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Shallow-Deep Instqbi]ity of Impurities and Core Exciton States
in Semiconductors

M, Altarelli

Max-Planck-Institut fir Festktrperforschung
7 Stuttgart 80, Federal Republic of Germany

The binding energy of core exciton states in semiconductors has received
experimental as well as theoretical attention in recent years. One of the
reasons of this interest is the discrepancy between the experimental
values (0.1 - 0.3 eV¥) and the theoretical predictions (typically ~0.05 e¥)
that result from an effective-mass (EM) treatment in analogy to shallow
impurities.

we shall discuss the relevance to the core exciton problem of some recent
advances in the theory of impurity states in semiconductors with multi-
valley band structures, i.e. characterized by the energy degeneracy or
nzar-degeneracy of several band extrema located at different E—space
points. In such cases (e.g. Si, Ge, GaP, some III-V alloys, etc.) re-
sonant or near-resonant intervalley scattering via the large-momentum
components of the impurity {or core-hole) potential makes the traditional
EM approximation inapplicable. The intervalley contributions to the
binding energy are very sensitive to the detailed microscopic structure
of the Bloch functions {usually neglected in the EM approach), which must
be obtained explicitly by a band-structure calculation. Furthermore, the
intervalley terms play a crucial role in determining the binding energy.
Depending on their magnitude, they can be a small correction to the EM
one-valley values, or can be dominant and make the level deep. It is
therefore natural to consider the possibility of explaining the large
binding energies reported for core excitons via this multi-valley shallow-
deep instability mechanism.

Results are presented, based on empirical pseudopotential band-structure
calculations and on a careful treatment of the multi-valley equations
which rule out the relevance of this mechanism for Si 2p-core excitat-

1ons,1’2 in contrast to recent claims3

to the contrary. Results on the
Ga 3d-core spectra of GaAsP alloys are also discussed. This system is

particularly interesting in view of the direct observation4 of effects of

-1-

mixing of X and L conduction band minima via the core-hole potential. The
theoretical results for the intervalley matrix elements are toc small by
about one order of magnitude to explain the observed effects. The im-
plications of this discrepancy for the validity of the analegy between
core excitons and donor impurity states is discussed.

1) M. Altarelli, Phys. Rev. Letters 46, 205 (1981).

2) Y.-C. Chang, T.C. McGill and D.L. Smith, Phys. Rev. B 23, 4169 (1981).

1) L. Resca and R. Resta, Phys. Rev. Letters 44, 1340 ({1980}.
4) S. M. Kelso et al., Phys. Rev. Letters 45, 1032 {1980).
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EXCITONS FROM d-CMRE LFVELS IN SEMICONDUCTORS

D, E. Aspnes
Bell Laboratories, Murray Hill, N. J. 07974 USA

Collaberaters: S. ™. Keliso,* C. G. Olson,** 0. W. Lynch,**
T, Finn,® R. A. togan,* R. E. Nahory,™" M. A. Pollack*

ABSTRACT

We are concerned here with transitions from shallow
(20-40 eV¥) 2- and 4-d core levels to the L and X Tower conduction
band minima of semiconductars containing Ga, In, Ge, As, and Sb.
Information is obtained by measuring highly precise reflectance
spectra, differentiating numerically twice with respect to energy,
then following the variations in eneragy and strength of the
resulting structures as a function of temperature, alloy compositian,
and electric field.

These transitions are interesting hecause the creation
of a localized core hole should be equivalent in some sense to the
substitution of a donor impurity at the lattice site (e.qg., Ga»Ge).
The advantages over many point-defect experiments are that the
identity and unit-cell location of the "impurity" are unambiguous, and
that lattice relaxation is not important. Yet both self-eneray
{core-exciton binding energy) and the mixing energies of the L and X
minima are substantially larger than effective mass estimates,
indicating a strong central-cell cemponent to the core-hole potential.

e shall discuss explicitly:

1. The binding energies of the core excitons. These
cannot be measured directly, but estimates from three independent
types of experiments consistently show values in the 700-500 meV
range, significantly larger than effective-mass estimates. The
experiments fnciude (a) direct comparisons between optical and
photoemission thresholds; {b} comparisons among L and X thresholds
for Gald and Indd core levels in mixed-cation crystals; {c) an
electrareflectance lineshape analysis of the X, structure in faP.

* Rell Laboratories, Murray HiT1, N. J. 07974 USA

** Ames Laboratory - USPOF, Towa State University, Ames, 1A 50011 1SA
* Litronix, 19060 Homestead, Cupertino, CA 95014 USA

tt pel] Laboratories, Holmdel, M. 3. 07733 USA
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2. The variation of threshgld energies and oscillator
strengths of L and X transitions in GaAs1_xPx and A]xGa}_XAS alloys.

The unperturbed L and X minima cross in these series, with L below

¥ in GaAs and X below L at the other endpoints. The data show an
anticrossing behavior described by a 2x2 Hamiltenian, This

Hamiitonian results from a reduction of the original 7«7 effective-

mass Hamiltonian by a valley-orbit splitting of the four L minima
accompanied by a mixing of the triplet L levels with their counterpoints
at X. Both processes are driven by the core-hole potential. The

L-X mixing matrix element js just half the splitting energy at the

point of closest approach.

3. Estimation of the relative importance of long-range
Coulomb and central-cell effects. An effective-mass transformation
chows the final states to have p-like symmetry om a microscopic
scale with macroscopic 1s envelopes. L-X mixing follows principally
from the central-cell part, while both central-cell and long-range
Coulomb interactions participate nearly equaily in determining the
exciton binding energy.



9% EFFECT OF DYNAMICAL SCREENING ON THE BROAD FEATURES

U, von Barth and G. Grossmann

Department of Theoretical Physics,
University of Lund, Lund, Sweden

ABSTRACT

Until now, the in‘terpretation of experimental X-ray spectra has been
based almost entirely on one-electron band theory,. This simple description,
which ignores the fact thai a strong perturbation due to the presence of the
core hole is either switched on {absorption) or off (emission) in the X-ray
process, has been remarkably succesaful especially in the case of emission
spectra, This fact led the authors to the Final State Rule [1,2]. according
to which accurate X-ray spectra of simple metals can be obtained from one-—
particle theory provided the dipcle matrix elements are calculated from one-
particle orbitals obtained in the potential of the final state, i.e. in the
potential which incorperates the core hole in absorption but not in emission,
This rule expresses the success of band theory for emission specira and is no%
contradicted by the relatively good agreement between band theory and experiment
in the case of absorpiion spectra since we have shown [3] that the core hele
does not have a stirong effect on the density of nocccupied states in simple
metals. The small effect near threshold due to excitonic enhancement [4] and
shake~up suppression [5] can of course not be obtained in this way but can be
accurately accounted for by multiplicative singular power lew factors [3].

The simplest possible extension of one-particlie theory is due %o Nozidres and
de Domimicis {ND) [6]. Their theory, which accounts for the basic dynamies of
the X-ray process, namely the switching of the core hole potential, was shown
by us to obey the Final State Rule with a high degree of accuracy [2,3,1,8%
Their theory does, however, not account for ihe interaction between the valence
electrona and, given the success of the Final State Rule for the interpretation
of experimental spectra, it would be quite interesting to kmow if the rule
would survive the inclusion of the valence-valence interaction. The theory

of Nozidres and de Domimicis can be generalized fo jnclude this interaction in
a rather straiphtforward way. The interaction enters the theory in essentially
two ways: (i) the free-electron propagator of ND theory is -replaced by the one—

particle Green function of the interacting system,and (ii) the static core-hole

5=

potential of ND theory is replaced by a dynamically scroened potential.

We shall present here numerical results for I-ray emission spectra in whi ch
a linearly screened potential has been included to infinite order. The
reaylts show no further deviation from the Final State Rule. In these
calculations a non~interacting valence propagator was used but calculations
with an interacting propagator are now being carried out. We do, however,
not expect to obtain very different results. There are known to bhe strong
cancellations between dresaing up the Green functions and including dynamical

screening.

REFERENCES

{1] v. von Barth and ¢. Crossmann, Proceedings of the Fifth International
Gonference on Vacuum Ultraviolet Radiation Physics, Montpellier 1971,
Vol., II, pe 18 (eds. M.C. Castex, M. Poney and N. Poney};
Sea also,L. Hediny J. de Physique 39, C¢4-103 {1978} .

[2] U. von Barth and G. Crossmann, Solid St. Commun, 32, 645 (1979).
[3] u. von Barth and . Grossmann, Physica Seripta 21, 580 (1980).
[4] ¢.D. Mahan, Phys, Rev. 163, 612 {1967).

{5] P.#, Andersom, Phys, Rev. Letters 18, 1049 (1967).

[6] P. Nozidres and C.T. De Dominicis, Phys. Rev. 178, 1097 (1969).

[T] Thias problem has also been investigated by G.D. Mahan,in Phys. Rev. B2l,
1421 {1980}, In this work the qualitative agreement between ¥D theory
and the Final State Rule is demonstrated but no attempt was made to

assess iis accuracye.

{8] U, von Barth and G. Grossmann, submitted to the Phys. Rev.



XANES AND EXAFS: BASIC PROBLEMS AND APPLICATIONS
70 LOCAL STRUCTURE CETERMINATIONS OF SURFACES AND CONPLEX SYSTEMS

A. Bianconi

Istituto di Pisica

Universith di Roma

P.le Aldo Noro, 2
00185 Roma

The experimental methods to m-~ure surface X-ray absorption spectra
uming synchrotron radiation will be described. The applicatione of surface
EXAFS and surface XANES, measured by ™“total yield”, "Auger yield™, "ion
Gesorption™ and "angular integrated constant initial atate® techniques, to
giructural determination of surface chemisorption sites, of clean surfaces
and of surface oride layers will be reported [2].

We shall also report on recent developmnts of IARES {X-ray Absorption FNeer
Edge Structu.res) 40 obiain complementary information, which cannot be obtained
by EXAFS, on local structure determination of complex systems [2].

Pinally, . evidence of the core—hole-induced relaxation effecis on
the TANES of mixed valence systems has recenmtly heen found [3].

[1] A. Bianconi, Applications of Surface Science 8, 392 (1960},

[2] 4. Biancomi, in Proceedings of "EXAPS for Inorganic Systems", Daresbury,
March 1981, to be published.

(3] 4. Bianconi, M. Campagna, S. Stizzq and I. Davoli, %o be published.

Inner Level Spectroscopy on Layered Crys tals*
Frederick C. Brown
Department of Physfcs and Materials Research Laboratory
University of Illinois at Urbana-Chaupaign
Urbana, IL 61801 USA

The new synchrotron radiation sources have made it possible to investi-
gate with ease inner level x-ray absorption spectra both for atoms in the
volume and on surfaces. For example, in recent years extended x-rtay absorp-
tion fine structure (EXAFS) has developed inte a powerful local diffraction
technique which is site sensitive. In recent work of our group (B. M.
i)awieé)L we have tested EXAFS as applied to a variety of layerad ctystals
including NbSez, HfSez, TiSz, TiSe,, TiTe,, ZnSeq and TaSe,. Fourier trans-—
form analysis using the theoretical amplitude and phase shift {nformation of
Teo and Lee? was found to give very good first and second neighbor distances
(£0.02 A) as compared with x-ray diffracticon datz. We then applied EXAFS to
the Zr K-edge in the adjustable bandgap system Zr, Ti,  Se,, where control over
charge density wave formation has recently been achieved.3 In this system a
zero bandgap alloy is formed at x ~ 0,15 intermediate between the semimetal
TiSe, (Eg ~ =0.2 eV) and ZrSe, (Eg ~ 1.0 eV¥). The EXAFS experiments omn Zr
show that Zr substitutes for T1 and that the first shell of neighbors expands
about 5% with little change for second neighbors.

