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Density of State Effects in Ag L3M4 &M45 Threshold Auger Spectra
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The energy distribution of L3M45M4& Auger electrons emitted from solid Ag is studied as a function
of the exciting photon energy in the L3 threshold region. The '64 Auger line not only exhibits
a Raman-type energy dispersion and a reduced core hole lifetime broadening, but its line shape is
also markedly modulated. For subthreshold excitation, additional structure appears within the highly
asymmetric emission profile. This is interpreted as being due to the local density of empty d states
probed in the intermediate dipole transitions. A simple numerical model qualitatively reproduces the
gross features of the measured electron distribution.

PACS numbers: 32.70.Jz, 32.80.Hd, 79.60.Bm

The creation of an atomic inner shell vacancy by pho-
tons induces a complex dynamical multielectron response
of the electronic system. Auger electrons emitted in the
deexcitation process can be used as a sensitive probe to
study electron-electron correlations in atoms, molecules,
and solids [1]. It has long been known that the conven-
tional two-step model of the Auger process fails if the
excited hole state decays before its relaxation is complete
[2]. In particular, for near threshold excitation creation
and decay of an inner shell hole are not distinct processes
but have to be viewed as a single-step event [3,4].

An interesting situation arises if the energy hen of the
exciting radiation is so well defined that the interaction
time A~ ' is comparable to or even longer than the
lifetime 6/I of the resonant state. Then the emission,
i.e., Auger electrons and fluorescence radiation, is an
integral part of the excitation process itself and strongly
depends on the excitation energy. The dynamics of
threshold excitation can thus be probed experimentally
if the spectrum of emitted particles is measured to be
highly energy resolved, i.e., on the scale of the lifetime
broadening I . The progress in experimental techniques
and the availability of high-flux synchrotron radiation
beam lines have only recently stimulated rapidly growing
research in this field, although still only a few studies exist
for the radiationless process [5—15].

It was discovered [5,6] that the Xe L3M4Ms(' G4)
Auger spectrum excited in the vicinity of the L3 edge,
exhibits a behavior characteristic of a resonant Raman
transition (Auger resonant Raman effect): 5d and 6d
spectator satellite lines were observed which disperse lin-
early with the exciting photon energy and are resonantly
enhanced at the 2p3/2 nd threshold. Also, their ob-
served linewidth is not limited by the inner-shell hole
lifetime but dependent on the exciting photon energy
distribution. An analogous behavior has very recently
been reported for atomic and molecular resonant Auger
processes involving comparingly long-lived shallow core
levels [10,12].

In solids, a similar effect is found for ionic materials
[9], Si02 [7,13], Ge [8], and InP [14] and also ascribed to
discrete excitations, in the sense of excitonic states, which
result in a spectator-type transition. Even for open shell
4d metals, Rh and Pd, strongly dispersing resonance lines
were observed in L3M4sM45 spectra [11]and attributed to
localized 2p3/2 4d excitations.

The observed behavior of the resonance lines is in gen-
eral agreement with the predictions of time-independent
resonant scattering theory [3,4,6] for the threshold Auger
process in free atoms. There they correspond to excita-
tions of the inner shell electron into excited bound (spec-
tator) states. The normal Auger line, however, derives
from transitions into the continuum. For subthreshold ex-
citation, also referred to as the resonant Raman regime, a
continuous electron distribution is predicted, highly asym-
metric, which evolves into the characteristic Auger line
above threshold [4].

In this study we are focusing on this gradual transition.
Moreover, it is interesting to elucidate the infIuence of the
solid state environment on the threshold Auger process.
We investigated the I 3M45M4q Auger transition of Ag,
for which a broad conduction band is formed with a
low content of d states. Pronounced modulations of
the 'G4 line are observed as a function of the photon
energy. Below threshold a highly asymmetric profile
is measured which is characteristic of the continuous
radiationless resonant Raman scattering [4]. In addition,
an extra structure appears which can be related to the
partial density of empty d states probed by the excited
photoelectron in the 2@3/2 4d transition.

The experiment was performed at the high-flux wiggler
beam line BW2 at HASYLAB [16], Hamburg, Germany,
using synchrotron radiation from the DORIS III storage
ring. Briefly, intense continuous radiation from a 56-
pole x-ray wiggler is reflected by a plane premirror onto
a (+/ —) Si(111) double crystal monochromator. The
monochromatic beam is focused by a toroidal mirror onto
a high-purity (99.99%) Ag foil, cleaned by repeated Ar
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sputtering and annealing cycles. The kinetic energy of
the emitted electrons is determined using a hemispherical
electron analyzer set to an energy resolution of 0.5 eV
FWHM. The photon flux in the focal spot (=1 X 1 mm
FWHM) on the sample amounts to 1 X 10'z sec ' with a
measured spectral width of 0.7 eV FWHM at 3350 eV.

In the following, we reference the photon energy
relative to the Ag L3 excitation threshold taken as the
inAection point of the L3 absorption edge, which is
measured by recording the total electron yield from the
sample. The edge position was carefully determined and
frequently checked during the experiment to yield an
accuracy of +.0.1 eV for the relative photon energy. The
absolute threshold energy is near 3351 eV corresponding
to the tabulated 2p3~2 binding energy [17].

