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Photoemission and Auger electron spectroscopy are powerful tools in the study of the electronic and magnetic
properties of d band metals. In certain instances experimental spectra can be directly interpreted as a measure
of some one body density of states. In other cases one must consider the many body dynamics of the
measurement process in detail. Striking examples of the latter are the resonant satellites in several filled d
band materials which have been observed in photoemission near the photon energy threshold for core hole
production. An elementary introduction to the physics of this satellite phenomenon will be presented. A
model recently introduced by Davis and Feldkamp to explain resonant satellites in filled d band materials will
be discussed in some detail and the predictions of this model will be used to illustrate some general properties

of resonant photoemission satellites.
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Photoemission and Auger electron spectroscopy are
powerful tools in the study of the electronic and mag-
netic properties of metals. In certain instances
experimental spectra can be directly interpreted as a
measure of some one-body density of states. In other
cases one must consider the many body dynamics of the
measurement process in some detail. Striking examples
of the latter are the resonant photoemission satel-
Tites which have been observed near the photon energy
threshold for core hole production. The purpose of
this paper is to provide an elementary introduction
to the subject, to examine the general model indepen-
dent features of this phenomenon and to discuss one
specific model mechanism of current interest.

Many core level spectroscopies which are receiv-
ing theoretical and experimental attention are con-
cerned with the following general sequence of events.
An electron is ejected from a core level in an atom
or a solid by an incident particle (usually a photon
or an electron) after which the core hole decays pro-

ducing various final state products. This process is
illustrated schematically in Fig. 1. It has been
common practice in the past to treat various aspects
of this process as separate, independent events, but
the current emphasis is on treating this process as

a unified, coherent whole.

For example in x-ray absorption spectroscopy one
measures only the absorption rate for the initial
photon and does not detect any of the final state
decay products. The theorist models this process by
"integrating out" the final state degrees of freedom.
This results in an expression for the absorption rate
which involves the density of states for the photo-
electron convolved with a broadening function due to
the finite lifetime of the core hole. While the fact
that the hole does decay is considered, the parti-
cular states into which it decays are ignored. Thus
x-ray absorption spectroscopy looks at the black box
of Fig. 1 only from the "front end."

In contrast, x-ray emission spectroscopy is
often viewed as a monitor of the decay of the core
hole via photon production without reference to the
existence of other possible decay products and often
without reference to the mechanism by which the core
hole was created. Likewise Auger spectroscopy moni-
tors one or the other possible decay channels for the
core hole.
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It has recently become clear that one cannot
simply base a theory of the decay channels on the
initial existence of the core hole without reference
to the process which created it. The unified theory
of these processes maintains that they cannot be
treated separately because of coherence between the
initial production of the core hole and its final
decay. This coherence is induced by the possibility
of incomplete relaxation of the system in the inter-
mediate state prior to the final decay event. This
is a point of view which has not generally been taken
in study of the satellite problem and is one which I
would like to emphasize here.

A classic example which will be useful to under-
stand before proceeding to photoemission satellites
is the phenomenon of incomplete phonon relaxation in
x-ray emission (1,2). A configuration coordinate dia-
gram for this process is shown in Fig. 2. The essen-
tial physics represented here is that the phonons in
a metal are displaced in the presence of the core hole
potential. The simplest model of the emission process
puts the system on path B in Fig. 2. One assumes
that the system is in equilibrium in the presence of
the core hole and that the phonons are then displaced
when the electronic transition occurs. The resulting
shake-up adds phonon satellites {in the form of
Gaussian broadening) to the emission line shape.

