mixed term yields the oscillating part. This oscillating part
of o was first caleulated by SHIRAIWA et al. [1958] and SHIRAINA [1960) going
back to an idea of KRONIG [1932J which he used to calculate the oscillations

in the absorption cross section of molecular gases. (Earlier theories have been
reviewed by AZAROFF [1963) .) The method was then improved by SAYERS et al.
[19761 and was also inverted by this group in order to obtain radial distri-
bution of nearest neighbor atoms in crystalline and amorphous materials from
measured spectra (SAYERS et al. 51971 , STERN 1974 ). Their expression

for the oscillatory part of the cross section for K-shell excitations is

o' = -k f(k) Z(exp(—y2ri)/riz]exp(—ci2k2/2)sin[rii+2n(k)), (26)
i

where fik is the photoelectron momentum. f(k) is the usual electron scattering
factor, r. is the distance from the absorbing atom to the i-th neighbouring
atom. n(k) is the phase shift caused by the potential in the absorbing atom.
(This has to be counted twice since both the outgoing and the backscattered
electron waves experience this shift), exp(-oizkz/Z) is a Debye-Waller factor
which through the mean square amplitude of the relative displacement of the
atoms from their equilibrium positions includes both thermal and disorder

effects.

Calculations based on this formalism are successful in explaining the oscil-
lations in the absorption coefficient due to the excitation of K electrons
to energies up to 1000 eV above threshold. The theory should fail quantita-

tively at very low energies where multiple scattering effects dominate, but
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the qualitative feature of a moldulation of the absorption coefficient

should occur also in the range of the first 100 eV above the edge. This

will be the important point for the interpretation of structures in light

metal absorption spectra of e.g. Al and Na as recently attempted by RITSKO

et al. [1974] . ASHLEY and DONIACH []9741 have improved the calculations

for low energies by including multiple scattering. The deficiencies of most

of the present theories on EXAFS in the region near threshold become especially
evident from the papers by FANO and LEE []97Q] and FANO [1974:. They outline a

considerably improved theoretical approach to this problem.

Another important point deserves mentioning. The phase shift n(k) can be
calculated only from a knowledge of the exact potential of the excited atom
with a hole in the K-shell. Tabulations of atomic potentials like e.g. those
of HERMAN and SKILLMAN (J963} do not list these potentials. Further the outer
part of the potential will be modified compared to self consistent atomic
Hartree-Fock potentials since metal electrons can shield the long tails.

Therefore, in many calculations n(k) is used only as a fitting parameter,

>+4. Multiplet splitting

Atomic calculations of the kind mentioned in section 5.2 are not limited to
continuum transitions. Calculations of similar type serve as a first step
for obtaining the discrete atomic excitations. Usually in going from atoms
to solids, especially with solids in the metallic state, no correspondence
between the rich line structure in atomic spectra and the few peaks, if any,
at the onset of transitions in the solid can be established. A case of
exception are the rare earth metals. These have partly filled f shells in

configurations 4d104fN which allow for excitations of the type 4d94fN+l.
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We have intentionally omitted the metal electrons since it is known that

rare earth metals consist of trivalent ionic cores embedded in and screened

by the metal electrons. (BREWER 119711).

Due to the compactness of the 4f wavefunctions these lie inside the 552
and 5p6 shells and are therefore screened from the environment of the solid.
; . . ; 10, N 9, N+1

Calculations show that in excitations of the type 4d ~4f -4d”4f the
additional f electron becomes bound inside the centrifugal barrier and over-
laps the 4d wavefunction. Orbits with higher principal quantum numbers
(5£,6f,...) remain outside the centrifugal barrier and have only weak over-—
lap with the 4d wavefunction. Hence much of the oscillator strength of the

; " . . 5 9, N+1 . .
4d excitation will go into the transition to the 4d74f configuration.
From these considerations an atomic treatment of these excitations promises
to be very successful also for the rare earth metals. The theory was pub-

lished in a series of papers by DEHMER et al. [197f] » STARACE @972] g

SUGAR {1972] , DEHMER and STARACE [1972] .

The method used to obtain the splitting of the configuration 4d94fN+] into
terms with different angular momentum and spin quantum numbers is a standard
one of atomic physics (see e.g. CONDON and SHORTLEY [1970] ). The starting
point is a basis set obtained from an independent particle model such as
Hartree-Fock-Slater or any of various central field models. Using this basis
set linear combinations of Slater determinants are to be formed in some
coupling scheme, which is usually taken to be L-S coupling. Let us denote

N+1

these states by |4d94f o> where o incorporates all quantum numbers (angular

momentum and spin) to uniquely identify the states of this configuration.

+1

All |4d91+fN o> states are eigenstates of the indenpendent particle model
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Hamiltonian Hod4 for the same energy eigenvalue Eyer? which depends only on

the configuration. The main task is now to diagonalize the matrix

9, N+l _, 9 _N+I
<4d’4f o |vres|4d 4E a> (27)

where vres = H-Hmod and H is the complete Hamiltonian of the problem

while Hmod is the model Hamiltonian used in calculating the states

lad4eM* g

By Vres will contain electrostatic electron—electron interactions

of the type Z ]/rij and the spin orbit interaction.
i<]

The result of the calculation are new eigenstates of the configuration say

N+1 +1

|4d94f g> which are linear combinations of the |4d94fN a>'s and energies

of these states EN+]+€B where the EB‘S are the diagonal elements of the
matrix (27) after diagonalization. The new eigenstates allow for a calcu-

lation of the dipole matrix elements and thereby the oscillator strength

of the individual lines.

Since a better approximation would have to allow for the admixing of other
; ; 9, _N+I| . . . .
configurations than 4d"4f (configuration interaction) the energy values
EN+1+EB are only a first order approximation. In the case of the rare earth
metals a scaling by a factor of n2/3 brings calculations and experiment into
excellent agreement. This scaling as a substitute for taking configuration
interaction into account is the weakest point of this calculation. As an example
. 3 3+ .
we give the result of the calculation by SUGAR [}972] for Ce”™ in table 3.
The table also lists the experimental values by HAENSEL et al. [19700]. Note
that the ground state is a 2F5/2 state. Since the optical selection rule

AJ = 0,+1 holds, only J = 3/2, 5/2 and 7/2 final states need be considered.

Further the states are denoted in LS-coupling terminology. This does not



mean that LS coupling describes the [4d9,4f28> states but it gives the
character of these states. The main origin of the large splitting of

the states of this configuration lies in the excellent overlap between

the 4f and the 4d orbits. This results in a large value of the exchange
integral which constitutes the most important parameter for the splitting

of the terms. The most intense lines are pushed up into the continuum. They
are broadened by interaction with the underlying continuum which needs special

considerations as given in the next section.

Another group of metals where a similar theoretical approach could be rele-

vant are the transition metals., In this case e.g. transitions of the type
6,.N ., 5 N+l : :

3p 3d =3p~3d are considered. The 3d electrons are not as well shielded

as the f electrons in rare earth metals but they are fairly localized at the

transition metal atoms. Again the fact that the p and d electrons have the

same principal quantum number will secure good overlap of the wavefunctions.

5.5. Configuration interaction and initial state correlations

If in a certain spectral region continuum excitations and discrete excita-
tions overlap one would naively superimpose the intensities of these exci-
tations in order to obtain the total absorption coefficient. In many cases,
however, it is necessary to consider the interaction between the two exci-
tations. FANO [}961] calculates separate probability amplitudes for the two
transition processes and determinesthe absorption coefficient as the square
of the sum of the separate probabilities. Interference destroys the simple
Lorentzian line shapes and causes striking asymmetries. This gives also

the means how to detect these interactions. Another result of the interaction
is a broadening of the discrete excitation due to the decrease in lifetime

because of autoionization.
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The analytic equation for the cross section at energy E as given by FANO
1961  is

o(w) = o_(0){p? ((@+e)?/ (14e2)) + 1 = p?} (28)

here oc(w) is the absorption cross section that would be observed in the
absence of the discrete state at the photon energy fiw, p2 is the fraction

of oc(m) which is capable of interference with the discrete state, q is

a profile index determining the distortion of the line, I' the width of the
autoionization state is determined by the square of the overlap integral
between discrete and continuum states and e=(ﬁw-Er)/G/2F)is a reduced energy
variable, Er being a nominal resonance energy. Figure 25 shows such line

profiles as a function of q.

STARACE b972] and DEHMER and STARACE [I972] have applied a similar approach
to calculate the configuration interaction of those lines in the rare earth
spectra (especially La) which are pushed into the continuum. In these cases
a coupling and mixing of several continua is involved which results in broad

intense peaks quite similar to those observed in the experiments (see e.g.

fig. 4 in section 2).

The real break-through in obtaining a good quantitative description of these
peaks (and peaks like the d-f maximum in the spectrum of Xe gas first measured
by EDERER [1964] ) came with the inclusion of initial state correlations into
the calculations. These correlations involve an admixing of virtually excited
states into the ground state wavefunction. These theories are reviewed in two
recent papers by AMUSIA [J974] and WENDIN {}974} (see also references therein)

We shall not attempt to deal with the details of these theories in the con-—
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text of this paper since they belong to atomic physies. Nevertheless, as
will be seen in section 6.4, they are of considerable importance also for

an understanding of the spectra of metals.
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6. General absorption behavior

6.1. Simple metals: Li, Be, Na, Mg, Al

Figure 5 and fig. 26 display the absorption of the five lightest metals
as measured by HAENSEL et al. [197051. The spectra of Na, Mg, and Al are
shown in the region of the L2,3 excitations while Li and Be are shown in
the region of the K excitations. The positions of the structures are given
in table 4. In all cases the transitions from the core level set in with a
pronounced step-like increase in the absorption coefficient. The details
of the edge shape and the peaks right at the edge will be discussed in
section 7. Here we are concerned with the general shape of the spectra.

We have to distinguish the region up to about 20 eV above threshold where
narrow structures occur and the region up to more than 100 eV above thresh-
old where large peaks are observed with a typical energy separation of

20 - 40 eV. Moreover in the Mg and Al spectra the weak Ll edges can be
identified. The narrow structures right above the edge are attributed to
density of states structures (if possible) while the large wide peaks were
the object of several theoretical attempts of interpretation. Here we only

mention collective excitations and EXAFS (section 5.3).