X-ray absorption near edge structure (XANES) was also obtained with high
resolution both for inner levels of the metal and chalcogen atoms in the
various layered compounds studled. Generally, peaks in the XANES structure
for the metal NbSe, and for TiSe, and TiS, can be closely coordinated with
known density of states. Om the other hand, matriz element, atomic, core
exclton and other effects are known to be important near threshoid. The L,

threshold of Hf in HfSe, shows a very strong inner-well resonances or white
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line., A clear understanding of XANES structure for molecules and solids is
just beéinning to emerge. In some cases near edge structure 1s very sensitive

to polarization as well as to the nature of the local bond.

Supported in pdrt by NSF-DMR grants 79-13103 and 77-23999. The experi-
ments were msinly carried out at the Stanford Synchrotron Radiation
Laboratory which is supported by NSF-DMR 77-27489,

1. B, M. Davies and F. C. Brown, to be publighed.

2. B. k. Teo and P. A. Lee, J. Am. Chem. Soc. 101, (1979) 2815.

3, " J. Gaby, B. Delong, F. C. BRown, Ri. Kirby and F. Lévy, to be published.

SINGLE AND DOUBLE EXCTTATION AND IONISATION
FROM p AND d <CORE SHELLS OF ATOMS

J.P. Connerade

Blackett Laboratory
Imperial College
London SW7 2BZ
England

Over a number of yeara, atomic absorption spectra of many elemenis have
been studied between & and 600 electron-volis using synchrotron apectroscopyes
Moat of the data relates to energy levels, with some information also on
relative intensities and shape resonances in the continuum., From this vaat
quantity of data, a picture emerges of how profoundly core level excitation
in atoms differs from the single excitation of outer electrons. Selected
examples will be given covering aspects such as centrifugal barrier phenomena,
double excitations and intercharnel interactions, Results on the d to f
shape resonances for the lanthanide and actinide seguences will be compared.
Evidence for double ionisation and two step autoionisation from absorpiion
studies will be presented. An attempt will be made to relate this evidence to
recent experimental work by other authors on the direct measurement of double
jonisation rates.



IWNER SHELL EXCTTATIONS IN HEAVY ATOMS
*

M.P.DAS
Internaticnal Centre for Theoretical Physics
Miramare,Trisste,ltaly

Electrostatic effects are highly predeominant in inner electron
binding energiem, Besides, there are impertant relativistic and qua-
ntum slectro-dynamical (QED) corrections necessary for the inner
ghell excitations. Using the relativistic density functional theory
an appropriate one electron potential ie constructed {1). The QED
affects are contained self-consistently in it in 2 local density
approximaticn {IDA}. Results are presented for (a) K-shell binding
energies for all closed shell high 7 atoms (b) K-Ahyper satellite
energies for Tm,Hg and T1. Thege LDA resulis are compared with the
nonlocal Dirac-Fock calculations and experimentally determined
energies. The discrepancies are discusse?ﬁn terms of further many-

body effects.

{1} ¥.P.Das et al Phys Revi 422 , 9 (1980}.
M.P.Das Phye.Rev. A23 , 391 (1981).
M.P.Das Inter.J.Quantum Chem. 148, &6 (1981).
¥.p.Das Sanibel Sypposium (1981).

* Pgrmanent Address: Department of Physics,Sambalpur University,

Jyoti Vihar,Sambalpur,768017,India,
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Jp#8d Excitations in Transition Metal Atoms and Solids
L. €. Davis
Engineering and Research Staff
Ford Motor Coupany

Dearborn, Michigan 48121

Photoabsorption and photoemission in the region of the
ip threshold (38-18@eV) of the 3d transition metals will be
discussed. The interpretation of experiments and their

implications for electronic structure will be given first for
atoms and then for solids.

In these atoms, the 3p-3d dipele matrix elements are
large. Approximately half of the total one-electron
oscillator strength for 3pend,ed is contained in n=3. The
large peaks observed in absorption _measurements [11
correspond to the excitation of 3p53aM*' 45 states from a
3p*3d"4s? ground state.  Since the energy of the excited
states is well above  the 3pbad™! 4s% threshold,
agtoionization is energetically possible. The decay matrix
elements are the same as for super-Coster-Kronig {sCK)
processes and typically give widths ~1-2¢V. This is not SO
large as to wipe out the 3p core level, but does give rise to
interesting effects. Interference bggfeen the ntro-step
process described above (3p53d"4s“a3E53d 45243p*3d"7 4stef)
and the direct excitation of 3pé3dP~ 4sP¢f continua results
in Fano line shapes {2}. The interpretation in terms of sCK
transitions is econclusively proved by the observation of
sharp structure due_to uniqge decay selection rules; e.g.
in Mn, decay of 3p53a®4s3(®p) to 3pb3dTasief is forbidden by
symmetry [3]. Expeiimentally {4], these states are nuch
narrower than the {"P) states which are allowed to decay.

since the 3d subshell is full in Cu, the 3p absorption
is much weaker, the lowest lines being due to 3p53d’% 45 (*p).
These states can readily decay via sCK to Ipb3d®4stef.
However, their direct excitation is extremely weak, being a
two-electron transition, and the 3p#¥s peaks are nearly
symmetric. It appears that some interference - occurs in
higher enezgy transitions involving 3pb3d'®4snd and &d
states.

So far no photoemission experiments have been reported
for 3d metals in the vapor phase, but recently measurements
have been doge far Cu (5}, The strongest emission is from
the cut 3dt4s(h3Dp) final states. A resonance in the
3d%4g (primarily 'G) states at the 3p#s energy is observed

- L



which is due to the sCK processes described above. These
experiments provide further confirmation of the general
picture presented here.

For solids, the interpretation of absorption
measurements [6] is much the same as for atoms except for the
complications introduced by the band nature of the 3d levels.
Ni is the most atomic-like and is probably the best
understood. Here the empty portion of the 3d bands is so
narrow that the resonance in absorption appears approximately
as a simple Fano line shape. The closest atomic equivalent
is 3pf3a®a3p®3d’®. 1In fact, due to 3d band screening, the
3p%3gw configuration describes the local charge distribution
in the presence of the core hole rather well. The sCK decag
of the excited state is predominately to a localized 3d
excitation, i.e., two 3d holes bound on the same atomic site.
These states correspond to the 6 eV gatellite which undergoes
a resonance at the 3p excitatlon energy [7]. Since the
direct (non-resonant) excitation of the 6 eV satellite is not
very strong, the resonance is not strongly asymmetric, Most
of the interference occurs in the valence band emission due
to solid state processes which iavelve extended 3d states.

For the rest of the 3d transition metals, atomic effects
are not prominent, Nevertheless, interference effects are
observed in both absorption and photoemission; localized
excitationg are not necessary. Following excitation of the
3p electron into 3d states above Ep, two types of s5CK decay
can occur in a strictly band model. The first is coherent
with photoemission from the 3d valence bands and causes
interference. The second process is incoherent, since it
results in two 3d holes below Ep and an excited electron
above Eg. In the absence of strong d-d replusion, the
kinetic-energy distributions of the emitted electrons
partially overlap for the two processes,

1. R. Bruhn, B, Sonntag, and H. W. wolff, J. Phys.
Bl2, 283 (1979}.

2, R. E. Dietz, E. G. McRae, Y. Yafet, and C. W. Caldwell,
Phys. Rev. Lett. 33, 1372 (1974).

3, L. C. Davis and L. A. Feldkamp, Phys. Rev. Al7, 2812
{1978).

4. J. P. Connerade, M, W. D. Mansfield, and M. A. P.
Martin, Proc., Roy. Soc, London Ser. A3s@, 48% {1976};
R. Bruhn et al., Phys. Lett, 69A, 9 (1978).

5. y. petroff, this conference.

6. B. Sonntag, R. Haensel, and C. Kunz, S0lid State
Commun. 7, 597 {(1969).

7. C. Guillot et al., Phys. Rev, Lett. 39, 1632 (1977).
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CORE~-LEVEL SPECTROSCOPY IN MIXED VALENCE MATERIALS

Se Jung Oh anmd S, Doniach

Department of Applied Physics
Ftanford University
Stanford, California 94305
usa

ABSTRACT

The photoionization of an inner shell eleciron causesa & relaxaztion
rearrangement Of the outer elecirons in the atom. We investigate the
congequences of this rearrangement for solids in a mixed-valent state, on -
the resulting photoemission spectrum., The ground atate degeneracy beiween
states of different valency is broken by the core hole potential. The two
main final state peaks in the core hole spectrum are shown to havﬁ a relative
weight which does not correspond directily to the initial atate mixing.

=14~



Effects of the environment on core excitons

John D. Dow
Department of Physics
Giniversity of Illinois at Urbana-Champaign
Urbana, IL 61B0L USA

The theory of Frenkel core excitons in semiconductors [1} will be
reviewed - Such excitons have energies determined primarily by the static
central—cell potential of the core hole, rather than by the long-ranged part
of the electron-hole interaction. They are to be contrasted with ordinary
Frenkel excitons which are acomlc—1ike, because they are anti-bonding host-
1ike states: and they differ from, but coexist with, Wannier excitons.

Tre enorgies of these Frookel » itous can he computed using the optical
ipproiimation i?21, which trmats a core-exrited atom af <charge Z oas an
of charge Z + 1, ‘hus excited Ga is "Ge." &9 fulicious use of
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s ey of deep lmpari e axclton

wees 4] o

1ve a unil

2P and

surrner and . Y 0w L A
2, Y. Sankey, ®. E. ERCE
L cwaf. X-ino Drocesses aid loooe
M. Watson, and H. RKleiapoppen, |
_ 0. % Fraacs schetii, ¢. U G T
Phys. F. 5, WH {1075y,
vy ow. Py fjelmarson, 7. vegl, ho o oJ Valfond, acd 1.0 e Bhea e

Letters 4%, S10 (1980).

| ®. E. AlTex and J. D. Dow, Phys. Rev, B, to be published.

} R. E. Allen, H. P. iljalmarson, H. Buctrer, P. Vogl, B. J. Welford, . F.
Sankey, and J. D. Dow, Internatl. J. Quant, Chem. Symp. i4, 607 (1980);
n. p. Hjalmarson, R. E. Allen, H. Buttner, amd J. D. Dow, J. Vac, Sei.
Tech. 17, 993 (1980).

{81 R. E. Allen and J. D. Dow, to be published; J. Vac. Sci. Tech., in press.

{7] ®. E. Allen, H. P. Hjalmarson, and J. D. Dow, to be published.
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Abstract for the Symposium on Core Level Excitations in Atoms, Molecules and Solids,
International Centre for Theoretical Physics, Trieste, Italy, June 22-26, 1981,

ATOMIC ASPECTS OF CORE-LEVEL SPECTROSCOPY™
U. Fano, University of Chicago, Chicage, 1!linois 60637, U.S.A.