This picture is too simple because the phonon
system carries with it a memory of the process which
created the core hole. The initial excitation of the
core hole follows path A in Fig. 2. If the subsequent
emission occurs quickly, the phonon coordinate will be
near point a rather than b and there will be little
energy transfer to the phonons (although the emission
will still be phonon broadened (3,4)). If the emis-
sion occurs more slowly the phonon coordinate will be
at some random point in its damped oscillatory trajec-
tory between points a and c and one obtains a peculiar
double humped emission spectrum arising from the fact
that the system spends most of its time near the clas-
sical turning points (1). In either case the spectrum
will be modified due to the incomplete relaxation of
the phonon system in the intermediate state. The mem-
ory of the phonon system transfers a coherence between
the input and output sides of the black box in Fig. 1.
Despite the fact that the experiment is detecting only
core holes which decay via photon emission, the dura-
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tion of the intermediate state is determined not by
the radiative width of the core hole but rather is
limited by the Auger lifetime. Here is another clear
example of why a unified picture is essential - in
order to know what is happening in one channel one
must know what is happening in all the others.

A closely analogous phenomenon is that of plasmon
gain satellites (5). This comes about because the
Auger decay takes place not in the equilibrium state
of the plasmons but in an excited state produced by the
initial creation of the core hole.

With an understanding of these coherence effects
let us turn now to a discussion of the satellites
observed in the photoemission/Auger spectra of d-band
materials (6-9). Consider the simplified energy level
diagram of Fig. 3a. Level A is a core level and B rep-
resents a shallow valence level, multiplet or other
group of levels. The basic experiment of interest is
constant initial state spectroscopy which monitors
photoemission from B as a function of incident photon
energy. It is found that there is an anomaly in the
photocurrent as the photon energy is swept past the
threshold for excitation of an electron out of A. The
elementary particle theorist would refer to this as a
natural consequence of the nitarity of the S-matrix.
The sudden opening of a new channel propagates a dis-
turbance through all the other channels. The mechan-
ism through which this occurs is illustrated schemati-
cally in Fig. 3a. In addition to the direct photo-
emission from B, there is the possibility of an indi-
rect process which begins with excitation of a core
electron from level A into an unoccupied portion of B.
This is followed by an Auger or autoionization process
which refills A and ejects a fast electron. The energy
of the fast electron may be equal to that of a di-
rectly photoemitted electron or slightly different
thereby forming a satellite Tine near the direct photo-
emission line, There are numerous possibilities for
different specific effects depending on the detailed
nature and distribution of states in level B. It has
been found that the general strength, location and
shape of the satellite lines are useful for example
in determining whether the valence excitations in var-
ious materials are band-like or atomic in character.
These questions were surveyed at the last conference
(10) and will therefore not be considered here.

Rather, I now turn to a more detailed analysis
of a recent model for the photoemission satellite in
filled d-shell materials such as Cu and Zn. This
model put forth by Davis and Feldkamp (DF) (11) in-
vokes an unusual mechanism which is interesting to
investigate. Furthermore, the analytic solution of
this model (12) exhibits several features common to
resonant satellites in general and it therefore serves
as a useful pedagogical example. The DF model con-
siders the level scheme illustrated in Fig. 3b. A is
a core level (such as Cu 3p), B is the valence d band
_{or other quasi-atomic level) and C is the sp con-
duction band.

It is convenient for the purposes of this analysis
to follow DF and ignore direct photoemission from the
d band and consider only the indirect process shown in
Fig. 3b. This is probably a reasonable approximation
since the satellite in Cu is seen readily only near
resonance. Rather than thinking of the experiment as
constant initial state spectroscopy of the d level, it
is in this case better to view the experiment as moni-
toring the photoinduced ABB Auger spectrum as a func-
tion of photon energy. The usual picture of Auger
spectroscopy would say that the photon energy is irre-
levant as long as it exceeds the core excitation thres-
hold. However a unified picture of the process shows
the possibility of coherence between the initial core
hole creation and the final Auger decay quite analogous
to the example of x-ray emission described earlier.
That is to say, the system remembers for a time how the
core hole was created and in particular what photon
energy was used. Referring to Fig. 3b one sees that
this can occur because the final Auger decay takes place
in the presence of a spectator electron which is a by-
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product of the creation of the core hole. For very
high incoming photon energies this extra electron can
be safely ignored since it leaves rapidly at high kine-
tic energy. However, for photon energies near thresh-

0ld, the spectator electron can remain in the vicinity
long enough to influence the final Auger process. The
spectator electron is thus the vehicle via which coher-
ence is transmitted from the excitation to the deexci-
tation process.