6.1.1. K-edge (Li, Be)

The Li spectrum was obtained in addition to the absorption measurements
shown in fig. 26 also with yield spectroscopy from solid and liquid samples
by PETERSEN and KUNZ [1974] as shown in fig. 27. Absorption and yield of
solid Li are in very good general agreement with each other. The shoulder

B (fig. 26), however, could be shown to be very sensitive on sample clean-
liness in the yield spectra and was absent in measurements performed on

very clean samples. It is therefore ascribed to oxide. A shift of the edge
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to higher energy compared to the absorption spectrum is partly due
(+0.16 eV) to a calibrational error of the earlier result which is correc—
ted in table 4. Also the temperature difference (77 K to 400 K) contri-

butes to the shift of the edge (see fig. 57 in section 7.4.4).

The minimum at 57.7 eV about 2.3 eV above the edge is attributed to the
onset of transitions to the second band in Li. MATHEWSON and MYERS []972]
find the optical threshold for transitions across the gap at 2.2 eV

(at 298 K) and believe that the Fermi surface just touches the Brillouin
zone boundary. The theoretical calculations of HAM [I962} imply an onset
of transitions 2.87 eV above the edge. This correlates well with our result.
In the spectrum of liquid Li this minimum is washed out, but a faint indi-
cation is still present. This might be due to the fact that the nearest
neighbor distance remains quite well defined which could give rise to a

decrease in the density of states in the liquid as well.

The results on Be shown in fig. 26 are in very good agreement with the
transmission curves published by SAGAWA et al. [1966} and by SWANSON and
CODLING [1968] . SAGAWA et al. [1966] have compared the absorption struc-
tures with an unpublished density of states calculation by LOUCKS 11964]
which originates from the band structure calculation by LOUCKS and

CUTLER [1964] . The minimum at the Fermi edge giving rise to the shoulder A
is also present in the calculation by TERRELL []966] . The Be spectrum
establishes one of the rare cases of very good agreement of the structure

in absorption spectra and a density of states calculation.
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6.1.2, L2 3 edges (Na, Mg, Al)

The earlier measurements on Na were performed by O'BRYAN [19401 . These dis-
agree, however, with those of HAENSEL et al. [1970a]shown in fig. 5. For Mg
there is good overall agreement with the results obtained by SKINNER and
JOHNSON f1937] and for Al the results are in good general agreement with those
of FOMICHEV £1967] obtained with classical sources and with the synchrotron
radiation measurements by SAGAWA et al. [19661 » HAENSEL et al. 0969b],
GAHWILLER and BROWN {1970! , and EJIRI et al. {1970] . For both Mg and Al

the earlier measurements do not show the details at the Ll edge position and
the details in the region 0 - 10 eV above the L2,3 edges. Although in the
measurements of HAENSEL et al. {lQ?Oé]an elimination of a contribution of
surface oxide in the region right above the L2,3 edges was achieved by dividing
transmissivities of films with different thicknesses,there is some doubt by

now that these structures are intrinsic Al structures.,

Recently BALZAROTTI et al. {1974] remeasured this region with a differential
technique (see section 3.3). The samples, however, were evaporated under
ordinary high vacuum conditions (107% torr) as those of HAENSEL et al. (197031
and floated off in water before measuring. The results shown in fig. 28

(curve p) are corrected for contributions from surface oxide which has prominent
exciton structures in this region. Balzarotti et al. compared their results
with a density of states calculation by CONNOLLY [19707 which is also dis-
played in fig. 28 (curve Jc). There is only partial coincidence between

peaks in Connolly's density of states and peaks measured by Balzarotti et al..

GUDAT and KUNZ [&9751 » GUDAT [1974] have remeasured this region with yield

spectroscopy on samples evaporated in the 10710 tory range with the same
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accuracy as Balzarotti et al. namely +0.2 Z. The result is also displayed

in fig. 28 (curve Y). No structures could be observed, the curves were com—~
pletely flat in this region. (The change in slope at about 4.2 eV above
threshold is explained as the threshold of electrons emitted directly into
the vacuum from the L3 level and thus would only be observed in yield spec-
troscopy.) Although yield spectra sample only a depth of %40 R this appears
to suffice for obtaining bulk properties. On the other hand HAGEMANN et al.
[19743} demonstrated a very strong influence of impurities on the absorption
coefficient of Al before the onset of L2,3 transitions when the samples were
evaporated in a vacuum of about 106 torr. This would support a speculation
that the samples of BALZAROTTI et al. [1974] contain trapped oxigen impuri-
ties which would not give rise to the typical A1203 spectrum but to addi-

tional structures.

The large peak in the spectra of Na, Mg and Al were subject to many specu-
lations, because of the systematic variation of spacing between these peaks
and their separations from the respective edges. The separations are smallest
with Na and increase with the free electron density. Also Si appears to fit
into this pattern (see BROWN [1974] , fig. 28 therein). All three metals
have different crystal structures Na is becc, Mg hcp and Al fcc. The peaks
appear to be superimposed onto a smoothly varying background which closely

follows the atomic calculation as demonstrated for Al with calculations by

cooPER [1969] (fig. 26).

The first attempt to interpret these structures was based on the measurement

of the Al spectrum by FOMICHEV (1967} . HEDIN and LUNDQVIST (1969} and

HEDIN et al. [19711 have ascribed these structures to the excitation of plas-
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marons. A plasmaron is a collective excitation of the free electron gas in
which a plasma wave is coupled to a localized hole. By localizing the plasma
wave the frequency is shifted from the free electron value at long wavelengths
(15 eV in Al) to higher values through the mixing-in of short wavelength
plasmons. Such short wavelength plasmons have higher frequencies by virtue

of the dispersion relations (energy versus momentum relations). The magni-
tude of this effect could not be calculated,only the resonance energies

were obtained. When applying the theory to Na and Mg it turns out that the
peak positions do not scale properly with the particle density of free elec-

trons.

Considerable progress was made when WOLFF et al. [lQ?i] measured the spectrum
of Na vapour which is displayed in fig. 29 with a photoelectric detector

(in addition to photographic plates) thereby allowing for an extraction of

the true shape of the continuum absorption. The spectrum demonstrates that

the large maxima E, F, G in fig. 5 are absent in the Na vapour spectrum and
are therefore a genuine solid state effect. The Na continuum follows

nicely the atomic calculations by McGUIRE [1968 , ]970] .

In a recent experiment by PETERSEN and KUNZ [}975] (see also PETERSEN and
KUNZ [}974] for a preliminary result) the yield spectrum of liquid Al was
measured as shown in fig. 26. This result rules out completely any interpre-
tations of the peaks F and G in the solid as a collective excitation since
they are absent in the spectrum of the liquid. The spectrum closely resembles

the atomic calculation.
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A density of states calculation for Al by CONNOLLY )}970& shows a remark-—
able dip in the region between peaks F and G (fig. 26) but does not re-
produce the other features of the spectrum. Connolly ascribes the dip to a
shift of d-bands to lower energies. It is quite unexpected that such strong
features appear in the density of states 30 eV above the Fermi level. The

calculation ought to be repeated with a different method in order to see

if 1t is relevant.

RITSKO et al. DQ?ha after reproducing the Al spectrum with their electron
energy loss spectrometer have calculated the Al and the Na spectra with a
simple EXAFS calculation as explained in section 5.3. They are using a
square well potential for the scattering atoms. Although the method used
should be very insufficient near threshold the fact that they were able

to reproduce the positions of maxima right down to the region

of 10 eV above threshold (see fig. 30) makes it very probable that amplitude
modulation of the final state wavefunction by scattering from the nearest
neighbor atoms in the sense of section 5.3 is the cause of these structures.
FANO [JQ?&] , however, has argued that a much more sophisticated theory for
the region of low kinetic energy of the emitted electrons has to be developed.
He points especially at the difference between the L2,3 and the K spectrum,
which is also shown in fig. 30. FANO [19741 proposes to match atomic with
solid state wavefunctions at the edge of the atom along the lines of the
paper by FANO and LEE {197§] . The matching condition will modulate the am-

plitude of the final state wavefunction at the position of the core level.
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edge (Na, Mg, Al)

Weak structures at the expected positions of the L] edge are clearly iden-

tified in the Mg and the Al spectrum (fig. 26). These structures, however,

do not have

the shape of an edge. Depending on the background subtraction

they can either be described as skewed or as broadened. Moreover, the fact

that Mg shows three structures in this region is quite unexpected. The dis-

tortion of the edge is caused either by the edge anomalies discussed in

section 7.2

section 5.5.

the Ll edge

to the Fano

6.2, Alloys

or by a type of autoionization interaction as mentioned in
This type of distortion is clearly to be seen in fig. 29 at
of Na vapour. There the 2s-transitions display profiles according

equation (28) (see fig. 25).

with Al

6.2.1. Wide

range behavior

After first

preliminary measurements by YAMAGUCHI et al. [19711} HAGEMANN

et al. [1975] ,» HAGEMANN [1974] have performed a systematic investigation

of several Al-transition metal alloys. Figure 31 shows the spectra of the

ordered alloys VA13, FeAl, and CuAlz. The partial absorption coefficient

* . v i 5 . . . :
b (w) is obtained by the differential technique described in section 3.3

and refers to the absorption of Al in V, Fe or Cu. It is obtained by putting

a pure V, Fe or Cu film with equal amount of that metal per unit area as

contained in the alloy film into the reference beam of the densitometer

fig. ]3.111‘E (w) is obtained from the transmissivity T(w) of the alloy films

relative to V, Fe ,or Cu films by

(@) = = == In(T(w)) (29)
Al
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where DAl is the thickness which would be obtained from the Al atoms in the
alloy film if taken alone. Since the spectra of the other metals in the energy
range above the onset of Al L2 3 transitions are smooth and probably inde-

3

pendent of the environment, we assume that spectra like those of fig. 31

measure the 'Al spectrum in the alloy environment'.

The striking change of these spectra compared to that of pure Al is the
disappearance of the minimum at 105 eV. The EXAFS interpretation of the big
maxima in the Al spectrum would predict rather a shift of these structures

on alloying. A possible way of understanding the wash-out of structures would
be to postulate a mean free path of the electrons shorter than twice the nearest
neighbor distance. Then the factor exp[-ZYri] in eq. (26) causes a dramatic
damping of the EXAFS oscillations. In this case, however, the theory in its

present form will break down as was mentioned above.

Another feature of interest in the spectra of fig. 31 are the variations

at the onset of the Ll transition. In the spectrum of VA13 the onset looks
very much like an edge. Quite obviously varying interactions between the L,
edge and the L2,3 continuum take place. A detailed interpretation, however,

is not possible at the present state of knowledge on the electron states in

these alloys.

6.2.2. Edge region

The vicinity of the L2 3 edges is displayed in fig. 32 after HAGEMANN et al.