The spectroscopy of atomic core vacancies appears to be in a mature state of development
with regard to the classification, measurement and calculation of energy levels as well as to
the approximate determination of photoabsorption und Auger probabilities. It is instead in its
infancy with regard to the correlation effects that result from the inferaction of any core
vacaney with its environment. Advancing the study of these cor relations in atoms acquires a
high priority as a prerequisite for the comesponding study of molecules and condensed media,
which looms very significant owing to ifs greater range of phenomena and applications.

Most conspicuous among correlation effects is the rel
about inner shell vacancies acting as positive "holes™.
amsunts to 5-10 eV ond is thus amply sufficient o upser
dynamics. An outling of ine fragmentary Lyt basic
aiven in a recent thesis.!  Correlations may alo cau

tica of the outer atomic shells

rgy import of this relaxation

o gtamic s
- to trons

G, the thon o] nalyai

through Supcr-loster

arice vncancies, typicciiy

aaciam,

bt phepomenan e femeerad by Wand:
[ R I F.‘\LI.O"ﬂr_’Hilﬂ 4% piumer’ea 1)‘/ YR

Lmiweation man it

cuct sty theos

v through ihe da

twoaject

bt b
e 2

< the eveiutis of
ipcumented ox ienal

sireums.anees have long beern famifior, b
Yo the cther does not appear i@ hove been
to the siudy of each limit.

Iy by experiments, in controst

Simce relaxation invelves a large number of outer she!! acificles iis correlation with the
mation of the ejected electron will have to be described in “erms of collective coordinates,
“lues to such a treatment may be drawn from the freatment of photoionization of the valence
shell. Indeed photoionization leads to relaxation of the residual ion and to a significant rate
of its excitalion regardless of whether it acts initially on a valence or core electron. The
freatment of outer shell ionizafion by appropriate — if unfamilicr — coordinates provides now at
least a semi-quantitative description of the entire evolution between the limits of siow and fast
electron ejection 4 The relevance of this gpproach — and of its conceivable extensions? — for
the formation of core vacancies will be discussed.

*
Supported by the U.S. Department of Energy, Office of Basic Energy Sciences.

1. C. Moguéra, Orsay Thesis, March 1981,

2. . Wendin, Structure and_Bonding (in press).

3. L.S. Cederbaum, J. Schirmer, W. Domeke, and W. von Niessen, J. Phys. B 10, L549 (1977)
and Chem. Phys. 26, 149 (1977).

4. U. Feno, Phys. Today 29, #9, 32 (1976); C.H. Greene, Phys. Rev. A 23, 661 (1981).

5. U, Fono, to be published.
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CONDUCTION ELECTRON RESPONSE TO CORE

EXCITATIONS IN METALS.

€C.P. Flynn
University of Illincis, Urbana, I11. 61801

Universitd di Trento, 38050 Povo, Italia

It has been recognized since the early work of Friedel that core
excitations in metals differ from those in insulators by the fact that
‘metallic conduction ensures that the core hole must be fully. screened
by the conduction electron response, provided only that the cote hele
lives longer than the plasmon peried. This response has two important
effects. First, the.energy of the system is modified by the conduction

band distortion and the .threshold for the core excitation ie, accordin-

g}y, shifted. Secound, the conduction electron response provides a mecha-

nism for energy absorption by creaticn of quasiparticle pairs in the
band. Core liges are thereby broadened into edges with shapes characte-
ristic of the éore hole = conduction band coupling. The work reported
here concerns both the .threshold energies and the absorption profiles
that are observed in various cases chosen for gase of interpretation.

It can be stated that the edge shifts observed in practice are well-
-understood in principle and are, in a number of cases, predictable to
within ~ 0.2 eV. The remeining difficulty is the usual one that chemical
energies involving differences between two configurations of solids of-
ten cannot be calculated bf a priori methods to much better than 1 eV,
which unfortunately is the order of magnitude of the observed shifts
themselves. Cheﬁical parametrizations of the energy changes may be as
much as an order of magnitude more accurate than can readily be achieved
by a priori calculations. We show here for a variety of examples that the
core edge energies can be reproduced to within a few tenths of 1 eV by
the "Z + 1 analogy" together with estimates of the Stokes shift having
comparable accuracy. We conclude that a gemerally satisfactory understan-

ding of .threshold energies is available.
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The situation is quite different for the thereshold profile.
Systematic qualitative changes in thereshold profile zre observed
for which even schematic thecretical understanding is currently
lacking. It had formerly been believed that a semiquantitative un-
derstanding of threshold processes was available for the fairly
sharp edge structures observed for the outer core excitations of
pure alkali metals, Mg and Al. The work reported here makes direct
contact with these earlier results by probing the electronic systems
of these sare metals using foreign atom probes. Two sets of results
are discussed as follows.

When chemically simple foreign atoms are introduced into alkali
metals host lattices their excitation profiles are found. to be strom
gly characteristic of the impurity chemistry and quite different from
those of other chemicél species. Thus different rare gases have similar
profiles, as do the halogens, but the halogens differ strikingly from
the rare gases and neither resembles the host alkali sharp edge structu
re. Instead, the rare gases exhibit a linearly increasing absorption,
while the halogens have a gaussian step consistent with a phonon broade
ning which agreeswith the Stokes shif:;.ln all cases the :fhreshold e-
nergy is will understood but the profile remains an enigma.

In a second, equally revealing, series. of experiments, alkali me-—
tal adsorbates have been depcsited on cleam host surfaces of (s, Rb,
K, Ba, Li and Mg. Cs adsorbates, when sprinkled at dilution on these
surfaces, exhibit a thereshold structure which increases fairly slowly
to a sharp peak on the heavy alkali substrates, but the peak broadens
on Na and Li, finally giving rise on Mg to a linear threshold almost
identical with that of rare gas impurities in alkali metals. The profi-
le changes fairly systematically as the host electron liquid increases

in density from Cs to Mg. Arguments to be presented suggest that the
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linear profile is charascteristic of strong coupling between the conduction
nand and the excited center, while the sharp peaks appear as''white lines"
when the excited levels decouple from the bottom of the host conduction
hands.

With any of these substrates, the dilute adsorbate limit is achieved
at surface densities of about 10u cm_z. As the density of Cs 1is inecrea
sed to ™~ Lols em 2 (ie about cne monelayer) the spectrum accuires majer fea
rures recognizably characteristic of pure bulk Gs, ineluding the sharp
edge structure. The sharp edge 1s thus characteristic of ©Cs atoms Inte-
racting amMong themselves, even in planar layers, and net of ©Cs interacting
with an electron liquid in general. Spectra for kb on other alkali metals
resemble those discussed above Lor Cs but are generally more sharply pea-
ked.

We conclude that the chemistry of the ground and excited configurations
of centers interacting with mezal hosts are, in many cases, quite well under
stood. The effect of host—core coupling in modifying the excitation spectrum

chrough electron-hole pair ereaticn remains almost entirely unpredictable.
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Extended Abstractjéct for publication

LINE SHAPES IN CORE ELECTRON SPECTROSCOPY

*
J.C. Fuggle
TFF der KFA Jiilich, 5170 Jilich, W. Germany

This talk will concentrate on discrete core level satellites
in XPS arising from localized screening processes {as opposed
to plasmen satellites). It is convenient to divide the satel-
lites discussed into two groups although they have much

physics in common.

First, Ni and Pd XPS spectra show core level satellites with
. 6 eV higher B.E. than the main peaxs. The satellites are,
0f course, attributed to final states in which a d hole in
the valence band is correlated with the core hele (d9 final

states).

The main (best screened) peak is attributed to transitions to
final states with a full valence d shell at the site of the
core hole. We have investigated about 50 intermetallic compounds
and alloys of Ni and Pd. The satellites are consistently weaker
when the partner element is less electronegative than N1 or Pd
and more intense in alloyé with mere electronegative elements.
The trends in XPS valence band satellites are similar, and at
the same time the density of Ni or Pd d states at the Fermi
level decreases. For 1 : 1 Ni alloys the core level satellite
intensity varies almost linearly with Pauling electronegativity,
but is less well correlated with Miedemas electronegativity,

the heats of formation of Ni alloys, and calculated chemical

potentials of electron affinities in the pure partner elements.

A naive model relating satellite intensity to the number of
holes in the Ni or Pd d bands does qualitatively explain the
variations of satellite intensity. However calculations which

take into account the changes in density of states at EF might
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Time-dependent Pnenomena in Core Level Excitation

well show this model to be inadequate. 0. Gurnarsson
Max-Planck-Institut fiir Festkdrperforschung,

A second group of satellites occurs in core level spectra of D-7000 Stuttgart 80, Federal Republic of Germany

the early rare earths and actinides due to different occupation and

of the valence £ levels in the presence cf a core hole in the K. $chonhammer

final states. For instance in intermetallic Ce compounds three A . R . .
1. Institut fir Theoretische Physik, Uni. Hamburg,
sets of 3d XPS peaks are found corresponding to final states D-2000 Hamburg, Federal Republic of Germany

with O, 1 and 2 4f electrons on the core ionized atom. There is

w wggln
a strong tendency for the 4f% and "4£?" peaks to grow at the In Auger electron spectroscopy (AES) a core hole is created by photons or

l“ 3 3 . a
expense of "4f " peaks as the electronegativity of the partner electrons and its decay via an Auger process is studied. By the creation

element is increase in Ce compounds.Related trends are found in of the core hole the valence electron system may atsc be excited locally.
other early rare earth and actinide compounds. In extended systems the excitations can decay and (or) propagate away and

if the core hole life-time is long the probability that an excitation will

In view of the difficulties involved in obtaining direct informa- influence the Auger decay is small. A two-step approximation is therefore

tion on the nature of the 4f levels in Ce it is sensible to try to usually introduced by assuming that the valence electron system has local-

deduce some of the properties of these levels from core level line 1y relaxed to the new ground state when the Auger decay occurs. For core
shapes. The effects seen in XP5 and X-ray adsorption are at least hole life-times comparable to the time scale of the relaxation processes
in part, simulated by the Toyozawa - Kotani / Schénhammer - Gunnar- such a two step approximation breaks down, because the Auger electron can
son model calculations if we assume that the Ce 4f levels are more pick up the excitation emergy created in the XPS process. This effect re-
strongly coupled to other valence levels in Ce compounds with guires a theoretical description in which the creation of the core hole

electronegative elements. It doesn't sSeem necessary to invoke and the Auger decay are treated as one process.

ideas of "mixed valence" to explain core level XPS and X-ray ab- We have developed such a one-step descm’pt‘ion1 based on the quadratic res-

sorption results of Ce and its compounds. ) ponse formalism. The electron current is calculated to lowest order in the
external field and it is assumed that the emitted electrons have a large
kinetic energy so that the sudden approximation can be used. The be-
haviour of the centre of gravity of the Auger spectrum shows very nicely
the two time scales involved. For an XYZ spectrum, for instance, there is
a term which depends on the X-hole 1ife time 1/T

-2Tt

~r¥t)y e dt
o]

where V(t) describes the time dependent change of the electrostatic po-

- .
Experimental work done in cooperation with P. Bennett, tential at the core holes after the X hole has been created. The centre
: Iea 3 -
M. Campagna, U. Hillebreent, R. Lisser and Z. zolnierek. of gravity depends sensitively on whether the decay or screening pre
is faster.
w22
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In free-electron like metals plasmons are excited in the XPS process and
the Auger electron can therefore pick up the piasmon energy in a plasmon
gain process. We havé calculated the probability that such a process is
observed a time t after the core hole was createdz. For times that are not
too short interference effects between different gain events lead to a
nonexponential behavicur e_zrt/t . This corresponds to a non-Lorentzian
energy distribution

ite) L

(e-w ) T

p

close to the plasmon gain peak. Tate. rerence effects between gain and na

gain events also Tead to important effects on the line shape.

it has recently been demonstrated that AES and XPS can be performed in a
coincidence experiment {APECS), where the fuger spectrum j(mp,sk) i<
measured for a given energy “ of the XPS electron. If the system has in-
sufficient time to relax before the Auger event, APECS can give more in-
tormation than separate ¥PS and AES experiments. For < finite system, for
instance, we can study an XYV process involving a valence ievel |a>. For
a given XPS energy ©_ , the ratio of the total Auger current from this
pracess and the correspording XPS current is proportionai to

e T el
n a'n

varying £ we can study the relative occupancy <mn, > of the level |a>

in the states \Eﬂ_l > . Thus APECS can give information about the spatial

where |E is an excited state corresponding to the XPS energy €p° By

character of the excited states3.