The DF model of this process is as follows.
Prior to photoexcitation of the core electron, the
conduction electrons obey a free particle Hamiltonian

H ‘ZE C+Cl, (])

kK k k

After core level photoexcitation the conduction elec-
trons as well as the photoexcited electron experience
an attractive contact potential U at the site of the
core hole. This introduces a scattering term H1 into
the Hamiltonian

-1.
Cp (2)

kk'

The subsequent Auger decay of the core hole leaves
the system with two d holes which are assumed to be
bound in a localized atomic state due to Coulomb corre-
Tations. These two holes produce a new scattering
potential U' which is likely to be quite strong. Girvin
and Penn (12) have obtained an approximate analytic sol-
ution to the DF model which is outlined below.

Let RQ (w) be the rate of production of Auger elec-

trons in state Q with energy £ as a function of photon

energy w. A generalized Fermi's golden rule gives

2
RQ (w) = 2n g\: fk’ka (m)’ 5(w-€d - EQ 'Ek) (3)

where € is the final state energy of the spectator
electron, fkis the Fermi function, €q is the energy of
the final two-d-hole state and VkQ (w) is the effective

matrix element describing the various paths leading to
the final state. If one neglects the core hole Coulomb
potential, simple second order perturbation theory
yields

_ 1
v0 = A w -yt E M (4)
where X is the photon absorption matrix element and M
is the Auger matrix element. For simplicity these are
both assumed to be momentum independent. The deep core
hole energy €, has the form

[¢] .
€ T €y T T (5)

where 2r is the Auger decay rate for the core level.
In the absence of Coulomb interactions the transition

rate is therefore 1
0 - 2
R (o) = 2.m|2 I
olumeq - oy (©)

where o(v) is the conduction band density of empty
states. This is just the usual Lorentzion broadened
Auger line shape which is so familiar that one may
forget how it originates. It is important to recall
that this broadening arises because the total energy
of the system is shared between the photoelectron and
the Auger electron. The uncertainty in how the energy
is divided is determined by the lifetime of the inter-
mediate state. This point will be relevant to a deter-
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mination of the width of the satellite line.

The sudden switching on of the core hole potential
produces many body excitations in the conduction band
and modifies the effective matrix element of Eq. (4)
in a manner similar to the x-ray edge problem (13-15).
In that problem the Coulomb potential is turned on at
the same instant that the spectator electron is injected
into the conduction band. The present problem is more
complex since a potential U is switched on initially
but this is Tater changed to U' when the Auger event
occurs.

For the limiting case U=0, U'<0 the Auger spectrum
is given by

0 e, *oeq - 200"
Rq ) = RS () | % g 7w (7)
£ " w

which has a power law divergence (U' < 0) similar to
that in the x-ray edge problem. Eq. (7) indicates that
many body effects greatly enhance the transition ampli-
tude when the spectator electron final energy is near
zero (the Fermi energy). Since energy must be conser-
ved overall, this results in a satellite peak on the
high kinetic energy side of the Auger line. An alter-
native point of view is that the potential U' effec-
tively enhances the density of states near the Fermi
energy. Eq. (6) then yields two peaks; an Auger peak
at g, = e; where the energy denominator is mini-

mized and a satellite peak at £

- e4
=W oey where there

is a peak in p(w - e " ed) . RQ(w) is displayed in

Fig. 4 on a binding energy scale. There is a main
Auger peak at constant kinetic energy and a smaller
satellite line at constant binding energy. MNear the
threshold photon energy these merge to form a large
resonant peak in the spectrum.

If one thinks of the x-ray edge singularity as
being due to an exciton at zero binding energy, it is
clear that the present picture should contain features
relevant to the discrete exciton induced satellite
such as that in GaP (8). One finds that the spectral
map of Fig. 4 contains a wealth of information about
the general properties of satellites common to several
different systems. It is therefore worth considering
several points in greater detail.