3
[1974&]. In addition fig. 32 shows the AuAl2 spectrum after GUDAT et al. [1973] ,
HAGEMANN (1974) and GUDAT (1974). The onset of L, transitions shifts with

different alloys between -1.2 eV and +0.3 eV with respect to pure Al. In
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table 5 (HAGEMANN et al. [1975} ) these shifts are compared with the

shifts observed in fluorescence emission. There is a very good correspon-
dence between the two types of measurement. An interpretation in terms of
charge transfer between the alloy components, however, is difficult as
discussed by WATSON et al. [1973] for AuAl2 on the basis of XPS measure-
ments. All the spectra displayed in fig. 32 but that of CuAl2 show a second
rise in the absorption coefficient after the Al L2,3 edge culminating in a
peak. The ordered alloys show sharper structures than the disordered alloys
as would be expected. Especially the slopes in the rise towards the peaks
with the ordered alloys AuAl2 and NiAl are edge-like. The structure in the
spectrum of AuAl2 shows clearly the spin orbit splitting of the L2,3 level
and also with the NiAl there is an indication of this feature. No other
examples of so sharp structures in the spectra of metals at higher energies
than the edge are known. The samples were therefore carefully checked
against mixed phases and the spectrum of AuA12 was reproduced at several
stages of improved sample preparation and measuring techniques. Among these

improvements was also the measurement of bulk samples with yield spectro-

scopy (GUDAT and KUNZ (1975] , GUDAT (1974]).

Both spectra (AuAl2 and NiAl) could be compared with density of states
calculations. The comparison of the AuAl2 spectrum (GUDAT et al. 0973] )
with the density of states calculated by SWITENDICK [197f} from a band
structure calculation by SWITENDICK and NARATH ‘1969] showed a faint indi-
cation of the peak at 74,7 eV. Much better agreement between theory
(CONNOLLY and JOHNSON [19711 ) and experiment (HAGEMANN [l974a]) is found
with the NiAl spectrum as was shown in fig. 6 (section 2.5). Here the rise

in the absorption coefficient conincides quantitatively with a very pro-
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nounced steep rise in the density of states. A corresponding structure
occurs at the Ni edge which is also displayed in fig. 6. This appears to
show quite clearly that prominent density of states structures must be
present in the absorption spectra. It would be interesting to see also
calculations of this type for some of the other ordered alloys on which
data are now available (fig. 32). The local character of the density of
states extracted this way manifests itself in the absence of any indication
of the unfilled transition metal d-states. These are not seen since the

d wavefunctions probably have small amplitudes at the Al sites.

@.3. Noble and ngyzﬂygfgls

In this section we want to bring further examples of the suppression of
oscillator strength near threshold and the shift of oscillator strength

to higher energies which is typical for noble and several other heavy metals.
Many of the edges in transition metals and rare earth metals behave the

same w;y and only a few transitions in these latter two classes of metals
show the large structures at threshold introduced in section 2.3 and ex-

plained in section 5.4 and 5.5.

Figure 33 gives a comparison of the absorption behavior of all three noble
metals in the energy range 10 — 200 eV after HAGEMANN et al. [197451. First,

it is interesting to note the slow decay of the absorption coefficient of

Cu to higher energies compared to a fairly abrupt decrease for Ag. The mini-
mum at 125 eV can be ascribed to a so called 'Cooper minimum' for the 4d transi-
tions in Ag. Such a minimum was first explained by COOPER [I962] and occurs
when the initial state wavefunction has one or more nodes. Figure 34 shows

a scetch of the wavefunctions in order to explain how the matrix element



R1+l (eq. (21)) changes its sign when the final state moves into the core.

The change of sign implies a zero crossing of R1+] at an energy e intermediate
between € and €, for which wavefunctions are scetched in fig. 34. The result
of actual calculations of Rl+l and o for the Ag+ and Cu+ d+f transitions as
carried out by COOPER [1962] is shown in fig. 35 . The calculations ;re in

good overall agreement with the measured absorption of Ag and Cu in fig., 33,

Although we do not want to give an extensive discussion of the excitations
of loosely bound d bands in this context we want to point at the prominent
structures in the region below 40 eV in the spectra of all three noble metals.
These peaks are due to d electron excitations. The question arises whether
these structures can be explained in terms of an EXAFS type theory or have

to be attributed to the density of states or other phenomena.

Recently OLSON et al. [1974] using synchrotron radiation have performed a
very interesting thermomodulation measurement in reflection on Au in the region
from 6 to 35 eV which shows structure of unexpected sharpness. The authors

ascribe these structures to transitions into empty f states.

Figure 36 shows the spectrum of Bi which was composed by HAGEMANN et al. []97Mﬂ
from a recent remeasurement and previous results by HAENSEL et al. []968] i
ZACHARTAS (1973], SASAKT and EJIRT [1966] and JARGLE et al. [1967 ).

The Bi spectrum is dominated by the d excitationswhich set in near 25 eV with
the spin orbit split edges. The edges are due to d»p transitions while the

d>f transitions are delayed and give rise to the broad peak at about 40 eV
above threshold. This delay is very typical for d electron transitions and

is found in a similar way in the spectra of Sn, In and other metals.
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Further JAEGLE et al. l1969} have measured Au, Bi, Pt, Ta between 80 eV
and 500 eV and compared these data with atomic calculations (see also fig. 24).
The agreement for Ta and Pt is not very striking. There exists a large number
of reflectivity measurements on metals in the region below 40 eV which we do
not want to review in this context. Electron energy loss data are available
on Pd, Pt, Cu, Ag, and Au in the region up to 70 eV as reviewed by DANIELS

et al. "1970] and up to 150 eV on Cu, Al, Au, Ir, U, Bi, Pb, and transition
metals Ti to Ni by WEHENKEL and GAUTHE {1974a,b,c)|. Further CUKIER et al.
51974] give results on U and Ir up to 500 eV comparing them with atomic
theory. Again the agreement is not very good. These calculations give the
absorption coefficients only to zeroth order for heavy atoms. Configuration

interaction as mentioned in section 5.5 probably has a strong influence on

parts of these spectra.

6.4. Rare earth metals, La, Ba

6.4.1. Rare earth metals

The first results on the 4d absorption of the rare earth metal series were
obtained using a classical x-ray tube as the source and were published in two
successive papers by ZIMKINA et al. {1967] and by FOMICHEV et al. {1967] .
These spectra together with those of the preceeding elements in the periodic
table Sn, Te, Xe and La are shown in fig. 37. They display very nicely the
systematics of the absorption behavior due to the lowering in energy of the
empty f states and finally the filling of f states. The large peak due to
transitions into the empty part of the 4f states migrates towards the ioni-
zation limit while the binding energy of the 4d level increases at the same
time giving rise to a shift of the whole feature to higher photon energies.
Finally in Lu the 4f states are filled with 14 electrons and the peak has
disappeared. Several of these huge resonances show a skewed line shape

which is obviously due to an interaction with the underlying continuum
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according to eq. (28). This is especially obvious in the spectra of Dy,

Ho, Er, Tu and Yb.

Figure 38 shows the f[ine structure regions omitted from fig. 37. The fine
structures are simple in La then attain considerable complexity while the
) , .

number of filled f states increases. Finally in Yb3 with only one empty f state
the structures are very simple again. The two peaks in Yb are separated by 8.3 eV
which ought to be the spin orbit splitting of the final state configuration
Adgé;fl4 into the states D d is i

o the states 5/2 an D3/2. This is supported by an XPS measure-
ment on Yb vapor by FADLEY and SHIRLEY []976] in which case the atoms have

; . 10, 14 7 .

a ground state configuration 4d ~4f (WYBOURNE []965J ). The ejected 4d
electrons show the spin orbit splitting of the 4d94f]4 configuration left

behind of 8.43 eV in good agreement with the value given above.

The spectra of the rare earths between Ce and Lu are very complicated. It was
shown, however, already in fig. 4 to which extent the theoretical calculations
by SUGAR ﬂ972] were able to account for these structures in terms of a

¥ by the exchange interaction. HAENSEL

splitting of the configuration 4d94fN
et al. {1970} and RABE []9707 have remeasured several of these spectra. In
addition they could demonstrate that oxidation of the rare earth metals changes
mainly the line strength but not so much the energy positions of the lines.

Table 3 in section 5.4 compares theory and experiments on La and Ce showing

excellent agreement.

An example of the atomic character of these transitions is the spectrum of
PrAl2 (fig. 39) as obtained by HAGEMANN et al. [19751 » HAGEMANN D974] w AT
this spectrum the sharp lines up to 120 eV and also the broader maxima of the
Pr spectra at 123.9 eV and 131.4 eV are not changed in any obvious way. This

is demonstrated especially well when looking at p¥ (according to eq. (29))
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in the lower part of fig. 39. In the p spectrum the structures of the pure

Pr metal and those of PrAl2 have cancelled because they are identical.

6.4.2., La

The La spectrum is of interest in several respects. It is much simpler than
the rare earth spectra proper,nevertheless it furnishes the simplest case of
the d-f electron coupling. While La in its ground state has an empty 4f shell
the &f states are almost bound and the extra charge in the excited 4d9 state

due to the hole lowers the potential well even further so that it is capable

of binding the excited 4f electron. According to SUGAR [1972{ the configuration
4d94f] splits into three relevant levels (see table 3) 3Pl’ 3D], ]PI with rela-
tive oscillator strengths 1:11.1:1993. The strongest line ]PI is pushed up

into the continuum and is broadened as can be seen in fig. 37. DEHMER and
STARACE [1972] have calculated the configuration interaction of this line
with the underlying Adgaf continuum, and WENDIN E]Q?&] has performed-a cal-
culation taking ground state correlations into account (section 5.5) within
the random-phase—approximation including exchange. Both calculations give

a broadening of approximately the right magnitude but the peak positions do

not agree very well with the experiment and among the two different theories.

There is a superficial peak C at 103.7 eV in the La spectrum of fig. 38 which
does not fit into the scheme of table 3. RABE [1974E did not find this extra
peak in a careful reinvestigation of this spectrum. Thus all features in the

La spectrum are quite well understood.

6.4.3. Ba

Figure 40 shows the spectra of Ba metal and Ba vapour as given by RABE et al.
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;1974] . The authors have performed a Hartree-Fock calculation taking

into account multiplet splitting and spin-orbit interactibn. There is
excellent agreement with the line positions. It is interesting to note

that although Ba has one atomic number less than La the spectrum is very
similar to that of La. The reason is, in a simple picture, the charge of

the 4d hole which pulls the 4f wavefunction into the inner well., Again
WENDIN 219737 has performed a calculation of the large ]P] reasonance with-
in the random-phase-approximation and finds the broad feature about 2/3 in

width of the observed structure.