1. K. Schonhammer and 0. Gunnarsson, Surf. Sci. 89, 575 {1979); 0. Gunnars-
son and K. Schinhammer, Phys- Rev. B22, 3710 {1980}.

2. 0. Gunnarsson, K. Schonhammer, J.C. Fuggle and R. Lésser, Phys. Rev.
{in press).

3. 0. Gunnarsson and K. Schionhammer, Phys. Rev. Lett. 46, 859 (1981).
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Energy Shifts of Core Levels from
Atoms to Solids

Borie Johansson

Institute of Physics
Iniversity of Aarhus
[K-8000 Aarhus, Denmark

A general treatment of core level binding-energy shifts in metals relative to
the fr?e atom 1is introduced and applied to all elemental metals in the Periodic
Table.! The crucial inaredients of the theoretical description are a) the as-
sumption of a fully screened final state in the metallic case and b) the (Z+1)
approximation for the screening valence charge distribution around the core-
ionized site. The combination of the complete screening picture and the (Z+1)
approximation makes it possible to intreduce a Born-Haner cycle which gonnects

the initial state with Lhe final state of the zore-icoization process. From
this cycle il becomes evident that the main canteitutions to the core-level
shift are the cohosive cneray difference botween iZ#1) and Z metal and an

appropriate ionization energy of the (741} atom. ppearapce of the ioniza-
tion potential din the shift originates from the sscumntion of a charge-neutral
final state, while the contribution from the cohesive energies essentialiy de-
scribes the change of honding properties between the initial and firal state of
(he site. The calculated shifts show very good g woat with availahle experi-
mental values (at present, for 20 elements). For fhz uither elomenis we pave
made an effort to combine experimental ionizalion patontials with theoretical
calculations in order tc obtain accurate estimates of some of the atomic core-
level binding energies. Such energies together with measured metallic bindinn
energies give "pseudo-experimental” shifts for many eiements. our calculated
core-level shifts agree exceedingly well also with these data.

The treatment of the core-leval shift for bulk metallic atems can easily be
generalized to surface atoms. From an empirical relation for the surface energy
2 simple expression for the shift of the surface core-Tevel relative ta the

bulk can be derived. For the earlier transition metals, it is found that the
core electrons are more bournd at the surface than in the bulk, while for the
later ones the opposite situation exists. This change of sign of the surface
shift depends on the bonding-antibonding division gf the d band, and has recent-
1y been confirmed experimentally in the 5d series.® The surface core-level
energy shift can alse be interpreted as the surface heat of segregation for a
{Z+1) substitutienal impurity in the Z metal.1:4

The chemical shift of the Z component in an Z, {Z+1)y_, alloy can be directly
related to the partial heat of solution of a (Z+l] metallic atom in the alloy.
Thus measured chemical shifts can be used to obtain the heat gf formation of
the alloy. This has recently been done for the Pd,Agy_yx alloy” and has also

been appiied to more general types of alloysb.? (ESCA-calorimetry).

The thermochemical method for the core-level shifts can easily be generalized

to the case of Auger electron energy shifts between the free atom and the metal.
Also here one finds a good agrecment between caiculated and measured shifts,8=10
Also the chemical shift of the Auger energy in alloys can be utilized to obtain
thermochemical data.®
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EELS studies of 3d excitations in Ba, La.and Ce

J. Kanski, Department of Physics, Chalmers University ot
Technology, $-412 96 Gothenburg, Sweden

G. Wendin, Department of Theoretical Physics, Chalmers
University of Technology, S-412 96 Gothenburg, Sweden

Abstract

Electron energy loss spectra of barium, lanthanum and cerium
in the regions of 3d level excitations have been found to
show doublet structures associated with each 3¢ spin orbit
component. The relative intensities of these structures vary
systematically with excitation energy. In each case one com-
ponent can be associated with a 3d104fn+3d94fn+l

through comparison with photoabscorpticn and appearance poten-

excitation

tial spectra. This component dominates the spectrum at high
ecxitation threshold. The second component, which appears at
2-3 eV lower energy, dominates the energy loss spectrum at
excitation energies within about 200 eV of threshold. For the
explanation of this component we propose a process, which in-
volves excitation and decay of an intermediate screened
3d94fn+2 state, and which involves concepts like dynamic
screening, shake-up and incomplete relaxation.
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Core Spectroscopy of Organic Molecules and Crystals*

Ernst—Eckhard Koch
Hamburger Synchrotronstrahlungs1abor HASYLAB,
DESY, NotkestraBe 85, 2000 Hamburg 52, Fed. Rep. Germany

sbsorption, x-ray emission and photoelectron spectra from organic
molecules and molecular crystals have been studied for quite some
time (e.g. 1, 2, 3, 4). These spectra show a number of interesting
features, which are of instrumental importance for an undetrstanding
of the electronic structure of these materials. Several general
features of these spectra will be briefly summarized by discussing

a few specific examples:

Process Examples

a) inner shell (is ——» Rydberg excitations) alkenes
b) imnner shell {1s —3»valence excitations)} fluoromethanes

benzene

¢) valence —3 K soft x-ray emission aromatic hydrocarbons

d) che problem of absolute absorption cross— photoresists for litho-
sections graphy

e) near edge structure in organo-metallic phthalocyanines

compounds

£) EXAFS structure flucrobenzenes (1)

biological materials

®) photoemission from organometallic compounds ferrocene
3d-phthalocyanines
h) resonant outer core/valence satellite . 3d—phthalocyanines
structure in photoemisson 3d metals

Recent experiments concerning shake-up satellite structure in core level
spectra from organcmetallic compounds (Ni-, Cu-, and Zn-phthalocyanine (PCY)
will be discussed in detail (see as examples Figs. 1-3). Prominent 2pj/2
and 2p3f2 satellites, which show a complex multiplet pattern, have been
observed for CuPC while the satellites in NiPC and ZnPC are only weak (5).
The nature of these satellites is discussed by comparison with the pure
metal 2p-spectra and in view or recent results from cluster calculations on

Metal=Nitrogen (MNA) systems (6}, It is concluded that the valence

Abstract prepared for the "Trieste Symposium on Core Level Excitations
in Atoms, Molecules and Solids" - 22-26 June 1981,
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orbital structure, which was determined independently in photoemission
experiments using synchrotrom radiation, infiuences strongly the in-
tensity of satellites and offers a simple explanation for the

characteristic change in the Zp-core level photcemission spectra(qu-4).

Finally recent results for resonant photcemission from organometallie
compounds will be presented (7). The observed atomic multiplet structure
of the satellites will be discussed. In favorable cases, it can be

used to infer the groundstate configuration of the metal in these com-—

pounds.
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A~

‘—CU'zph
E,=s-9557 &%

Cu

ENERGY SCALE
SHIFT 28V

EMISSION INTENSITY (ARB. UNITS)

1 } 1 I ) 1 I 1
-966 -958 - 950 -942 - 934

INITIAL ENERGY (eV)

|

T T ¥ T T T T T T T T

hv J487 eV

Ni-2py i 2py,
E =-871 eV £,=B5570%

Ni
ENERGY SCALE
SHIFT 22eV

&

| W
A-Se
1 i 3 1 1

EMISSION INTENSITY (ARB.UNITS)

I 1
-p70 -862 -85,  -B46

86 -878
INITIAL ENERGY (eV)

Cc_:mpatison of the 2p core level XPS5 spectra of Cu, Ni, CuPC and

NiPC (unmonochromatized Al Ko radiation; the Al K o3 contribution
has been removed by a deconvolution procedure}. The energy acales
have been aligned at the 2p j/z level.



' ¥ 1 ) 1 ! ¥ 1 | 1
Evac=0 Cu-atom Cu-Pc Cu-metal F E D C A
5 c N C c Hf‘m
- s p 106 2 ) T,
:: 3d |DIIIIII-:%0 25 2p \\ {i []
- m Ni-PC
-80 3P —823 3d
> -85F 3p} 843
QO
Z -9 2
> 95 = (] Cu-PC
(:) .
-100
[+ 4 35 28 e —T—1270 ﬂ
W 10 B——!—— | |
- ] i 13d
w 135 - - =l —1365 ; f ] 7n-PC
—&-l =140 i i
= _i5 S . TN :
= e §36.9 n .
=Z 540 ZPSn 9403 v ~9400 i L 1 1 il o
T s ! : 18 12 8 A 0
- i |
f H INITIAL ENERGY (V)
-950 - ——=9494 ---i---
o 960, ' e ig, & Schematic representation of the valence orbital structure for 3d
-960 pr 9603 1 ' ! e mzt:Taphthalgcyanines as derived from soft x-ray emis§ion and
I : photoemission experiments. Note that for Cu-PC there is a compiete
-965 ! I overlap of the 3d orbitals with the uppermost N 2p orbitals of theH
- aeul_o 7 nitrogen atoms surrounding the central metal (from E. E. Koch and M.
-970 o 954 Iwan, Europhyiscs Conf. Abstract, Vol. 5A, part I, p. g2 (1981),

Heidelberg 1981).

Fig. 3 Orbital scheme of atomic Cu, Cu-PC and Cu metal as derived from
UPS and XPS experiments. Solid bars represent main lines, dashed
bars denote satellite structures. The binding energies for
Cu-atom {dotted bars) have been derived from optical data (from
R. Engelhardt, Diplomarbeit, in preparation).
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SURFACE, CORE LEVELS

by

J. LECANTE

DPh.G.PA - CEN. Saclay and LURE Orsay

Due ta their reduced coordination number, surface
atoms experience a different potential than bulk atoms.
S0 the binding energy of core electrons is modified by the
presence of a surface.

Recently surface shifts have been observed for 4f
core levels of gold, tungsten, tantalum and iridiue (1,2,3).
A model is presented, limited to the d series, in which this
shift follows the displacement of the center of the local
density of valence d states at the surface (4). This model
predicts a change of sign of the surface shift near the middle
of the d series (i.e. between Ta an W in the 5d series). This
was observed for Ta (111) (5).