First one sees that, as noted above, the Auger
Tine is at constant kinetic energy and carries the
core hole broadening. The satellite however is nar-
rower and tracks the photon energy. This is because
the photoelectron is pinned in the exciton state and
energy conservation sharply defines the satellite
energy (16). It is as if one is doing a coincidence
experiment which constrains the photoelectron energy
(17). This effect can be seen in the GaP data {(8).

While the core hole width does not affect the
satellite width it does control its strength. One
sees from Eq. (7) that the satellite strength arises
from an enhancement factor multiplying the tail of the
Auger Lorentzian strength. This raises another impor-
tant point illustrating the great generality of Fig. 4.
The energy scale is in units of the core hole width
since this turns out to be the fundamental energy unit
in the problem. One might think that increasing the
core holé width could broaden the Auger line enough
to destroy the satellite. However, since the satellite
strength increases, and its width does not, one can go
proportionately further above threshold in photon energy
and again resolve the satellite. Hence the core level
width scales out of the problem.

Another important point to consider is the compar-
ison which is often made between the photoabsorption
{or electron loss) line shape and the satellite line
shape (7,8). There is not a simple relationship be-
tween these quantities in this model. In the present
case the photoabsorption sees the conduction band empty
density of states broadened by the core hole width while,
as has been shown, the satellite does not carry this
width. Furthermore, the values of U and U' affect the
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photoabsorption and satellite line shapes differently.
In particular for U <0, U'=0 (a situation approxi-
mately realized in the LVV Auger transition in simple
metals) the photoabsorption exhibits the many body
peaking near threshold but there is no satellite at all.
Whereas for U = 0, U' < O there is a satellite but no
peaking in the photoabsorption. Another limiting case
U = U' can be treated analytically (12) and is found

to give a stronger satellite than Eq. (7). As DF note,
this is because the photoabsorption cross section is
enhanced at threshold (and has the same shape as the
satellite).

The two limiting cases U =0, U' <0 and U = U’
span the range of reasonable possibilities (for a quasi-
atomic system) since one expects 0<|U] < [U']. Tt is
interesting to note that as far as the conduction
electrons are concerned, the case U = 0, Ub'< 0 may be
realized in the rare earths since the 4f level is so
Tocalized that the conduction electrons see little or
no perturbation if the core excitation is into the 4f
Tevel (18).

SUMMARY

I have discussed the general features of the
photoemission satellite phenomenon from a unified point
of view which shows the necessity of considering the
entire process from initial photoabsorption to final
generation of the decay products. The main point I
wish to emphasize is the role of coherence carried over
from initial excitation to final deexcitation and the
essential role of incomplete relaxation in the inter-
mediate state.

The particular mechanism of the DF model for
satellites in filled d shell metals was analyzed in
some detail. The predictions of this model serve as
useful illustrations of the general properties of photo-
emission satellites and the physics behind them.

The picture presented here should be quite gener-
ally applicable to any process with localized holes in
the final state. Thus in addition to further experi-
mental investigations of photoemission satellites in
filled d shell materials, it would be of great interest
to look for this phenomenon in other photoinduced core-
core-core Auger spectra near threshold.
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Fig. 1.

A black box representing all possible paths
between the initial and final states.
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Fig. 2.

rd

Configuration coordinate diagram for the x-ray
emission problem. The upper and Tower curves
represent total energy vs. displacement with
and without the core hole.
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(a) General level scheme. (b) Level scheme for
the DF model. The specific states are des-
cribed in the text.

J. Appl. Phys., Vol. 52, No. 3, March 1981

3.0

\k&\?kVS\f‘Y
Qa0 .0 2.0

Fig. 4. Calculated Auger spectrum for the case
U=0, U'< 0 plotted vs. photon energy and
electron binding energy. The diagonal ridge
is the usual Auger spectrum. The ridge at
zero binding energy is the satellite. The
two merge at threshold (photon energy equal
to zerog. The figure is in units of the core
hole lifetime, " and is for the case eU‘= -0.3.
A d hole 1ifetime of 0.1 has been assumed.
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