Although all the features discussed in this section are predominantly deter-
mined by the atoms and only slightly influenced by the metallic state it is
important to understand these spectra. Only since a fairly detailed atomic
understanding of what is going on in these spectra is reached it is possible
now to see the limitations of learning something from these spectra about
the solid especially the metallic state. In addition these very interesting

phenomena deserve attention in their own right.

6.5, Transition metals

The transitions 3p63dN - 3p53dN+I in the metals Sc to Ni bear a very close

similarity to the transitions 4dt04fN = 4d94fN+l of the rare earth metals
which were treated in the previous section. The major difference, however,
is the spatial extension of the 3d wavefunctions which are less compact than
the f wavefunctions and the lack of closed shells outside the 3d shell. In
solid state physics the d-states are frequently described in terms of Bloch

functions. Band structures of transition metals are calculated producing a
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considerable width of the d-bands in the order of 5 eV. The d-bands have
great importance in explaining many solid state properties of transition
metals, on the other hand in many cases an atomic treatment of d states

furnishes an excellent first order description of these solids.

N+ 3 g
53d l transitions was per-

The first relevant measurement on the 3p63dN - 3p
formed using synchrotron radiation by SONNTAG et al. [1969] . Figure 41
shows these spectra from Ti to Ni including Cu. The huge peak near the ex-
pected onset of M2’3 transitions is decreasing in strength when going from
Ti to Ni and collapses almost completely in the spectrum of Cu. At the same
time the background onto which it is superimposed increases in strength.
This is quite reasonable, since the number of d electrons, which are respon-
sible for the background absorption, increases. The 3p53dN+] peak, however,
cannot be taken as an image of the empty part of the d band in which case it
should display a narrow peak about 5 eV wide for Ti and then decrease con-
tinuously to a very small width in Ni. A replica of this peak should follow
at a distance of about 2 eV because of the spin-orbit splitting of the 3p

level. Iﬁstead,the peaks are up to 25 eV wide (FWHM for Cr) and the initial

slope is not edge-like but has a minimum width of 2 eV.

For some time it was anticipated that probably configuration splitting in a
way quite similar to the rare earths(sections 5.4, 6.4) would explain the
shapes of these peaks (DEHMER et al. 1971° ). Only recently COMBET FARNOUX
[19751 and COMBET FARNOUX and LAMOUREUX []97%]have performed an atomic cal-
culation on Ti, V and Co yielding a multiplet splitting of the 3p53dN+ con-—
figuration having the right order of magnitude to explain the spread of
oscillator strength. In these spectra the background absorption is much

stronger than in the rare earths and interaction with the continuum needs
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to be calculated in the next step before a direct comparison with the spectra

is possible.

KOTANI and TOYOZAWA []973a,b} have pointed out the importance of considering

the s-d mixing interaction and the interaction of the hole with the conduction
electrons. They have treated these interactions in a model calculation. The inter-
action with the conduction electrons is considered along the lines of the
many-body spike theory which will be treated in section 7. Since (as will

be shown in section 7) this theory has unresolved difficulties in explaining

the behavior even of simple metals it is difficult to evaluate the relevance

of this theory for the much more complicated transition metals. Multiplet

splitting is completely disregarded in the model of Kotani and Toyozawa.

It is interesting to note that transition metal compounds show sharp struc-
tures near the onset. NAKAI et al. [1974} have measured several halides of
Cr, Mn, Fe, Co, and Ni all of them displaying fine-structure at the onset.
Figure 42 shows spectra of Mn halides with rich line structure quite analogous
to that in the rare earth metal spectra. Probably s-d mixing (as suggested

by KOTANI and TOYOZAWA [1973a,bj ) is responsible for the blurring of these

structures in the metallic state.

A special problem arises in the interpretation of the Ni spectrum. In this

case a situation very similar to that of Yb (see fig. 37) should occur. The
- 6.9 .. 5. .10 ; ; ;

transition 3p 3d™-»>3p 3d =~ leaves the final state with a filled d band. No

multiplet splitting in addition to the spin orbit splitting will occur. We

therefore expect to observe two narrow bands V.3 eV wide (see the band struc—

ture calculation by ZORNBERG 119701) with a separation of about 2 eV. Instead
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an edge-like structure is measured (fig. 41). DIETZ et al. ?197Aa,b; who
have reproduced this structure with electron energy loss measurements fit
their results with a Fano profile with Er = 66.1 £ 0.2 eV, T'=2 + 0.2 eV
and q = 0.9 + 0.1 according to eq. (28). A theoretical estimate is in quite
good agreement with these values. Even the superposition of two such lines
with the spin orbit separation is consistent with the data according to
Dietz et al.. (BROWN et al. []9711 and GUDAT and KUNZ ﬁ9723€ have actually
observed an indication of the spin orbit splitting in the Ni spectra.) Such
a strong interaction with the background continuum is also prompted by the
skewed shapes of structures in several other spectra namely the Mn, Fe and
Co structures in fig. 41. Speculations on these line shapes were already
expressed in the papers by SONNTAG et al. (1961 , FANO and COOPER (1969] ,

and GERLACH (1971] .

6.5.2, Ta - Pt

Figure 43 shows the spectra of the third series of transition metals Ta to

Pt as measured by HAENSEL et al. [1969c] augmented by results of LEYSER EIQ?OX
on Os and Ir. Results on Ir are published also by CUKIER et al. [1974] in
fair agreement with Leyser's results and with the energy loss measurements

by WEHENKEL and GAUTHE [J9745l showing, however, much less details. The

; ; 4 . . N 5. ,N+1
interesting feature in these spectra isagain the strong 5p 5d »5p~5d
transition. Since the spin orbit splitting is large in these metals it mani-

fests itself in a splitting of the broad features into two peaks. (The edge

positions as marked have to be considered with caution.)
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The second interesting feature is the onset of the 4f (N6,7) electron
transitions. These transitions overtake the 5p peaks when going from Ta

to Au. There appears to be a configuration interaction between the 4f and

>d levels which is changing phase when the transitions come to lie on the
higher energy side of the 5p peaks. In the Ta, W and Re spectra the 4f struc—
tures can barely be identified. However, in the spectra of Os, Ir and Pt they
become more and more prominent. In the Pt spectrum there appears to be a dip
before the onset of the N6,7 transitions. This would correspond to positive
values of q in eq. (28) (see fig. 25). The 4f structures in Au are weak
again, they were not resolved in the older measurements shown here (but see
fig. 3 or 33). Because of the filling of the 5d band in Au 4f>5d transitions

are no longer possible. Note also that in the 4f145dN+4f|35dN+]

transitions
the main quantum numbers of the f and d shells differ. This corresponds to

a low overlap of initial and final state wavefunctions and explains the rela-

tive weakness of these transitions at threshold.

i 6, N, 5 N+I - .
No measurements on the systematics of the 4p 4d -+4p~4d transitions in
the series Zr to Pd are available in the literature to our knowledge. A very
similar behavior as with the other transition metals in approximately the

same spectral range is expected to occur.

6.6. Alloys with transition metals

Two different groups of alloys with transition metals have been investigated.
These are alloys among transition metals of the series Ti to Ni (and Cu-Ni
alloys) and alloys of these transition metals with Al. The transition metal
alloys have a long history which is especially connected with that of the

rigid band model (see e.g. MOTT [J964] ). According to the rigid band model



.-60._

the Ni d states in an alloy of Ccu-Ni (1:1) should be just filled. This would

imply a disappearance of the Ni 3p structure in the absorption spectrum.

The result of the absorption measurement of GUDAT and KUNZ :1972&1 on CuNi

is shown in fig. 44. The transmittance of Cu and Ni films is shown together
with the transmittance of a Cu+Ni sandwich film and a Cu-Ni (1:1) alloy film.
The sandwich and the alloy films show almost identical spectra the difference
can be accounted for by inaccuracies in composition or film thicknesses. The
game result, namely a superposition of the spectra of the individual compo~
nents in the alloy spectrum, was also observed with other ratios of Cu and

Ni and with alloys of the Fe-Mn and Cr-Mn systems. This result is in obvious

contradiction with the rigid band model.

A theoretical approach completely different from the rigid band model is due

to SOVEN (1967) , LANG et al. [1968] and KIRKPATRIK et al. [1970] , the cohe-
rent potential approximation (CPA). The CPA is a self-consistent scattering
approach with which actual calculations on the filled Cu-Ni valence states
were carried out by STOCKS et al. [197f§ . These calculations are in excellent
agreement with XPS measurements by HUFNER et al. {lQ?ii . The result is roughly
characterized by stating that each Ni atom carries approximately one unfilled
d-hole with it irrespective of the Cu environment. This characterizes also

very well the results by GUDAT and KUNZ l1972al .

Figure 45 shows the spectra of alloys of Al with Fe and Ni after HAGEMANN
et al. 19751 , HAGEMANN (1974). The FeAl spectrum differs only slightly
from the spectrum of pure Fe at the onset of the Fe 3p transitions while

the Ni spectrum undergoes a considerable shift by about 2.5 eV in NiA13.



Moreover, the absolute change in the absorption coefficient in NiAl is

only 1/5 of what would be expected from a simple superposition. The shift

and the decrease in edge height can be ascribed to a filling of the Ni d
states in these alloys. In this case the rigid-band model provides a first
order understanding of the result. The high density of states in Fe allows
only for small shifts of the Fermi level. On the other hand the Ni d-hole

will be filled already at low concentrations of Al since additional electrons
are supplied from Al. At higher concentrations the Fermi level undergoes large

shifts assuming a low density of states in the region above the Ni d band.
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7._EQgg”§haRe_iE_sﬁmple metals

7.1. History

The soft x-ray measurements of edge-shapes in simple metals began with the
emission measurements of O'BRYAN and SKINNER [j93];. Figure 46 displays these
historical results (LANDOLT BORNSTEIN {iQSS;) which have not changed in essence
in the meantime in spite of much improved measuring techniques. Such spectra
gave the first direct image of the filled part of the conduction band in
free-electron metals. They are in very good general agreement with the
expected behavior and, most important, they show relatively sharp edges. The
main interest turned to those minor features which did not agree with the
simple picture. The blurring at the low energy end was attributed to Auger
transitions. The little peak in the Na L, spectrum right at the edge (and
similar peaks for Mg and Al) and the broad decrease of intensity at the

Li K edge beginning at a peak well below the edge were not explained satis-
factorily. ALLOTEY [19671 explained the Li peak as a electron—hole p-scater-
ing resonance but the explanation was not generally accepted because of the
difficulties in obtaining a realistic self consistent electron-hole potential
in a metal. The situation of the theoretical understanding of these features
before the advent of the Mahan, Nozieres-DeDominicis (MND) many-body theory
is best described in the proceedings of the Strathclyde conference (1967)

on the 'Soft X-Ray Band Spectra' edited by FABIAN [I968§.