In the case of oxygen adsorption on transition metal
surface, there is a small electron transfer towards ox&'en,
which leads to a displacement of the d band to larger binding
energies, followed by the core levels. For oxygen adsorption
on w [110) such shifts were observed in fair agreement with
the theoretical model (6)}. Moreover this'interpritltion
allows to assign a given core level peak to a given site
location, which generalizes the possibilities of ESCA to
surface geometry determination. Finally new resuits will be
presented ont the 4f level shifts of the (100) face of tungsten.

-13
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plasmon Effects in Core-level Photoemission

1. Lindau
Stanford Electronics Laboratories
stanford University, Stanford, cajifornia %4305, USA

Abstract

Photoemission, using synchrotron radiation ia the phcoton energy
range 100 to to 600 eV, has been utilized to study the energy

dependence of the bulk plasmon 1oss intensity in Si and Al. The
results are compared to the predictions of various extrinsic and

intrinsic less models for plasmon creation.

Much attention has been given to the magnitude of the plasmen loss
processesl’2 that photoelectrons can suffer in the excitation event3
(intrinsic processes) or in inelastic scattering events? on their path out
of the material (extrinsic effects). These two mechanisms give rise to
1oss structures that coincide in a photoelectron spectrum so they are not
readily separated experimentally. The probability for electron-plasman
scattering in free electron like materials is relatively high5 for aimost
any electron kinetic energy, which means that extrinsic effects should
always be of importance for such materials., Analysis6.7 of plasmen loss
structure in XPS spectra from Al and Mg indicate that extrinsic effects
contribute the major part at those energies. In addition to the extrinsic
and intrinsic bulk plasmon losses, the photoelectrons can also suffer
losses specific to the surface:8 surface plasmon losses. Interferenced
between surface and bulk processes may also occur which further complicates

the picture.

The samples selected for the studies reported here are 51 and Al which
have experimentally determined bulk plasmon energies of, respectively, 16.7
evll and 15.7 ev.2,12,13  These values are close o their catculated free

electron plasmon energies. They have thus free electron densities which

are nearly equal and should consequently exnibit very similar trends® in

the loss intensity with kinetic energy. We have studied the loss intensity
over as broad a range as was practically feasible. The experiments were
performed on the 4° 1inel4 of Beam Line [ at the Stanford Synchrotron
Radiation Laboratory. Monochromatized radiatien in the photon energy range
100 to 600 eV was used for excitation. Binding energies of 99 eV (5i 2p)

and 73 eV (Al Zp) were used when assessing kinetic energies above the Fermi
level for the analyzed electrons. A simple graphical deconvolution technigue
was used in extracting the intensity of the bulk plasmon loss structure

from the background of inelastically scattered electrons.

Recordings of the 5i 2p doublet and the first bulk plasmon loss
structure {(iabelled Py) are shown in Fig. 1 for four different photon
energies. The parameter to be extracted from the data is primarily the
ratio in intensity between the bulk Toss structure and the elastic 2p
photoelectron peak at the various photen energies used. In order to do
that, the area of, respectively, the loss structure and the elastic peaE
need to be determined which means that an assumption about the proper
background to be subtracted must be made. A smoothly varying background is
assumed which is illustrated by the dashed lines in Fig. 1.
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Fig. 1. Fhotoemissioa spectra for fcur
different photon energies of the Si Zp
spectral region. The first bulk plesoen
loss structure is labeled Pl'
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The experimental results for the normalized bulk plasmon loss intensity
{the peak area ratio) are shown in Fig. 2 as curves (c} and {d) for Si and
Al, respectively. The trends of the curves-are, as seen, very similar.
The normalized bulk loss intensity increases rapidly with electron kinetic
enaergy from the onset and up to 80 to 100 eV kinetic emergy. It levels off
thereafter and shows a much slower increase. The data has been corrected
for the variation in analyzer efficiency with kinetic energy. It is
essential that this correction factor is included because it varies
significantly, espacially-close to threshold. The bars on the experimental
data illustrates an estimated uncertainity in the area ratio determination

T T T T T =T 1T T

[0

e .
éﬁ*ﬁ%

0.2

NORMALIZED BULK LOSS INTENSITY

1, Leiask I b3 aeaal
10 100 1000
ELECTRON KINETIC ENERGY (eV}

Fig. 2. Calculated {a), (b} and expe=
rimental {c), (d) values foX the norma—
lized bulk loss intensity, a8 & function
of electron kinetie energy above the
Parmi level. Curve {c) représencs data
on Si and curver (d) data on Al. The cal-
culated curves are based an Tung and Rit-
chie'sS calculated election mean free
paths for Al.

Curves (a) and (b) in Fig. 2 represent calculated values of the
normalized bulk loss intensity for extrinsic plasmon creation. The model
by Mahan!5 of random spatial emission for pulk extrinsic piasmons,512
predicts for a thick sample a normalized intensity of

where 2 is the mean free path for plasmon emission and L is the mean free
path for other processes {single particle excitations}. Using the mean
free path values calculated for Al by Tung and Ritchie,® in the case of no
damping, curve (b} in Fig. 2 is obtained. Curve (&) gives the values when
ptasmon damping effects are taken into account.>

In a2 comparisen between the calculated and experimental results, one
notices two major differences. The absolute values do not agree, which is
not surprising, however. Secondly, and of considerable interest, is that
there is a discrepancy in the onset energy between the calculated and
experimental results. The onset energy extracted from the experimental

results by extrapolation falls at 10 to 20 eV higher energy than the theory
predicts.

Since the absolute value obtained for the normalized intensity depends
on details of the analyzing geometry and plasmon damping effects, among.
other things already mentioned, we feel justified to rescale the curves {a)
and (b) at 300 ev kinetic energy, we obtain the result shown on a linear:
energy plot in Fig. 3. The trend in the Si data for energies larger than
about 150 e¥ is seen to clasely follow the calculated curve. Also, for Al
the trend seems to be about the same although we did not cover as wide an
energy range in this case and the uncertainty in the data is larger. For
energies below 150 eV, the experimental curves are seen to fall off faster
with decreasing energy than the calculated curves and the disgrepancy in on-
set energies between experimental and calculated values is again displayed.
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Fig. 3. General shape of the bulk loss
intensity as a function of electton kin-
eric energy abowe the Fermi level, The
cutves are those shovn im Fig. 2, but
they are rescaled to caincide at 300 eV
eleceron kinetie enerpy.
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For the moment, we have no unambiguous interpretation of tne ohserved
facter decrease of the loss intensity with decreasing kinstic cnergy and of
the higher onset energy than predicted by the extrinsic model. it may be
caused by the proposed interference effects9:18 due to influence of the
surface and hole plasmon coupling. However, it should be noticed that our
results indicate that these effects seem to be of relatively little importance
at kinetic energies above 150 to 200 eV. One possible interpretation of the
observed discrepancy would be to claim that the calculated mean free path
values have to be adjusted. A systematic study of the bulk toss intensity
close to threshold for materials with different free-electron densities
would be of great importance to clarify the existing discrepancy between
experiment and theory. Specific sug;estions of such experiments will be
discussed as well as possible gevelopments of existing theories.
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ABSTRACT

We present a dispersion relation formulation of the open line amplitude
for the x-ray edge problem within the contact potential model. Using beth
multiple scattering and determinant techniques we find that to a very good
approximation, the many body effects can be described within a singie particie
transition rate expression using a renormalized matrix eleinent. This
renormalized matrix element may be expressed exactly in terms of a frequency
integral over the scattering phase shift for the core hole potential. There
are smail corréctions to the transition rate due to multiple particle-hole
pair final states and a systematic series expansion for these is presented.
This series is summed at threshold tb yield an exact expression for the critical
amplitude multiplying the power law singularity. Our analytic results give an
exact description at threshold and are shown to be quile accurate away from
threshold. Comparison with the asymptotic expression of Nozieres and

De Dominicis is made.

PACS numbers: 78.70.0m,78.70-En



I. INTRODUCTION

Since the original work of-MahanI, there has been considerable intcrest
in many body effects at x-ray absorption {and emission) thresholds in
Z-8

metals. Absorption of am x-ray photon injects an extra etectron into the

conduction band and simultaneously turns on the core hole potential. Mahan
found in a pertaerbation theory of this process that the cross section exhibits

a power Taw sir gulal |ty at thl eSllOld
( ~
I Lll) (A/w) (]ul)

where w is the photon energy relative to threshold, A is an energy of order
the Fermi energy, and g is ‘2 measure of the strength of the eore hole
potential seen by the conduction electrons. MNozieres and De Dominicisz
subsequently obtained a so1uf}on to the problem which is exa;t asymptoticﬁ]1y

¢lose to threshold. They found

1(w) ~ (Mw)(26(0)/1}-a (1.2)
where G(O)Iis the core hole potential scattering phase shift at the
Fermi level in the final state angular momentum channel. The parameter
a is given by (ignoring spin)

a = Ii(2s1) (s, (0)m)? (1.3)

and arises from the Anderson orthogonaiity catastrophe.g The Mahan, Nozieres,

and De Dominicis {MND) theory has been applied to experimental studies

of x-ray edges‘0 and has also been found relevant to the Kondo prob]em..n

One of the difficulties in the analysis of experimental x-ray spectra
is that the MMD theory is rigorously valid only asymptotically close to
fhreshold. Experimental resolution and core hole lifetime broadening
make this region inaccessible. .There has been considerable recent
theoretical progress on extending the solution away from threshold using
what are essentially exact numerical solutions to the prob]em,7’8‘12’13
but unfortunately tittle progress has been made analytically. Pardee and
MahanM have presented a dispersion relation expression for the x-ray
edge amplitude which takes into account the frequency variation of the
scattering phase shift away from threshold. However, there are‘ambiguities
in this approach since one of the required functions cannot be fully

determined and the validity of the derivation itself is not self-evident

We present here a calculation for the contact potential model in which

_an infinite subset of diagrams in the perturbation theory is exactly summed

analytically yielding a result which is similar in form to that of Pardee
and Mahan but without any of the associated ambiguities. Our central result
is that we find to a Qery good approximatiun,'that the many body effects

in the open line amplitude {the ampiitude for injecting the extra

electron) can be described within a single particle transition rate
expression using a renormalized matrix element. This renormalized

matrix element may be expressed exactly in terms of a dispersioﬁ

integral over the scattering phase shift for the core hole potential.
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There are corrections to the transition rate due to multiple particle-hole
pair final states and a rapidly convergent expansion for these is presenied.
An important feature of the present work is that this series s susmed at
threshold to yield an exact value for the critical amplitude multiplying
the power jaw singularity in the open Tine propagator. Our analytic results

which are exact at threshold are shown to be quite accurate away from threshold.

Our main. resutts may be briefly summarized as follows. MWe obtain

for the transition rate to zero pair final states

O -

R(w) = 2mp(w)B(w) exfRe &1 dv sl (1.4)

A more complicated (but explicit) expressiﬁn is obtained for the transition
rate to arbitrary final states. The zero pair approximation to the critical
amplitude is A0=0.866, the one paif contribution is A1= —0.11A0, white the
total value for the critical amplitude is A = 0.785. In units where the
integrated oscillator strength is one half, the zerc pair term contributes
SO=0.574 ard the sum of the integrated strength for the zero and one pair

terms is SO+S]=0.475.
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AB INITIO CALCULATIONS OF DEEP CORE LEVEL SPECTRA

C.Rs Natoli

I J_F_nfoﬁ:fonﬂspruc,ﬁ DYNAMIC SCREENING BY CONDUCTION ELECTRONS AFTER A CORE HOLE EXCITATION

C.P, 13 - Frascati (Romz)

C+ Noguera

Laboratoire de Physique des Solides
Université de Paris Sud
shell absorption cross-gection for molecular systems and clusters of atoma 91405 Orsay

embedded in a matrix, The theoretical framework is that provided by the many- France
body theory., ‘The effective potential for the excited electron is the localized
version of a Dyson self-energy non-local spectra in the framework of a local
density approximation., ‘Technically we solve the resulting Schr@dinger-like
equation for a non—epherical system lilke a molecule by using the muliiple
scattering Xx method set up by Johnson and co-workers for bound states, adapted around the two charges that have been created.