The Ag L3M45M45 Auger spectrum (Fig. 1) reveals
distinct emission lines which can be associated with the
multiplet components of the M4qM4q two-hole final state
if compared to calculated values [18,19]. The prominent
peak at 2576.8 ~ 1 eV corresponds to the 'G4 final state
for which the highest transition rate is calculated. The
excitation energy is 1.0 eV above threshold and the
emission exhibits resonant behavior: The Auger lines are
considerably narrower than compared to off-resonance
excitation [18—20], where their width is determined by
the combined intermediate and final state lifetimes. Here,
the intermediate state lifetime (2.05 eV, see below) does
not yet fully contribute to the measured width resulting
in an asymmetric line shape with a smaller apparent
FWHM [4). This is most notably seen for the 'G4 peak.
The careful analysis of our data reveals no inhuence of
postcollision interaction which may also distort the Auger
line shape in the threshold region. Finally, we note that
well above threshold also a pronounced satellite emission
is observed =5 eV below the 'G4 line (not shown) which
is ascribed to a spectator vacancy transition [20,22]. It is
completely absent at resonance.

We now focus on the 'G4 line and study its evolution
when the photon energy is swept through the L3 excitation
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threshold (Fig. 2). The spectra are shown as measured,
only a constant background contribution has been sub-
tracted. The emission intensity is accurately normalized
to the photon flux. Starting at —4 eV relative to thresh-
old, the emission appears to disperse linearly with photon
energy and its intensity rapidly increases. Around +1 eV
the normal Auger transition gradually develops centered
around 2576.8 eV. However, the line shape and intensity
continues to vary significantly throughout the studied pho-
ton energy range above the edge. Examined more closely
(Fig. 3), the most dramatic changes occur for subthreshold
excitation where an additional structure clearly appears
superimposed on the highly asymmetric emission profile.
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FIG. 2. Dependence of the Ag L3M, M, (~ 64) line on the
exciting photon energy, referenced relative to the Ag L&

absorption edge. The measured spectra (circles) are normalized
to the incoming photon flux and a constant background
contribution has been subtracted for each spectrum. The
solid lines are the result of the applied numerical model (see
text).
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FIG. 1. Resonant Ag L&M45M45 Auger spectrum excited at
1 eV above the L3 edge. The theoretical relative multiplet
energies and intensities are from [18].

FIG. 3. Subset of the data displayed in Fig. 2. Note the
strong variation of the spectral line shape across threshold. The
pronounced structure on the low energy side for subthreshold
excitation as well as the apparent narrowing at +4.0 eV is
qualitatively reproduced by the model taking into account the
calculated partial density of unoccupied d states.
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We argue that this peculiar behavior can be understood as
a manifestation of continuouslike radiationless resonant
Raman scattering.

To support this argument we have performed a simple

calculation which is based on the results of resonant
scattering theory [4]. The energy distribution i(eA) of the
'G4 Auger electrons e& for the excitation energy hen in
the threshold region is written as

t(Eg, Itto) = C
pd(e)N&h(It to —

Italo

)de dIt Ql

p [(hco' —e —Et.,) + I' /4] [(hto' —e —e~ —EM,M, )' + [' /4]

Nph is the photon energy distribution in the experiment.
The measured spectrum I(e~, hco) is obtained by convolu-
tion with the spectral function N, ~

of the electron analyzer

I(eg, 6 to) d eq N, ) ( ge—e~) (t~e, h to) .

Both N~h and N, ] are well represented by Gaussians
with the experimentally determined FWHM values. The
Fermi energy is taken as the energy reference, and we
have Et., = 3351 eV, the L3 edge position (see above).
For the final state, EM, M, is obtained from the measured
energy E~ of the 'G4 line well above threshold since E~ =
El, —EM, ~, . The lifetime width I I, = 2.05 ~ O. l eV
is determined from the I.3 photoelectron line excited at
3900 eV. The final state width I"M„M, = 0.58 ~ 0.07 eV
is obtained from the corresponding single hole lifetime
widths, derived from photoemission [21].

All matrix elements are included in the constant scale
factor C. To model the intermediate dipole transitions
of the photoelectron e we use the calculated partial
density of empty d states pd(e) (Fig. 4) and neglect the
contribution of s states.

The result of this simple approach (solid line in Figs. 2
and 3) is in surprising agreement with the measured data.
We emphasize that this is not a fit, the only adjustable
parameter is the scaling factor C, which is the same
for all spectra. The shoulder at = 4 eV below the steep
rise of the main peak can be related to a corresponding
structure around 4 eV in the calculated density of d states
(Fig. 4). This arises because by energy conservation

Atop EM„M Eg. Therefore, an inverted pd( —e~)

contributes to the Auger electron distribution, and the
Fermi energy e = 0 corresponds to its high energy Hank
which is rounded off by the final state lifetime and the
experimental resolution. This edge also disperses with
photon energy below threshold since ez = h~ —

EM4M, .
Above threshold, the normal Auger line develops but

the line shape is still strongly modulated by pd(e). The
apparent line narrowing for +4.0 eV excitation is also
caused by the same structure in pd(e). We note that
if the final state is kept constant in the experiment,
e.g. , the 'G4 emission at its characteristic energy E& =
E&, —EM, M, well above threshold, and its intensity is
measured as a function of photon energy, a partial yield
absorption spectrum is obtained which is not limited by
the intermediate state lifetime [15] (cf. Fig. 4).

All features of the measured threshold spectrum are
thus described by this model if the continuous distribu-
tion of intermediate states is taken correctly into account
via the partial density of empty states. We have shown
that it is possible to measure deep inner-shell Auger elec-
tron profiles with high accuracy at threshold. Measured
structures in these emission profiles can clearly be identi-
fied with features in the partial density of states character-
istic for the solid state environment. It is worthwhile to
finally point out that the observed resonance behavior is
universal [4] and also visible similarly in the correspond-
ing radiative process.

We thank Dr. J.E. Miiller for providing the results of
his density of state calculation.
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FIG. 4. Calculated partial density pd of unoccupied d states
[23] (solid line) in comparison to the measured Ag L3 near-edge
spectrum (open circles) obtained by measuring the intensity of
the 'G4 line as a function of the photon energy. The Fermi
energy EF is identified with the inflection point of the measured
edge.
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