It was in 1967 that MAHAN h967] published the paper which initiated the
many-body interpretation of edges. He treated the excited electron in the
incompletely shielded potential of the hole from an excitonic point of view
and predicted a power law divergence at threshold. NOZIERES and DeDOMINICILS

[1969] were able to give a more rigorous foundation of this theory in terms
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of the phase shifts of the electron hole scattering. The theory gave an

explanation of both the edge peak at the Na L2,3 edge as well as the pe-
culiar shape of the Li K edge. Moreover, the theory is applicable both to
the edge shapes in emission and absorption spectra. From the theoretical

point of view the two cases are complementary.

At about this time the edge shapes of the absorption spectra of Li and Na
were obtained for the first time in good quality by HAENSEL et al. D9693}
and KUNZ et al. DQ?]} (figs. 5 and 47). These spectra showed beyond doubt
a very prominent peak at the L2,3 absorption edge of Na (fig. 5) and a
broadening of the Li K edge giving the direct complement to the emission be-—
havior. Moreover, absorption data in principle are more reliable since they
are not subject to self-absorption and efficiency corrections of the mono-
chromator—-detector combination which have to-be applied to emission results.

MAHAN [1974&l has reviewed the status of the subject at this stage.

In 1973 DOW (19730 and DOW and SONNTAG [1973) undertook again a careful
analysis of the absorption spectra near K and L edges of Li, Na, Al and Mg
and found inconsistencies with a qualitative application of the MND theory.

In the meantime Dow and collaborators have pointed at further inconsistencies
in the spectra when interpreted with the MND theory and have proposed alter-
native explanations of the width of the Li K edge. The controversy about

this subject is documented in the proceedings of the IV. conference on VUV
Radiation Physics, Hamburg (1974) in two invited papers by MAHAN [l974b]

and DOW [1974a].
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Most recently RITSKO et al. 1974b' have failed to observe a change of the

Li K edge shape with increasing momentum transfer in an electron energy loss
scattering experiment. This change of the edge shape was predicted as a con-
sequence of the MND theory by DONIACH et al. "1972° . In another recent experimen
KUNZ et al. .1974) have observed a strong temperature dependent increase in

the edge width of Li above lq. N2 temperature.The data suggest that most of

the Li K edge width is due to a phonon induced broadening. No better theory,
however, than the MND theory has been brought forth up to now to explain the
shape at the L edge. At the present moment it is difficult to predict in

which direction the theory of the edge shape will move.

7.2. Many-body theory of edge anomalies

7.2.1., Edge SE§P¢$

According to the theory of MAHAN ‘1967j and NOZTERES and DeDOMINICIS —1969§
called the 'MND' theory, the 'metal-exciton' theory or the 'spike' theory,
the imaginary of e is given in the vicinity of the K, L, M and higher edges

by a universal threshold law

© 'ﬁw—ET o,
B, ) = ) B, ( : ) O(wEg) (30)
2=0
with
o, = 28, (kp)/m = ) 2(2j+l)[6j(kF)/ﬂ]2 (31)
j=0

Here Bg is essentially the square of a dipole matrix element for a transi-
tion between the one—electron core level and a state with angular momentum
quantum number £ in the conduction band; £ is an energy in the order of

magnitude of the Fermi energy (the correct value of £ is controversial among

theorists); ET is the threshold energy; O is the unit step function which
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guarantees observance of the Pauli principle; G(kF) is the phase shift of
a Fermi energy electron in the screened potential of the hole and kF is
the Fermi wave vector. The phase shifts 6i are restricted by Friedel's sum

rule.
(e =) 6

1= ) 2(2j+1) —J— (32)
j=0 !

Under the assumption that the screened hole potential is well localized

in a small volume, 60 will be the dominant phase shift, thus from (32)

50 A %3 6£ ~ 0 for £ 1. It follows a = 0.5 and a, = -0.5 for £ Z 1. This by
far oversimplifies the situation but it illustrates best which line shapes
should occur. For a transition from an s level (e.g. Li) all BR'S are zero
except BI' Since o is negative the edge is expected to be rounded from

eq. (30). On the other hand if the core level has p symmetry as in the Na

L2,3 transitions then BO and 32 are non-zero. In this case the BO term in

eq. (30) with a positive o dominates 62(w) and gives rise to an integrable

singularity at threshold.

7.2.2, Simplified interpretation

It is always difficult to figure out a non-mathematical physical explanation
for the result of a many-body calculation. Nevertheless, let us try to give
a simple picture which could perhaps convey a first order understanding

of the mechanism involved.

As we have mentioned in section 2.4 the core level excitation gives rise to
the sudden creation of a hole potential. As a reaction the conduction elec-
trons rush in, in order to shield this potential since we deal with a metal.

The scattering is characterized by phase shifts 62 in a partial wave analysis.
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An infinite number of electrons near the Fermi energy will become excited.
This follows from a theorem by ANDERSON ;19675 which states that the many-
body ground state in the presence of a localized potential well is ortho-
gonal to the many-body state in the absence of the potential since an infinite
number of electrons undergo an infinitesimal change of their states in order
to adjust to the local potential. This theorem was one of the starting points
of the edge theory. The situation is illustrated in fig. 48. The change of
the free electron states can be visualized in the energy plot as an infinite
number of transitions near the Fermi surface excited by the sudden creation
of the core hole potential. The excitation spectrum f(E) of these transitions
across the Fermi level is such that the transitions with the lowest exci-

tation energy E are the most probable ones. It is described by

£(E) « 5 O(E) (33)
E

with an exponent A < | (HOPFIELD []969}). This excitation spectrum is

drawn schematically in fig. 49.

HOPFIELD [1969] has pointed at the analogy between impurity excitations
coupled to a phonon spectrum and our present problem. (Using such an
approach SCHOTTE and SCHOTTE [1969] could give a different derivation of
the Nozieres—DeDominicis result.) The equivalent to the phonon spectrum is
the spectrum of one electron excitations across the Fermi level f(E). Take
the simple case that we have an x-ray transition between two bound levels
of an atom in a metal which would show up as a §-function line in the spec-
trum of the isolated atom. Since this atom, however, is immersed in the
Fermi sea, excitations of the Fermi sea will be coupled to this transi-
tion. The coupling is achieved through the sudden change of the potential

when the hole goes from the lower state to the excited state. Then the
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d-function line will obtain a side band as shown in fig. 49a. Moreover,
because of ANDERSON's [19671 'orthogonality catastrophe' the 'zero phonon'
line, the é-function, will disappear. Such distortions of line shapes in
x-ray fluorescence emission and in photoelectron spectroscopy were calculated
by DONIACH and SUNJIC [1969] . Recently HUFNER et al. (1974)  and SHEVCHIK

{19747 have shown experimental evidence of this feature.

In the next step of our explanation we have now to compose the classical
absorption spectrum from a continuous distribution of §-function excitations
as shown in fig. 49b. This distribution sets in with a step at ET and is
given by O(E'-ET) (curve B). Through the coupling with the Fermi sea each

of these §-lines atan energy E' will develop a sideband distribution £(E"-tw)
and the 6-lines disappear. In order to obtain the edge shape of ez(w) we have

to integrate over all these distributions and obtain (curve n)

e, () = (‘ﬁw—ET)l_A 0 (fis-E, ) (34)

The Fermi sea excitation spectrum must have an integrable singularity ,
(e ]

A<l and therefore 1-A>0. Thus I-A corresponds to the term Z 2(2j+1)(6j(kF)/nJ2
j=o
in eq. (31).

The previous argument made the rounding of edges plausible. The explanation
of the edge singularity in simple terms is more difficult. Here a picture
due to FRIEDEL l1969] helps for an understanding. We did not yet consider
the fact that the electron which was taken from the deep hole state will not
g0 into a free electron state but will also end up in one of the scattering
states due to the hole potential. If it ends up in a state near the Fermi

energy it will go into a region of the energy distribution of electrons where
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an infinite number of rearrangements have been taking place. This gives
rise to a severe influence on the dynamics of the excited electron which

eventually is the reason for the spike at the edge as sketched in fig. 49

(curve Y).

According to Friedel we can imagine three types of transitions which contri-
bute to the absorption spectrum which are sketched in fig. 50. Figure 50a
shows a direct transition which as we know is suppressed. Figure 50b shows
the transitions coupled to the Fermi sea excitations which are responsible
for the rounding of the edge. Figure 50c, finally, shows a replacement
transition where the core elatron goes into one of the hole states created
by the Fermi sea excitations. Friedel has performed a simplified model cal-
culation in which the terms due to the processes fig. 50a to c could be iden-
tified. The replacement transitions are those which give rise to the singu-
larity at threshold (curve y in fig. 49). Intuitively this is to be expected
since the possible number of such transitions leading to net excitations
close to the edge is divergent. Thus, in this picture the edge singularity
is caused by a statistical factor counting the number of possible replace-

ment transitions.

7.3. Auger and phonon broadening

Apart from possible density of states anomalies near the edges Auger and
phonon processes will contribute to the edge shape. These processes will
always give rise to a broadening of edges. Therefore these processes are
in competition with the edge rounding of the MND many-body theory. Because
of imperfect experimental resolution and the necessity to subtract a back-

ground etc., it will usually be difficult to make a decision on the different
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processes involved on the basis of the line shapes alone (MND: according

to eq. (30), Auger: Lorentzian, phonons: Gaussian).

Auger widths of edges are fairly difficult to calculate. For example in
the Li atom no Auger decay of the Is level is possible from energy consi-
derations. In the metallic state the Augar width will depend crucially on
the values of the conduction electron wavefunctions at the position of the
Is orbit. A recent attempt to calculate the Auger lifetime (t= h/I' for Li
by FRANCESCHETTI and DOW [19741 and FRANCESHETTI (1974 has demonstrated
these difficulties. Depending on the wavefunctions values of the width
ranging from 2.5 meV to 130 meV were obtained. The authors believe that

130 meV is a lower limit to the actual Auger width.

Phonon broadening could come into play in several different ways.

I. Fermi edge broadening is proportional to kBT (kB = Boltzman constant),

at rcom temperature about 60 meV.