. L {abatic
to include the many-hody effective potential and the boundary condiiions appro- of the photoelectron, the Permi gas may stay in ite funds.menta} state.(adla a 1
priste to a scattering siate limit) or be projected in an excited state {sudden limit). With a simple semi-
) . .
classical model we describe the main physical features of the relaxation in the

whole kinetic energy range and derive the consequences for the photoemission

We report on rirsi-principles calculations of the one—electron inner—

After a core hole photoexcitation, the conduction electron gas relaxes
Depending upon the velocity

We emphasise that the muffin tin approximation inherent in such a method
can in some cases swamp the subtleties introduced in the theory by iaking into
account many-body effects, 1Indeed,an X« potential ylelds the same results
for the continuum absorption spectrum as the more mophisticated Hedin effective
potential for valence excited states.

spectrum (XPS) and the absorption extended structures (EXAPS).

The resulis of the computations for soms syatems show how near-edge
spectral features are a sensitive function of the effective potential seen by
the extended electron in the molecular envircnment and suggest that the
detailed interpretation of these features has ths potential to yleld weeful
information on the chemical oxidation state, co—ordination symmetiry end molecular
potential of absorbing atoms in complex environmesnt, ’

Daspite the limitations of the wuffin-tin approximation, we show that in all
canes that were estudied the qualitative and semiquantitative feaiures of the
spectra are reproduced in a satiefactory way. Enhancement effects due to
molecular environment, shape resonances phemomena, atomic type features are
illustrated by a choice of specific examples,

-45~ -4



SAY.500Y AFFECTS AT THE  3p THREESHOLD N METALS AND ATOMIC VAPOUHRS

Y. Petroff

LURE
Tmiv. Pariz-Sud
Orsay, France

Rescnant photoemission invelving super-Coster-Kronig trangitions was
obgerved a few years ago in Ni metal by Cuillei et al. {1}. For photon
energy mear the threshold ( ~ 66 eV) at which the 3p core levels are
excited, it was found that the intensity of one of the siructures observed by
photoemigsion (6 eV below EF) was greatly enhanced. It was explained as
due to the autoiomisation of an excited quasi-discreie atomic configuration
(3d94s). into a continuum of excitations with two holes in the 3d shell
(27} This model depended crucially on the existence of unoccupied
14 states [2]. Contrary to what was generally expected, = similar but much
weaker (by one order of magnitude) two—electron resonance was observed in
¢u and Zn [3} + A new mechanism was proposed by Davis and Feldkamp [4], it
was based on the strong interaction between the 4s-4p conduction electrons and

the two bound holes in a way similar to the X-ray edge problem.

The first part of this talk will be devoied %o a review of the recent
photoemission experiments which have been able to solve most of the problems

concerning complicated metals such as Ni.

The second part will deal with experiments on atomic Cu [5] and the
obgervations of the 368 452 satellites. When the phoion energy reaches the
cxcited states below the lp ionisation threshold, only one of the multiplets (1G)
shows an appreciable resonance in agreemeni with theoretical calculations.

Comparison with Cu solid and Cu phialocyanine will be made.

[1] €. Guillot et al., Phys. Rev. Letters 39, 1632 (1977).

[2] D. Penn, Phys. Rev, Letters 42, 921 (1979)

[3] M. Iwan, F.I. Himpsel and D.E. Bastman, Phys. Rev. Letters 43, 1829 (1379) -

{a] L.C. Davis and L.A. Feldkamp, Phys. Rev. Letters 44, 673 (1980).

5] D. Chandesris, C. Guillot, F. Chauvin, J. Lecante and Y. Petroff (to be
published).
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Phonon Effects in the Core Spectira of alkall Halides.
¥. Piacentini*
Ares Laboratory U.S.D.0.E, Jowa State University, Anes, Iowa 50011

Since long ago 1t is known that core exclitons in alkal! halides have a gaisslar
lingshape becavse of the strong core-exclion phoncn 1tteracticn(1). fut orly
recently high resclution spectroscopy ard modulat on spectroscopy 1n the far
ultraviclet allowed tc begin a detalled study of the core—exciton phonon interact’ on
apd to find effects other than line shape broadening. In this contribution we shall
discuss thoroughly the casse of the Li+ 1s-2p exciten in LiF(Z)-

The shift with temperature of core levels ip alkall nalides rests almost entirely
orn the variation of the Kadelung energy, as shown by the x ray photoer ssion spectra
of LiF measured at several terperatures. Thus, the threshold for transitions starting
from the alkali levels increaseswith temperature, while the opposite occurs in the
case of initlal halide levels, Thermorodulation experiments perforred at the
fundamental thresholé and at the Li+ 1s threshold in LiF (as well as at the R L4p
and e 3p thresholds in the corresponding halides) indeed show such a behavior.

While the fundamental exciton series follows rigidly the fund.rental gap to higher
energies upcn coollng, the 1% 18-2p exciton does not follow the Li* 1s threshold
to lowsr energles. Un the other hand, 1f we consider the Li+ 1s-2p exciton as a
localized transition, it should not shift with temperature. Thus, its experimental
negative terperature coe<ficient must arise from exclton phanen interaction.

From available theories for exciton phonon interact on (based on the linear

coupling anprcximation) we obtaln that the coupling constant for the L1+ 1s=-2p



exclton falle in the lntermediate coupling ranfe. A 1.1 eV self energy for the exciton
in the phonon field is derived. Several consequences, in agreeement with experirent,
can be deduced end are fiscussed. However, an unrealistic core-exciton band width
of 1.4 eV 1s obtained.

By describing the core~exc’ton following a localired plcture {as an F center),
in order to have a negligible exciton band widtk, we find agaln agreerent with
severgi'experimental observat’ons. But, in this case, sfﬁng exciton phonon coupling
1s fecessary and the temperature shift of the exciton peak is due to non-linear
terss in the exciton phonon interaction.

Further experimental as well as theoretical effirts for investigating the

core-exciton phonon interaction in more detail are outlined,

* Dp leave from Consiglio Mazionale delle Kicerche {GMSM). Permanent address Gruppo
PULS, Laboratorl Nazionali INFN, 00044 Frascatl, Italy.
1) Y. Toyozawa, Progr.Theor.Phys. 20, 53 (1958},

2) ¥,Placentini, Solid State Comrun. (1c81).
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PHOTOELECTRON AND AUGER ELECTRON SPECTROSCOPY OF
CORE STATES IN ATOMS

¥. Schmidt

Fakultidt fiir Physik, Universitit Freiburg, D-78 Freiburg, FRG

Excitation or ionization of a core-level (inner-shell)electron can lead
to a subsequent autoionizing or Auger decay, respectively. In this con-
tribution 1 will concentrate on processes where the excitation or ioni-
zation of the inner-shell electron is caused by photon impact because
this is a very clear case for the demonstration of fundamental phenome-+
na which show up in the spectrum of ejected electrons., As a starting
point, one can classify different groups in the spectrum of ejected
electrons caused by photon impact: a) Resonance excitation of an inner-
shell electron can be followed by the emission of autoionizing elec-
trons {their kinetic energies are fixed by that of the resonance state
and that of the final ionic states). b) Ionization of an inner-shell
electron gives photoelectrons {their kinetic energy follows the photon
enerqgy} and Auger electrons (their kinetic energy again is fixed by the
jonic states involved in the transition). However, it should be kept in
mind, that photoelectrons and Auger electrons originate from the same
primary photoionization event and that autoionizing decay of an inner-
shell resonance-excitation can interfere with an outer-shell ionization
process. Therefore, the distinction of the ejected electrons into diffe-
rent groups may fail completely.

It is the aim of this contribution to demonstrate the relations between
the different kinds of ejected electrons on selected examples. Guidance
shall be given by a classification of the processes with regard to the

photon energy as compared to the binding energy of the inner-shell elec-
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tron:
1) ionization with photons of high energy (sudden approximation)

2) donization with photon energies close to the threshold (post -

collision interaction)
3) excitation by photans {and decay cof the resonance).

Bafore going into the detailed discussion, two remarks shall he made:

4Y The main aspects of the phenomena to be described have found already
great interest in the Viterature {see for example Ref. 1 - 7)., Here a
simple discussion from an experimental viewpoint shall be made. i1} The
phenomena to be discussed will occur alse in particte-impact processes
but there they are more compiex: The generaliy broad range of energy
transfer in the collision process aliows rot only ionization but alse
excitation processes at the same time (see for example Fig. 2 of Ref. 2).
In addition, in particle-impact processes, especially in heavy-particle
impact one has to consider alsc higher crders of the Born approximation
and one has to take into account also the eiectrons of the incoming par-
ticle (molecular orbital model); as example see the comparisan of neon-
Auger spectra produced by different particles as given in Fig. 10 of
Ref. 9 and Fig. 8 of Ref, 10.

1. lonization with photons of high energy

Photoelectrens and Auger electrons originate from the same primary ioni-
zation event, Therefore, the correct theoretical treatment should handle
them in a unified manner. This is a general statement which is valid
independent of the photon energy. Especially at high photon energy, a
separation of the photoelectran spectrum from the Auger spectrum is pos-
sible in many cases. A necessary prerequisit for such a separation is
that the energies of the final ignic states after the photoienization and
of the Auger transition differ considerably. Otherwise, if the energies
are of the same order, an unified treatment might be required, One
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example shall be given for each case.
a) Unified treatment of photoelectrons and Auger electrons

Photoionization of the 4p-glectron in xenon is an illustrative example
for the case where the emission of photoelectrons and Auger electrons
cannot be handled as independent processes. Here the single-particle
energy of the ion after the jonization process is very close to the
single-particle energy of the final Auger electron configuration of two
missing 4d-electrons (compare Fig. 1, upper part). This makes it under-
standable that configuration interaction {CI} exists between 4p5 4d10
532 5p6 and 4p6 4d8 552 5p6 «f. k stands for discrete excited states (m)
as well as for the continuum (e). It is obvious that this CI will be ex-
tremely strong when electrons of the same principal number n are in-
volved hecause then all wave functions overlap very strongly in the CI
nondiaganal matrix element. This hapoens in the xenon exampie for n=4.
As a consequence of this extreme strong €I, the single-particle levels
of 4p1/2- and 4p3/2 -jonization are distributed over a broadgenezrgy6

5s° 5p- 4F
excitation. This is demonstrated in the spectral weight function of the

range, and the sharp peak comes from a strongly localized d4d

4p - core hole (see Fig. 1, upper part); for more details see Ref.2. In
this example the energies are such that the process which goes to the
continuum also allows real Auger transitions (Ekin’Auqer > @) and not
only virtual processes (which describe CI). This establishes the strong
coupling between the emission of photoelectrons and Auger electrons
described here in the CI model.

The spectral weight function of the core-hole determines the spectrum of
the photoelectrons (simply via the energy relation Ekin,phe = hv -EB).
The Auger spectrum is determined by the condition Ekin,Auger > 0 and

the convolution of the spectral weight function of the inner-shell hole
with that of the two final hales (Ref. 1).

b) Separated treatment of photoelectrons and Auger electrons

Photeionization of the 1s-electron in neon (compare Fig. 1, lower part)
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is an illustrative example for the other case where the emission of
photoelectrons and Auger electrons can be separated. Here the spectral
weight function of the inner-shell hole is determined by the photoioni-
zation process of the 1s-electron whereby relaxation and CI effects
have to be taken into account*) but no real Auger processes. With the
help of Fig.-2 it shall be demonstrated for the exampie of neon how the
spectra of photoelectrons and Auger efectrons are related to each other.
The total photoelectron spectrum (Ref. 12) shows the strong 1s-photo-
tine (normal line} and several much smaller lines together with a
smooth continuum (sateliites). The most intense discrete satellites
come from electron configurations ls 2522p5 np, and the continuum from
15252 2p5. Let us follow first the Auger decays from the intense normal
line (sketches of the relevant electron configurationsare on the right
side of Fig. 2). When the js-hale is filled-up by the Auger transition,
electrons from the 2s and/or 2p shells are involved; their possible
states give in LS-coupiing the five normal Auger lines (the transition
to Zp4 3P is forbidden in LS-coupling by selection rules}. But, double
Auger transitions can occur also. These double Auger transitions involve
three electrons and are caused by electron correlation effects. It
should be noted that especially the double Auger processes to the conti-
nuum are quite intense (7,5% with respect to all Auger transitions; for
more details see Ref. 13, 14)}. Next let us fo1]6w the Auger decays con-
nected with the satellites in the photaelectron spectrum (sketches of
the relevant electron configurations are on the left side of Fig. 2).
The decay of dis¢rete photo-satellite states follows two paths: the ex-
cited electron stays in its orbital when the inner-shell hole is filled
(spectator transition) or it participates in the transition (participa-
tor transition). The most intense contribution (12,4% with respect to
- 211 Auger transitions in the spectrum of Ref. 8) besides the normal
*) pelaxation and CI have the same origin, namely electron correlation
effects; for more information see Ref. 11.
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Auger spectrum comes from the satellite continuum in the photoelectron
spectrum. As a result of all these individual processes, the total
Auger spectrum in the lowest part of Fig. 2 is achieved {Ref. 8, *)).
It can be seen that even for such a simple case as Is-photoionization
in neon the resulting Auger spectrum is very complicated, here about

90 lines have been analyzed {Ref. 8). Coincidence experiments hetween a
selected energy region of photoelectrons (normal line or satellite line
or even part of the satellite continuum) and the resulting subsequent
Auger lines or vice versa would be a powerful tool for the interpreta-
tion of more complex spectra (Ref. 16).

2. Ionization with photon energies close to the threshold

When the photon energy is close to the threshold for the ejection of an
inner-shell electron, the subsequent Auger decay may be influenced by
the presence of the slow ejected photoelectron. This is a manifestation
of the so-called post-coliision interaction (PCI). Therefore, PCI re-
quires again a unified treatment of photoelectrons and Auger alectrons.
But, for cases where at high photon energy a separated treatment of pho-
toelectrons and Auger electrons is possible, the PCI phenomena can be
described much simpler in two equivalent ways: (i) as a relaxation pro-
cess j.e. the slow photoelectron suddenly moves in a changed potential
when the fast Auger electron is ejected or (ii} as a shielding effect 1.
e. the slow photoelectron partially screens the jonic field and there-
fore the ejected faster Auger electron sees a smaller attractive poten-
tial (compare Fig. 3, upper part}. As a consequence of this PCI, the
Auger electron gains the energy e and the photoelectron looses the same
amount. Experimentally, this can be seen as a shift and broadening of
the corresponding lines in the electron spectrum. This i illustrated

+) A comparison of this Auger spectrum for photon and electron impact,
respectively, s given in Ref. 15.
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clearly in Fig. 3, Tower part, on the xenon N5 —023023 1So Auger peak
(at 29.93 eV kinetic energy in the limit of high-energy photons). At
the "high" photon energy of 110 eV {i.e. 42.45 eV above the threshold
for 4d5/2
Lorentzian shape and of the spectrometer function) and it is positiored

- ionization) it has a symmetrical shape {convolution of a

close at the energy of 29.93 eV (at this photeon energy the estimated

pCi effect is equal to the experimental uncertainty in the determination
of energy shifts which is t 30 meV). At 67.75 eV photon energy (0.2 eV
above the 4d5/2
wards higher kinetic emergies which results in a shift of the maximwm

- ignization threshoid) this Auger peak has shifted to-

by 264 me¥ and an asymmetrical shape. For simplicity, the PCl effect has
been discussed here only for the energy shift and broadening of the

N5 —023023 150 Auger peak. However, it is possible to calculate also the
PCI intensity disirfbution of an Auger Yine (Ref. 17). When this PCI
intensity distribution of all N5 -023023 Auger peaks is taken into ac-
count together with other contributicns to the electron spectrum in this
energy region then the solid line in Fig. 3. Tower part, is achieved
which describes guite well the whele experimertal electron spectrum
‘points in the figyre). The other contributions are due te a small
zmount of the undisturbed N45—023023 Auger spectrum caused by stray
iight and higher - order diffraction in the monochromator, the contribu-
tion of the 5s - photoionization spectrum {5s - photopeak at 44.4 eV kine-
wiz energy) with its zatellites anc a straight -Tine background. For
more details see Ref. 18, for the irfluence of PCI on the photolines in

{enon compare Ref. 19.

3. FExcitation by photons and rescnance decay

The discussion in paragraphs 1 and 2 has given examples for separatec
and unified treatment of photoelectrons and Auger electrons, but still
it was possible to distinguish between both groups of electrons because
of their different kinetic energies. This situation changes when the

-5~

photon energy fits to the excitation of an inner-shell electron (reso-
nance excitation). Here the autoionizing decay of this resomance procu-
ces final ionic states which are the same as from photoionization pro-
cessas with a more outer-shell electron., Therefore, interference ef-
fects can occur which then destroy the distinction between photoelec-
trons and electrons from the autoionizing decay. The interference of
different decay channels of the resonance with direct photoionization
nrocesses in a more cuter-shell is equivalent to the treatment of CI
hetween a discrete state with several continua of different electron
configurations. This CI is responsible for the characteristic Fano -
Beutier Tine-shdpe with the profile indices Er’ r, g and p (for photo-

absorption see Ref. 20, 21; for electron emission see Ref. 22).

In order tg illustrate the foregoing consideraticns, the electron spec-
trum which includes the decay of the photoexcited xenon resonance

g 2. e 261 . . . .
d” o0 ; bs 9*65p "P, shall be discussed in more detail {compare Fig.
i

4. Yhis

resonance with £_=65,11 eV and 7 = 0.1% eV is very specific
because the Fano - Beutler profile indices g and 5 in the absorption

i (Ref, 23 are such that the cross section is well described by

zian iine shape {q = aopprox. 200) and the interaction with the
) Y PO
31 10T = approx. 2o 40 7). Uven chough this knowledge

continga 1s <
of the profiic indices g and p in the absorption spectrum does not pro-
vide sufficiant information about the profiie indices of each individual
decay channe? in the electron emission spectrum «Ref. 24), as a first
approximetion, we will assume for this example small CI between the re-
sonance and their continua of the individual decay channels. Then we can
separate incoherently the resonance decay spectrum from the ionization
spectrum, the sum of both gives the experimenta’ly observed spectrum.
Both compenents are shown in Fig. 4. First. it can be seen clearly that
the direct photoelectron specirumoff resonance uranges completely its
structure when resonance excitation oceurs. This change would be even
more dramatic for a photon band-pass BP comparable to the resonance
width T {in this experiment it was 8P about 6 times larger than r}. The
other interesting feature in this resonance spectrum are the different
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decay channels (compare also Ref. 25, 26). As in the discussion of
the meon Auger spectrum, we can classify them accordingly to parti-
cipator and spectator transitions, and also three-electron transi-
tions {equivalent to the double Auger transitions in the neon case}
can be found in the spectrum. It is hoped that the detailed analysis
of such resonance - decay spectra can elucidate the composition of
the resonance state (Ref. 25, 27, 28).
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Temperature Dependence of Shallow Core Excitons

M. Skibowski
Institut fir Experimentalphysik Universitdt Kiel, FR Germany

At the onset of electronic excitation from core levels in insula-
tors and semiconductors usually sharp and often well-resolved spectra
are observed which are associated with excitons. They are caused by
electron-hole interaction, which dominates the core spectrum at
threshold. The excitonic spectra logk complicated in many cases but
carry much information concerning the elctronic and geometrical
sructure of solids and interactions, e.g. exciton-phonon interaction.

The interesting features to be studied are

(1) the electronic excitation spectrum including position and
oscillator strength of the transitions measured at temperatures as
low as possible to reveal all fine structure, binding energies of
excitons ete;

(2) line shifts, halfwidths, line profiles as a function of
temperature to cbtain information on exciton-phonon interaction;

(3) surface effects.

Here we shall only briefly summarize the main results on the electro-
nic interpretation of selected core excitation spectra and then

rather concentrate on the elctron-lattice interaction, which has been
studied through the temperature dependence of the electronic spectra.

The aim of our investigation was to study shallow core excitons
in representative insulators and semiconductors in the 10-30 eV
range with high resolution, at least one order of magnitude better
than the smallest observed line width. An effective methed is to
measure the reflectivity from clean ultrahigh vacuum cleaved surfaces
of single crystals. The experiments were performed for the Kpr level
in potassium halides, and the Ga-3d and In-4d levels in ILI-V-semi-
conductors on oriented single crystal surfaces down to 20 K. High
resolution (~ 1 meV) was provided by the 3-m-monochromator for sym-—

chrotron radiation at the DORIS electren storage ring in Hamburg.
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The K+3p~excitons in K halides show an excitation spectrum
(3p ~» 4s,3d) consisting of a number of sharp lines due to strong
lécalized electron-hole interaction. They alsoc reveal strong exciton-~
phonon-coupling. This is observed best in the temperature dependence
of the linewidth. The magnitude of the linewidth is strongly anion
dependent as expected from LO-phonon-coupling. The spectra show a
remarkable similarity to the absorption of color-(F)-centers as re-
gards the magnitude and temperature behaviour of the linewidth and
the temperature shifts of the peazak.

On the other hand the observed temperature coefficients of the
shallow core excitons of III-V compounds in which electron-hole inter-
action is weak appear to be describable by weak electron-phonon
coupling. Both initial and final state contributions have to be con-
sidered. The volume electronic transitions and their temperature de-
pendence can be related to the properties of the critical points L,X
in the lowest conduction band. Phonon and hydrostatic contributions
are important for explaining the temperature dependence.

Reflection spectroscopy in this energy range proved to be surface
sensitive as shown for semiconductors by the observation of surface
excitons on clean cleaved crystals and by the disappearance and
shifts of structure with exposure to gases and for rough surfaces.-
Further theoretical work seems desirable to improve the gquantitative
understanding of several aspects of the electronic, vibrational and
surface properties of shallow core excitons.