2. A calculation of the MND theory at finite temperature by FERRELL [1969]
gave a temperature width of the spectrum at small energies which is pro-
portional to kBT times the square of the phase shift. This makes it a

small effect in the same order of magnitude as the Fermi edge broadening.

3. The coupling of phonons to the hole state was first estimated by McALLISTER
(}969} following a suggestion by Overhauser. The model is based on cal-
culating the dynamic change in potential energy of a charge sitting at
the position of the core hole due to the deformation potential and the
fluctuating dilations and compressions of the lattice brought about by
the phonons. His values at 300° K for the inner level half widths (FWHM)

are for Li: 370 meV, and for Na: 250 meV. An improved model of this inter-
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action by BERGERSEN et al. §197f! yielded considerably smaller values
in the order of 50-100 meV for Li and Na depending on the potentials

chosen to evaluate the model.

4. DOW et al. g1973} have argued that an indirect coupling of the core
state to the lattice mediated through a fluctuation of the conduction
electron density inside the Is orbit could result in additional broaden-
ing with FWHM of 460 meV for Li. The model calculation, however, was
crude and better calculations have not been published. The paper was

criticized by BERGERSEN et al. (19741 .

7.4. Experimental results and discussion

7.4,1. Li, Be, Na, Mg, Al

Figure 47 and the inset in fig. 5 show the spectra of the five lightest
metals in the vicinity of the K resp. L2,3 edges as obtained by HAENSEL

et al. [196933 and KUNZ et al. (]971] . The Li edge, however, was shifted
by +.16 eV because of a recent recalibration. All spectra were measured
with the sample at 77° K. As discussed in section 6.1.1. the feature A in
the spectrum of Be is considered to be a band structure feature, The
spectra of Na, Mg and Al show the spin orbit splitting of the L2 and L3
levels. The edge shape analysis using the lifetime broadened theoretical
shape eq. (30) as described in DOW and SONNTAG I}973} and DOW et al.{lQ?&]
gave excellent fits in all three cases with the theoretical ratio L3:L2=2:I
(SONNTAG 1974 ). The spin orbit energies as determined by DOW et al.

[1974] are 0.16 eV for Na, 0.27 eV for Mg, and 0.43 eV for Al.



It would be very helpful if one could relate the exact edge positions
in emission and in absorption spectra with respect to each other.
Unfortunately the two types of experiments are usually performed with
different samples, different instruments and at different locations.
The absolute calibration of a Rowland monochromator is a difficult
task and therefore usually uncertainties of a few tenth of an eV

are involved. One exception is the Al L3 edge which was measured by
CODLING and MADDEN [1968] in absorption at 72, 73 * 0.02 eV and by
SKINNER [1940] in emission at 72, 70 * 0.02 eV. The edges coincide
within 0.03 eV which is well within the common error bars. This re-
sult is important since it shows that no relaxation occurs between
the absorption and the emission processes. This differs considerably

from the luminescence behavior in the visible and near VUV.

KOSUCH et al. [19741 using synchrotron radiation have performed
a measurement of the emission and absorption spectrum of Li with the
same sample and the same monochromator. Their result shows an over-
lap of the two edges at about their 40 % points. The result appears
to contradict the many body theory since this theory demands that
the two edges meet at their onsets. Only broadening mechanisms of
the type described in section 7.3 can account for an overlap of the

edges.
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The Li absorption spectrum is compared in fig. 47 with the respective
emission spectrum by AITA and SAGAWA [l96gl . This spectrum was inverted
and shifted in order to match the two spectra at the edges. The shape of
the Li K edge is in excellent agreement in emission and absorption. The
edge peak at the Na L3 edge, however, is by an order of magnitude weaker
in emission than in absorption as is recognized when comparing figs. 5 and
46. This is surprising since the MND theory was claimed to be symmetric

in emission and absorption.

DOW and SONNTAG [1973] and DOW et al. ({1974] have fitted the L, 4
spectra figs. 5 and 47 in the vicinity of the edge with a Gaussian
broadened curve of the type eq. (30) with E£=0 for 221. Note that the
authors assume that the p=d transitions can be neglected: B2 % 0. The
result of the analysis are the values of a_ plotted in fig. 51. The value
of a, for Li was obtained from a value of a, = -0.3 as obtained from a
fit by YUE and DONIACH [1973] . Under the assumption oy = 0 for £22

it is easy to derive a functional connection between a and o from

eqs. (31) and (32), the so called compatibility relation (DOW {]9731 )

£ % (l-ﬁal)l/z. (35)

o
w|—



The straight line connecting the a values of Al, Mg, and Na in fig. 51
is the empirical law a = 0.068rs, with r, = (3/(4nnao))1/3, a being

the Bohr radius and n being the electron gas density. The dashed line

is a theoretical curve in which the MND exponent a, was calculated from

a self consistent screening field. The Al, Mg and Na data points are in
disagreement with the theoretical curve. No obvious solution was proposed

up to now for this inconsistency. Nevertheless, the fact that o is linearily

proportional to r is an important empirical result.

A further method of testing the MND theory is to extract o, from the

edge and o, from the K edge of one and the same metal. This was

b5, 5 !
carried out by DOW 1974a on the basis of the results by NEDDERMEYER [1973a,b]
and he found inconsistencies with the compatibility relation (35) as shown

in fig. 52. NEDDERMEYER ﬁ974] has reanalyzed his data correcting them

for self-absorption and the resolution of his spectrometer showing them

to be consistent with the compatibility curve (fig. 52). Since most of

the width of the K edges in his analysis is ascribed to the resolution

of the spectrometer the al's are approximately O and the many-body effect
would be irrelevant for these K edges (see DOW et al. [1974] ).

SLOWIK and BROWN [1972] and SLOWIK [1973] have measured the Mg L, . edge

2,3
in alloys of the type ngSbl—x' Depending on the composition the electrical
resistivity of the amorphous alloy films varies from 10® @ cm to 10% @ cm.
The high conductivity occurs near x=0.6. Positive values of o varying
between 0.2 and 1.0 have been extracted from the shape of the Mg L2’3 edges.

The a  values increase monotonically with restivity, however, the connection

with ¥, is not known. Also, the question arises whether or not these



amorphous alloys can be considered to be subject to a theory set—up for metals

and, moreover, the fact that oy approaches | violates the compatibility relation

(35) see also DOW et al. [1974) .

7.4.2. Li-Cu alloys

DOW and SMITH U973] have proposed that the inversion symmetry around a Li
atom is destroyed by introducing a Cu atom into an adjacent lattice site. This
should make B0 + 0 and thereby admix a contribution with a spike into e(w) in
eq. (30). The shape of the Li K edge for different ratios of BO/B1 is shown

in fig. 53. The calculatiorswere carried out with a = .46 and o, = -0.30.

SONNTAG h973] measured the K edge in Lil—x Cux alloys up to concentrations
x = 0.35 as shown in fig. 54. No change of the edge shape is observed . The

prediction of DOW and SMITH [1973] on the basis of the MND theory failed.

7.4.3. Influence of momentum transfer on the Li edge shape

DONIACH et al. [}97!] have calculated the effect of the break—down of the dipole
selection rule on the Bg's in eq. (30) when the excitation of the core hole

is accompanied by a momentum transfer 4q. The Li spectrum should show a spike

at large values of q.

Such a momentum transfer can be provided in x-ray Raman scattering experiments
and in electron energy loss experiments (see section 3.5). RITSKO et al. [19741
have obtained the result shown in fig. 55 using the energy loss technique. No
change in the shape is detectable which is larger than the error bars when q

is increased. The change in the edge as expected from the MND theory when

going from =0 to g=1.2 1 is shown in fig. 56. The theory was evaluated using
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B /B, = 0.43 (for q = 1.2 £°!) as suggested by DONIACH et al. (19711 , the
phase shifts as calculated by AUSMAN and GLICK (1969 and & = 4.9 eV, the
Li Fermi energy. The theoretical curves from eq. (30) were convoluted with
a Gaussian function of FWHM = .38 eV asuming an unspecified additional
broadening not originating from the MND mechanism. This gave agreement with

the q=0 data (dots) in the region of the edge. If the effect was there it

should clearly have been detected.

There are several alternative ways to set limits from this result to the

MND parameters of eq. (30) and (31):
(1) The result fig. 55 sets a limit to BO/B] of a maximum value of 2 %.

(2) Another way to interpret the result is to extract an upper limit to
¢€ of 0.01 eV. However, LONGE [1973‘ has calculated £ and found that it

is always greater than the Fermi energy (4.9 eV),

(3) Still another interpretation sets a limit to 6_ namely 0.22<§,<0.5. This
would yield positive a  and ) and limit [ao - all < 0.17 using the
compatibility relation. Such restrictions would result in very unusual

edge shape parameters.

/.4.4. Temperature dependence of Li edge shape

CRISP [1972] has measured the Li emission spectrum at 77 K and 4 K and has
found no change in the edge shape. When taking self absorption corrections
into account there was no change which could be attributed to the temperature
change between these spectra and those taken previously by CRISP and WILLIAMS
[19601 at room temperature. This result is especially surprising since Li

undergoes two phase transitions between room temperature and 4 K.
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HAENSEL et al. I}97OBI have measured the absorption spectrum of Li at 77 K

and 4 K and did not find any change. They also made a crude measurement at

room temperature which did not show any appreciable difference to the other
spectra, it was, however, affected by oxide contributions. This led KUNZ [19701
to the statement that there is "no change of the shape of the absorption edge

between room temperature and liquid helium temperature'.

Recently, KUNZ et al. 9974] have measured the temperature changes at the Li

edge using yield spectroscopy (section 3.4) between room temperature and above

the melting point (443 K) of Li. The result is shown in fig. 57 together with

the older low temperature absorption spectra. There is an appreciable shift

and a broadening of the edge by almost a factor of 2. The width of the edge

is plotted against the rms lattice displacement &R as taken from the neutron
scattering data by SMITH et al. {19681 in fig. 58. A linear dependence of the
width on S8R with a slope of 1.3 ev/® gives a good fit to the data points. Only the
two low temperature points are a little higher. This result shows quite convin-—
cingly that most of the width of the Li K edge is a phonon induced effect. Which o
of the mechanism proposed in section 7.3 is causing this broadening cannot

be decided. Our result is in good agreement with the theoretical estimates

of McALLISTER (1969 and of DOW et al. (1973} . At 4 K the main part of the

edge width will be caused by zero-point phonons. The small additional width

could in principle be the many-body effect or an Auger width. The many-body
effect therefore does not appear to be the dominant factor shaping the Li K

edge.
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TABLE 1.

Synchrotrons (SY) or storage rings (ST) used (or considered) as

light sources

E = particle energy, R =

(during acceleration for SY),EC

magnet radius, I = max. current
= critical photon energy

Name Location Type E(GeV) R(m) IL(mA) ec(ev) Remarks
USA
SURF 1 NBS Washington 5Y 17 .83 1 13 closed down
SURF 11 NBS Washington ST 2 .83 50 37 dedicated, teste
TANTALUS I PLS Stoughton/Wise. ST 24 .64 20 48  dedicated
TANTALUS II PLS Stoughton/Wisc. ST 1.76 4.5 100 2690 proposed, dedica
SPEAR (II) SLAC Stanford/Calif. ST 4.0 1.2%7 60 11200
CEA Cambridge/Mass. SY/ST 6.0 26.0 30 18400 closed down
CORNELL III Ithaca/N.Y. SY 12 120 2 32000
PEP SLAC Stanford/Calif. ST 15 170 100 44000 proposed
GERMANY
BONN I Univ. Bonn SY "D 1.7 30 163
BONN IL Univ. Bonn SY 2.5 7.65 30 4530
DESY DESY Hamburg SY A T o 30 29500
DORIS DESY Hamburg ST 3.5 12.12 900 7850
PETRA DESY Hamburg 5% 19 200 90 75500 proposed
GREAT BRITAIN
NINA T DNPL Daresbury SY 5.0 20.8 50 13300
NINA IT DNPL Daresbury ST 2.0 5.55 1000 3200 proposed, dedice
EPIC Rutherford Lab. ST 14 171.89 22 35000 proposed
FRANCE
ACO Orsay ST .55 1.11 35 333
DCI Orsay ST 1.8 3.82 400 3390 under constructi
JAP AN
INS-SOR 1 INS-Tokyo SY 1453 4.0 60 1220
INS-SOR IL INS-Tokyo ST 3 1.1 100 54 dedicated, teste
PHOT-FACT ST 2.5 8 w4300  proposed
SOVIET UNION
C-60 Lebedev Moscow SY .68 2 10 349 .
PACHRA Krasnaja Pachra SY/ST 1.3 4 10/300 1220 under constructi
near Moscow
ARUS Erewan SY 6.0 24,65 22 19500
VEPP-3 Novosibirsk ST 2.5 6.15 100 5600
ITALY
FRASCATIL Frascati SY i | 3.6 14 821
ADONE Frascati ST 1.5 5:0 60 1500 no radiation 1lal



TABLE 2,

Summary of numerical evaluation of sum rules. n_o= number of conduction
w
electrons, An =B | " v e (Wdw, w being the frequency of first
’ cond o 2 > core
onset of core transitions, ng = ¢ B J p(w)dw, Wy being the onset of
w
%4

K-transitions, Z = total number of electrons, neff(ez), neff(u), neff(ImE )

are the limiting values (mo+m) of eqs. 13,14,15 respectively. The absolute

values and the deviations from Z in percent are given. (After HAGEMANN et al.

19740 ).

"o Ancond Ank & neff(SZ) neff(”)' Vneff(Im?Hl)
Mg 2 2.2 1.3 12 12,2 +1.7 % 12,6 +5 % 12,6 + 5 7
Al 3 2.8 1.5 13 13.4 +3 % 13,6 + 4.5%  13.6 +4.5 %
Cu 1 0.6 1.2 29 27.6 =5 % 27.6 =5 % 27.6 -5 7
Ag 1 0.9 i A 47.5 +1 2 47.7 1.5 % 47.6 +1.3 7%

Au 1 ) 0.9 1.3 79 78.9 -0.1 % 79.0 0 Z 79.0 0 Z

Bi 1.25 83 82.3 -1 2% 82.3 =1 % 82.3 =1 Z



TABLE 3

Calculated absorption maxima and relative theoretical oscillator strength gf

for La3+ and Ce3+ near the 4d edges. Positions of peaks (in eV) are given whose
gf values are > 5 % of maximum peak in regions of low and high absorption respec-
tively, the regions are separated by a dotted line. Measured peak positions

(HAENSEL et al. C1970c-) appear in last column. (From SUGAR .19727).

Transition cale gf Rel. EObs
La3*t 4410 150_
4do4f 3P1 97.2 1.0 96.9
301 101.3  11.1 101.6
e (103.7)
1P1 117.0 1993 117
3+ 10 2
Ce 4dtV4E F5/2_
4d%4£2 (3‘»11)‘*1?3/2 101.8 0.2 101.25
1 2
GH)"Ggy, 103.7 0.5
Sy 4
(3H) 05/2 104.4 o.sg |0k .56
3y 4 04 . .
(111)2(;7/2 104.6 i 2
A 1.4
(1p) D5/2 105
(311‘)“(;7/2 105.7 6.8 105.77
3yl
(3F) G5/2 106.0 2.0 (156,006
(BF)“F3/2 106.2 1.1
(3H)”H7 ) 106.6 0.5
(3F)“H7/2 106.8 3.4 106.58
(1c)21)5/2 108.0 0.7
(31))”1)3/2 108.2 2.2 108.06
(3F)“D7/2 108.3 0.8
(3F) By 108.5 0.7
(314*)”1)7/2 108.8 1.3 108.93
3 L
(3p) B 109.5 1.6 ——
(3P)“F7/2 109.8 2.0
(11))2133/2 110.0 0.6
(SF)”H”2 110.1 10.4 110.36
(113)?—(;7/2 111.7 4.6 111.52
(*W)?G,,, 120.4 1088
@F)2D3/2 124.4 781
3ImN2
(3F) 95/2 124.8 40 124.3
(3H)2F5/2 125.3 1215
(3H)2F7/2 125.4 85



TABLE 4

Position of edges and absorption maxima in the absorption spectra of

Li, Be, Na, Mg, and Al. The fourth column gives the temperatures at

which the tabulated energy positions were measured. (RT romm temperature,

LNT liquid nitrogen temperature). (After HAENSEL et al. []9703, however,

Li K-edge and A corrected see text).
Metal Maximum Energy (eV) Temperature

Li K-edge 54.86 + 0.15 LNT
A 55.4 + 0.2 LNT
B 58 +: 0.5 LNT
C 64 + 0.5 LNT

Be K-edge 112.1 =+ 0.2 RT
A 112.3 + 0.2 RT
B 113.65 + 0.4 RT
C 119 + 0.5 RT
D 122 + 0.5 RT
E 126 + 0.5 RT

Na L3 30.68 + 0.1 LNT
A 30.74 + 0.1 LNT
L2 30.84 + 0.1 LNT
B 30.88 £ 0.1 LNT
C 32.5 + 0.4 LNT
D 35 + 1 LNT
E 48.5 + 1 LNT
F 65.5 =+ 1 LNT

Mg Ly 49.60 + 0.1 LNT
A 49.66 + 0.1 LNT
Lo 49.87 + 0.1 LNT
B 49.9 + 0.1 LNT
g 51.7 % 0.2 RT
D 52..9° * 0.3 RT
E 55.5 +£0.3 RT
F 58 £ 0.5 RT
G 72 + 0.5 RT
H 82 * 0.5 RT
I 85 + 0.5 RT
J 89.5 = 1 RT

Al L, 72412 Calibration point
A 72.8 + 0.1 LNT
Lo 73.15 + 0.1 LNT
B 73.25 * 0.1 LNT
C 74.9 + 0.2 RT
D 77.3 £ 0.2 RT
E 84.3 + 0.3 RT
F 97 il | RT
G 113.5 =+ 1| RT
H 118 + 0.5 RT
I 124 x RT



TABLES 5.
Shift of the onmset of Al L2 3 absorption (after HAGEMANN et al.

[]9751 , HAGEMANN fl9?41 ) and the onset of Al L2 3 emission
(after WATSON et al. [1973] , AuAl, after KAPOOR et al. 9727 ).

shift of the onset (eV)

material absorption emission
(+0.1 eV) (+0.05 eV)

Al (onset) 72.6 72.76
vV-Al 16 % - 1.1 -1.25 (10 %)
V-Al 28 7 = 1.1 -1.10 (24 7)
V-Al 41 Z - 0.7 -0.95 (40 %)
VA13 - 0.4 -0.65
Fe-Al 11 Z - 1.0 ==
FeAl - 0.7 = 075
NiAl = 063 - 0.55
NiA13 - 0.3 e
CuAl2 + 0.4 e
PrAl2 - 0.6 -
AuAl2 + 0.3 + 0.3



Figure Captions

Fig. 1
Fig. 2
Fig. 3
Fig., 4
Fig. 5
Fig., 6

Fig. 7

Absorption and emission spectroscopy in the density of

states approximation. (From KUNZ []9735],)

Variation of binding energy for different atomic shells

as a function of atomic number. The photon wavelengths at

the excitation threshold are given.

Absorption coefficient of Au as composed from different
experiments (JAEGLE and MISSONI [1966] , HAENSEL et al. {1968],
GUDAT et al, i]975[ ) and one-electron atomic calculation
(COMBET FARNOUX and HENO (1967] , MANSON and COOPER (1968] .

(From KUNZ {1973 bj. )

Absorption from Pr 4d-4f transitions after HAENSEL et al. fl970]

and calculation of multiplet lines after SUGAR {1972], the

length of the lines is a measure of the theoretical intensity.
Absorption coefficient from Na L2 3 transitions showing the

3
edge singularity after HAENSEL et al. (1969R, 1970a]. (From

KuNz (1973b).)

Absorption coefficient at the Al-2p and the Ni-3p edges of NiAl by
HAGEMANN et al. {19741 in comparison with a density of states
calculation (dashed line) by CONNOLLY and JOHNSON [1971]. (From

HAGEMANN et al. [1974a.)

Geometry of synchrotron radiation emission. (From KUNZ U974] &)



Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12

Angular distribution of intensity components with electrical
vector parallel (Ill) and normal (Il) to the plane of the syn-—
chrotron, linear polarization, and circular polarization (from
decomposition into left (IL) and right (IR) hand circularly

polarized components: U according to fig. 7.

Spectral distribution of intensity into a 2 cm x 2 cm wide
aperture at the laboratory distance of 40 m from the source

for the accelerator DESY and the storage rings DORIS (see table 1).

Absorption coefficient of Cr in the region of 3p-3d transitions.