For detailed references see:

M. Skibowski, G. Spriissel and V. Saile, Appl.Optics 19, 3978 (1980},
Sixth International Conference on Vacuum Ultraviolet Radiation

Physics.
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DYNAMICAL CONCEPTS IN X-RAY PHOTOEMISSION

Marijan 3Sunjid
Department of Physics, Faculty of Sclence
P.O.B. 162, 41001 Zagreb

The purpose of this talk is to provide the background
for the understanding of some recent experiments in core level
spectroscopy, in particular the many-body effects in X=-ray pho-
toemission from core levels near metallic surfaces (including
adsorbates) .

First, a general discussion of various dynamic pheno-
mena in XPS is given, e.g. the concepts of sudden vs. adlabatic
approximation, transient effects, intrinsic and extrinsic exci-
tations, interference effects, spectral sum rule and its possib-
le breakdown, potential switching effects, etec., with a special
emphasis on the differences between the situation in atomic and
solid state photcemission.

Next, the thecretical description of the photoemission
spectrum is discussed, and the new formulation is presented,
which provides a scheme for perturbative as well as nonperturba-

tive treatments of wvarious scattering mechanisms in XPS.

Finally, this theoretical approach is applied to the
discussion of inelastic effects in XPS from core levels near me-
tallic suefaces, in particular the interaction of the electron-
=hole pair with the bulk and surface plasmons, phonons and soft
electronic excitations, and the gualitative consequences of the-
se dynamical phenomena on ﬁhe overall shape of the photoelectron
spectra.



Phonon Effects on Core Level Excitations

yutaka Toyozawa
The Instlitute for 3ulid Siate Physics, The University of Tokyo
Roppongi, Minato-ku, Tokyo 196 Japan

The following topics of phonen effscts on the core or valence state

excitation and deexcitation processes in insulators will be discussed.

1. Temperature dependent widths and shifts in the core absorption
speckra.

2. Possibility of Jahn-Teller splitting in the absorpticon spectra
from the orbitally degenerate core states.

3. vVaricus possibilities of lattice relaxation arcund the cptically
produced core (or valence) hole and exciton, such as one- and two-
center types with or without bubbles, depending on the core orbltal

state and on the on-site and intersite slectron-phonon interactions.

4. The effect of lattice distorticn around the core hcele upon the
valence electron states, which may cause satellites to the continuous
emission spectra of the valence band, corresponding to the bound
states of valence hcle in the final state.

5. Tncomplete lattice relaxation arcund the optically produced core

hole or exciton due to the limited lifetime of the latter, and 1ts
manifestation in the optical spectra.
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and emission processes. Thxs will lead to dlStOrtanS and shlfts of Auger

Many-body effects in core spectra of transition metais

¢#ran Wendin, Institute of Theoretical Physics, Chalmers

University of Technology, S-412 96 Giteborg, Sweden

Many-body effects exist in such a variety and influence spectra in so
many ways that an overview becomes meaningless in a short ralk like this. I
shall therefore limit myself to treating a specific group of experiments and
spectroscopies, and within that framework a limited number of many-body effects.
The physical process to be considered is electron impact excitation and emission
of electrons and X-rays, which encompasses electron energy loss spectroscopy
(EELS), Auger electron spectroscopy (AES), X-ray emission spectroscopy (XES),

bremsstrahlung isochromat spectroscopy (BIS) and appeatence potential spectros-

copy (APS). Fig. 1 shows the fundamental excitation and emission processes

€p

:j_m single-electron detection

Fig. 1

E

In the EELS mode the detector energy € is swept while E is kept constant.
In isochromat type of modes, the detector is set at a constant energy €y and the
incident energy E is swept. In addition to an EELS~1ike spectrum, this gives
excitation functions for Auger lines, autoicnization lines etc.

The role of many-body effects depends strongly on the values of the inci-
dent energy E, the energy and momentum transfers w and q, and the Auger energy
Eys since these determine which core level is primarily excited, what are the
kinetic energies of the final state electrons, in which levels or bands are the
final state holes etc. Generally speaking, many-electron effects are important
when holes and electrons in the intermediate and final states have strongly
overlapping wave functions, leading to large interaction strengths, strong pola-
rization effects and rapid decayslma. Particularly strong and spectacular effects
often occur mear thresholds for core’electron excitation or ionization, in which
case the final state electrons ¢ and ¢' are left in the vicinity of the Fermi
level, e.g. in the empty part of the high-level-density d-band, and may correlate
strongly with the holes and electrons in the excitationm regiun5-7. As a couse-
quence there may be strong polarization effects, the final stare electrons may

take part in the decay, and there may be no clear separation between excitation

. y 7
iines (post-collision interaction (PCI) effects) , and to resonances in

electron energy loss features and in Auger and autcionizing lines.
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In this talk I shall discuss in some detail the following points:

1) Electron emergy loss and photoionization spectra of the 3d-metals in the
vicinity of the 3p-threshcld, in terms of screening and coilective effects. 1
shall also discuss atomic versus solid state effects and present some results of
caleculations in the random phase approximation based on Hartree-Fock and local-
density wave functions.

7) 3p (4p) hole spectra in the 3d (4d) transiticn metals in terms of super
Coster-Kronig and giant Coster-Kromig fluctuation and decay prccessesh. This
also includes Auger spectra where cne or both of the final state holes belong
to 3p (4p), e.3. the Mas"N23NA5 Auger spectrum imn Pdg. We also note that 33 (4s)
holes are influenced in a similar way.

3) Resonances in electron and X-ray emission spectra when the incident
energy E lies in the vicinity of the 2p-thresholds in the 3d-transition metals.
This includes distortions and shifts of Auger lines due to PCIQ, resonances in
Auger and K—raylo lines, resonances in electron energy loss features and brems-—

strahlun35 peaks, We shall also compare with the corresponding processes in

Ba, La and Ce, involving localized 4f~levels .
The following references provide further discussion and references to

much of the previous work:

i. D.E. Eastman, J.F. Janak, A.R. Wiltiams, R.V. Coleman and G. Wendin,
J. Appl. Phys. 50, 7423 (1979)

3. F. Combet Farnoux and M. Ben Amar,Phys. Rev. A 21, 1975 (1981)
M. Ya. Amusia, V.K. Ivanov and L.V. Chernysheva, J. Phys. B 14, L19 (1981}

4. G. Wendin, Int. J. Quant. Chem. §13, 659 (1979); Structure and Bonding 43,
1-123 (1981); M. Ohno, Physica Scripta 21, 589 (1980)

5, K. Nuroh and G. Wendin, Solid State Commun. 31, 585 (197%); K. Nuroh,
Physica Scripta 21, 519 (1980)

6. G. Wendin, in Photoionisation of atoms and molecules (ed. B. Buckley},
Daresbury Laboratory report DL/SCI/R1l (1978}, pp. 1-21

7. M. Ya, Amusia, M. Yu. Kuchiev and $.A. Sheinerman, in Coherence and Ceorrela-
tion in Atomic Collisions (eds. H. Kleinpoppen and J.F, Williams), Plenum,
New York 1980, pp. 297-313

8, M. Ohno and G. Wendin, Proc. of the ¥-80 conf., Stirling 1980

9. T..Jach and C.J. Powell, Phys. Rev. Lett. 46, 953 (1951)

10. §. Hanzely and R.J. Liefeld, in Electrenic Densicy of States (ed. L.H.
Bennet), 1969, pp. 319-327; F. Riehle and H. Keiber, Proe. of the ¥X-80 conf.,

Stirling, 1980
11. J. Kanski and G. Wendin, Phys. Rev. B, in press; also Abstract of this
conference; G. Wendin and K. Nurch, Phys. Rev, Lett. 39, 48 (1977)

SPECTROSCOPY OF CORE LEVELS OF LANTHANIDE AND ACTINIDE COMPOUNDS

?.M. Zimkina

 Institute of Physice
Leningrad Siate Uriversity
Leningrad, USSR

The radiative channel of the decay of quasi~localized continuum states
accounting for ®gisut™ rescoances in wltrasoft X-ray sbsorptiom apectra of rare
earths (RE) and their compounds above the 4d threshold will be discussed [1-4]s

In the 4d emission specirum of La in Lazo_,’ obiained at the accelerating
voltage of 500 ¥V, a mirong and wide emission band is observed which cannot ba
described as a iransition between one~electirom I-ray levels and whose energy
pesition coincidea with that of the giant resonance in the 44 sbsorption
apsctirum [4]. In our earlier studies of RE emission spectrs at high accelerat—
ing voltage (minimum eleciron energy being 1.5 KeV) the effact of self-absorption
has essentially distorted the mpecirum above the 44 threshold, and therefore we
did not observe high-intemsity radiation in the region of the giant
rescnances [1-33.

The studies of the La 43 emimsion specira in different compounds have
proved the atomic nature of the radiation in the region of the giant resonsmce,
e omigsion intensity in the regiom of the resonance appears to be comaparabls
10 the inteneity of the inner 43 -—5p line, The band width of the emiasion
spectrum hae been found to be essentially broader than that of the ‘absorption
specilul.

4 calowlation [§] of the La emiswion spectrum for transition between
the levels of the 44 42 (% , 0 , 'P) and 44'® (') configurations will be
discussed. In the caloulation both radiative and Auger level widths of the
excited configuration have been iakem into account. Hesulis show that the
intensity of the radiative transitions from the broad antoiomizing 4d9 AL 1?
level, that ocsmn be connected with the giant resonence, is many orders higher
than that from the other two levels lying helow the 44 threshold and generating
two weak narrow emission and absorption lines at the low-snergy wide of the
resonance, . The results of the calculation, alihongh carried out in the frame
of a rough model, do not contradict sxperimental data.



Another theoretical approach to the interpretation of emission bands
above the threshold [6] iz to calculate the bremsstrahlung radiation resuliing
from inslastic scattering of fast electroms on atoms. A "polarizational® part
of the bremsmtrahlung radiation depeads on the oscillator strength of the
atomic transition to the continuum, and if the giant resconances above the 4d
threshold in RE absorption apecira are observed, they can also be sxpected
to appear in the bremastrahlung spectrum, this ansumption is supported by La
spectrum calculations., As to the energy position and form, the band in ihe
calculated bremsetrahlung spectrum practically coincides with that of the La
4d absorption specirum.

The difference between the models used for the calculation of the
premsgtraniung radiation in the regions of the 3d threshold [7] and the 4d
tnreshold {6] will be discumsed.

The report will touch upon results of the investigation of the Ce 44
emission spectrum in Ce 02 at 500 V in which a strong emission band im the
region of the giant resonance has besn obeerved as well, The concluaion has
been drawn that the radiative decay of excited states accounting for the giand
resonances is characterietic of all rare earths in whose absorption spectira

such rezonances appear.

We shall analyse absorption and emission spectra of Th in Thl)2 and ¥
in T, Og iz the Tegion of the 54 thresholds [8]. These spectira alsc reveal
strong absorption and emission bands above the 5d thresholds. The bands
nearly coincide in the energy {the emission band is somewhat shifted towards
lower energies).

There are hoth a similarity and & difference in the structure of ithe
4d spectra of La and 54 spectra of Th., 1If we iry to give these specira a
asimilar interpretation, then the 5d95f3D level of Th should be ascribed a
groater oscillator streagth than the 4d94f3D level of La.
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