The synchrotron radiation results of DESY (SONNTAG [I969] s

SONNTAG et al. {1969} ) are compared with results obtained with
classical sources which have been scaled (TOMBOULIAN et al. :19573,
AGARWAL and GIVENS |1957 , AXELROD and GIVENS 1960, GIRAULT et al.

T1968! ). (From SONNTAG 19697 .)

Arrangement of a Rowland monochromator at the DESY synchrotron.
EO = electron orbit, V = vacuum valve, BS = beam shutter, VI =
vacuum pipe, SH = sample holder, M = focusing mirror, ES = entrance

slit, G = grating B = exit slit and detector, RA = rotating arm,

Sh = shielding. (From HAENSEL et al. (1968} .)

Fixed exit slit monochromator at the DESY laboratory, I monochromator
with DM = drive mechanism, D = aperture diaphragm, M = plane mirror,
G = grating, F = focusing mirror, GP and TVP vacuum pumps;

11 differential pumping stage; LIT UHV sample chamber with ES =

exit slit. (After GUDAT {1974} .)



Fig. 13  Two-beam densitometer with rotating beam splitter; M],Mz = plane

mirrors, D.,D

oDy = detectors,S],S = thin film samples. (After

2
GUDAT et al. 1974 .)

Fig. 14 Comparison of yield and absorption spectrum of Al. The yield is
glven as measured against an uncalibrated reference detector (see

fig. 15). (After GUDAT 1974 , GUDAT and KUNZ 1975 .)

-

Fig. 15 Arrangement for yield-spectroscopy. The reference detector uses
photoemission from the non-reflected part of the light. The electron
detector is located behind the plane of this figure. (From GUDAT

and KUNZ (1973 ] .)

Fig. 16 Kramers-Kronig consistent reflectivity R and absorption coefficient u
(solid curves). Other results are shown a: EHRENREICH and PHILIPP
{]962ﬁ , b: CANFIELD and HASS [1965 , c: HAENSEL et al. i1968] .

(From HAGEMANN et al. []974b,:)

Fig. 17 Kramers-Kronig consistent real (el) and imaginary (Ez) part of the
dielectric constant. Other result a: by MYERS et al. [1968].

(From HAGEMANN et al. [1974b)).

Fig., 18 Kramers-Kronig consistent real (n) and imaginary (k) part of the
optical constant. Other result a: by JOHNSON and CHRISTY L}Q?Z] .

(From HAGEMANN et al. 19741 .)

Fig. 19 Kramers-Kronig consistent energy loss function Im-1/e. Experimental

result a: DANIELS et al. 719701 . (From HAGEMANN et al. [19741J.)
~ @l



Fig. 20 Check of sum rules yielding neff(m), see text. (From HAGEMANN et al.

(1974b )

Fig. 21 Check on sum rules on p(n—-1) and on (n—-1). (From HAGEMANN et al.

T1974n 1)

Fig. 22 Effective potential Veff according to eq. (23) for L=3 electrons

in several atoms. (From MANSON and COOPER Ll968} )

Fig. 23 Bi, core function P4f(r) (dashed), and continuum functions £=0
(at threshold), e=11.5 rydberg. The radial distance r is given

in units of the Bohr radius. (From COMBET FARNOUX _1969 .)

Fig. 24  Absorption cross section of Bi. Solid line: theory and dashed line:
experiment by JAEGLE et al. [1969] , dash—dotted; line experiment

- - = =
by HAENSEL et al. (1968 . (From JAEGLE et al. [1969 | .)
-~
Fig. 25 Autoionization profiles according to eq. (28). (From FANO [1961J i)

Fig. 26 Absorption spectra of light metals in the region of Is transitions

(Li, Be) and 2p transitions (Mg and Al). The Be spectrum is compared

with a density of states calculation by LOUCKSL}974j, the Al spectrum

with an atomic calculation by COOPER 1969 . The yield spectrum of
liquid Al after PETERSEN and KUNZlLl9755 is also shown. Energy
-
a

positions of peaks are listed in table 4. (After HAENSEL et al. _197032)
. -t

Fig. 27 Yield spectrum of solid and liquid Li. (After PETERSEN and KUNZ pQ?ﬁJ )



Fig. 28 Region above L2 3 edges of Al (blow-up). p = absorption spectrum
3

after BALZAROTTI et al. [1974 , Y = yield spectrum after GUDAT [|974] ,

JF = free electron density of states, JC = density of states as
calculated by CONNOLLY [1970 )
'

Fig. 29  Absorption cross section of atomic Na (solid line) after WOLFF et al.
(I972;Y in comparison with metallic Na (dashed line, arbitrary units,
after HAENSEL et al. [197081), and an atomic calculation by McGUIRE

L1970 . (From WOLFF et al. [1972].)

Fig. 30 Comparison of an EXAFS calculation by RITSKO et al. [1974] , with
the absorption spectra in the region of L2,3 transitions (HAENSEL
et al. []97q])and in the region of K transition (SENEMAUD and LIMA
[1973] )

Fig. 31 Partial absorption coefficient u¥ according to eq. (29) of the Al

L2 3 transitions in several ordered phase alloys. (After HAGEMANN []974].)

Fig. 32 Partial absorption coefficient " (eq. (29)) of several alloys at
the Al L, 3 edge. The onset of the 2p transitions of pure Al is
H]

marked. (After HAGEMANN et al. [}974a].)

Fig. 33  Absorption coefficient of the noble metals Cu, Ag and Au showing

the behavior of d-valence electron transitions. (Af ter HAGEMANN

st al. [197453.)

Fig. 34 Overlap of continuum wavefunctions Pe(r) for two energies €)<€, with

the core 4d function Pi(r) to demonstrate change of sign of the

matrix element R (schematic).

1+1



Fig. 35 Matrix element for d-f transitions R1+l and total absorption
cross section o as a function of electron kinetic energy for

Ag+ and Cu’ . (From COOPER 1962 .)

Fig. 36 Absorption coefficient of Bi in the region of 5d transitions. The
sum orbit split edges and the delayed peak around 60 eV are

clearly identified. (After HAGEMANN et al. i1974b‘.)

Fig. 37 Evolution and disappearance of the 4d-4f 'resonance' transitions
from Sn°? to Lu’l. The region of fine structure below the onset of
the large maxima is interpolated in this figure but is shown in
fig. 38 in an expanded scale. (From ZIMKINA et al. Tl967:.)

Fig. 38 Fine-structures for 4d-4f transitions into bound states for the

rare earths series. (After FOMICHEV et al. L1967J i)

Fig. 39 Absorption coefficient for Pr and PrAl2 (upper part). The lower
part shows the partial absorption coefficient u* for Al in
PrAl, after eq. (29). (From HAGEMANN 197ha )

Fig. 40 Absorption behavior of Ba in the region of 4d-4f tramsitions for
vapor and solid. The lines show the result of a Hartree-Fock
calculation. The broad peak (theory) results from a many-body

caleulation by WENDIN 1973 . (After RABE et al. 1974 .)

Fig. 41 Absorption spectra of 3p-3d transitions in the transition metal
series Ti to Ni and Cu. The expected edge positions are marked

after BEARDEN and BURR 1967J . (After SONNTAG et al. 1969; )



Fig. 42 Absorption coefficient at the 3p-3d threshold for several

Mn-halides. (From NAKAT et al. t1974? )

Fig. 43 Absorption spectra of 5p-5d and 4f-5d transitions for the tran-
sition metal series Ta to Pt and Au. The expected edge positions
are marked after SIEGBAHN et al. ;1967‘:. (After HAENSEL et al.

1969¢  and LEYSER 1970 ' .)

Fig. 44 Transmittance of a Cu-Ni (l1:1) ailoy film (v300 & thick) and a
Cu+Ni sandwich film separated by a carbon layer to prevent
diffusion in the region of Ni 3p-3d transitions. In addition
the transmittances of pure (v150 s thick) Cu and Ni films are

shown. (From GUDAT and KUNZ [1972“’.)

Fig. 45 Absorption coefficient at the Fe and Ni 3p edges for several
Al transition metal alloys in comparison with the pure transition

metal spectra. (After HAGEMANN ilQ?&] )

-
Fig. 46 Emission spectra of light metals after SKINNER [1940 T

w T il
(From LANDOLT BORNSTEIN L1955_J o

Fig. 47 Shape of the absorption edges of light metals after KUNZ et al.
Cl97£}. The resolution is marked. The mirror—image of the Li emission
spectrum as measured by AITA and SAGAWA [l96§] was shifted for

comparing with the absorption spectrum.

Fig. 48 Shielding of a suddenly created hole in space a) and in an

energy picture b) (schematic).



Fig. 49 a) Side band of electron transitions near the Fermi level (fig. 48b)),
to a discrete line spectrum in contact with an electron gas. b) Smearing
of a one-electron absorption spectrum  because of the effect shown in
part a) resulting in a spectrum n. y shows the edge-singularity effect

(schematic).

Fig. 50 The three processes contributing to the core-hole excitation

spectrum of a metal. (After FRIEDEL 1969 .)

Fig. 51 Edge exponents o for different metals plotted against £ The
solid line is an interpolation,the dashed line is the result
of a calculation using a self-consistent screening field.

(From DOW et al. | 1974 .)

Fig. 52 Compatibility relationship (eq. (35)) for the exponents o and a -
The circles give an evaluation of the data of NEDDERMEYER ;19733,b
r i . . ;
by DOW {1974b  , the points with error bars give a recent re-

= 5 .
evaluation by NEDDERMEYER {1974 . (From NEDDERMEYER L|974 ‘)

Fig. 53 Theoretical Li K absorption shape from eq. (30) assuming various
values for Bo/BI assuming £ = 5 eV, a = 0.46, @ = -0.30.

(From SONNTAG [1963:.)

Fig. 54 Li K absorption edge in Li __ Cu alloys. (From SONNTAG 1973, .)

=%

Fig. 55 Dependence of Li K edge as obtained from energy loss measurements

on momentum transfer ¢. (From RITSKO et al. [197415.)



Fig. 56
Fig. 57
Iig. 58

Predictions of theory eq. (30), the theoretical curve was
convoluted with a broadening function in order to give a

good fit at q=0. (From RITSKO et al. [19741; )

Li K edge at different temperatures. The curve at 4 K was
obtained from absorption measurements by HAENSEL et al. Ll970bJ,
the other curves by yield spectroscopy. All the yield curves

coincide with the dashed curve below 54.5 eV. (From KUNZ et al.

[1974:.)

Li K edge width AW vs. rms lattice displacement SR as obtained
. 7
from neutron scattering measurements by SMITH et al. [1968J .

The dashed line is an interpolation. (From KUNZ et al. []974;}.)
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