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Abstract 

The angle-resolved resonant photoelectron spectra of Ni and Ce metals are reported. On Min resonance, the intensity 
of the 6-eV satellite of Ni is found to be independent of the angle of emission relative to the l~-vector of the exciting light, 
while the valence-band photoemission (PE) intensity follows a cos 2 behavior as expected for PE. In contrast to Ni, the 
enhanced Ce4f PE signal on Nw,v resonance also varies according to cos 2. This shows that the resonant enhancement of 
the 6-eV Ni satellite is mainly due to a secondary Auger decay, whereas in case of the Ce4f signal it reflects resonant 
photoemission. 
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I. Introduction 

Valence-band photoemission (PE) spectra of Ni 
metal are characterized by a satellite structure at 

6 eV below the Fermi energy (EF), which has 
been interpreted as a two-hole bound state sepa- 
rated by a large on-site Coulomb interaction from 
the main valence-band emission [1-4]. This satellite 
exhibits a strong enhancement when the photon 
energy is varied across the Mm absorption thresh- 
old at ~ 67 eV. This phenomenon has been 
assigned to a strong Fano-type resonance [5-15], 
and is explained by configurational mixing of  two 
different final states, a continuum state represented 
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by the outgoing photoelectron and a discrete 
state produced by transition of a core electron to 
an unoccupied bound state. Because the second 
process is strongly energy dependent, the probabil- 
ity of transition to the intermixed final state varies 
dramatically when tuning the photon energy across 
the core threshold, causing the well-known Fano 
profile in the photoionization cross-section. Since 
the probability for resonant PE depends critically 
on the strength of configuration interaction, and 
therefore on the localization of the core-excited 
state, the question arises whether the signal 
observed in resonant PE reflects exclusively this 
excitation process or is due in part to a secondary 
decay process of the excited state. Only in the first 
case can the spectral features be interpreted as 
resonant PE; in the second case an incoherent 
superposition of  PE and Auger signals occurs. 
The second mechanism was first discussed more 
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Fig. 1. Photoelectron spectra of  Ni metal taken at photon ener- 
gies of  (a) 75 eV (non-resonant) and (b) 67 eV (on-resonance). 
The solid lines through the data points represent the results of  
least-squares fits (see text). For hu = 75 eV, the dash-dotted 
subspeetrum represents the 6-eV PE satellite, the dashed sub- 
spectrum the valence-band signal, and the dash-double-dotted 
curve the super-Coster-Kronig Auger  contribution. For hu = 
67 eV, the dashed subspectrum represents the PE signal and the 
dash-double-dotted curve the 6-eV feature. The dotted curves 

than ten years ago [16] but has been neglected since 
then in the literature. 

In a recent paper [17] it was shown that the 
photoelectron spectra of  Ni metal and of CuO at 
t h e  L i l  t thresholds have to be described by an 
incoherent superposition of an intense L3M4,sM4, 5 
Coster-Kronig Auger signal with a relatively 
weak PE signal. It has to be tested whether an 
analogous mechanism causes the well-known reso- 
nant enhancement of the 6-eV valence-band 
satellite in the photoelectron spectrum of Ni 
metal at the Mm threshold, and whether similar 
processes affect resonant PE in rare-earth systems. 

In this publication, we show that the resonant 
enhancement of the 6-eV valence-band satellite of 
Ni metal is caused mainly by superposition of PE 
with an incoherent super Coster Kronig (SCK) 
Auger signal. This conclusion is reached on the 
basis of the measured angular dependence of 
the electron-emission intensity recorded as a func- 
tion of the angle of emission with respect to the 
l~-vector of the photon beam. Though the inten- 
sity of  the valence-band PE signal of Ni metal 
varies roughly according to a cos 2 law, the inten- 
sity of the 6-eV satellite on resonance is found to be 
independent of the emission angle, as expected for 
an incoherent Auger process. This clearly shows 
that the so-called resonant PE enhancement of 
the 6-eV valence-band satellite of Ni metal, which 
has been taken for granted for almost fifteen years, 
is based on a misinterpretation of the observed 
phenomenon. In contrast to Ni, resonant PE in 
rare-earth (RE) systems behaves completely differ- 
ently. The 4f PE signal measured at the Ce4d ~ 4f 
giant resonance, for example, reveals the character- 
istic angular dependence expected for PE. This 

describe integral backgrounds. Note the large width of the 
Auger emission at hu = 75 eV, which is due to the superposi- 
tion of both the M 3 VV and the M 2 VV transitions, whereas at 
hu = 67 eV only the M 3 VV Auger transition contributes to the 
resonance phenomenon.  The inset shows the geometrical 
arrangement of  the experiment: 1~ and/~ represent the direction 
of  the electric field and the momen tum of the photons, respec- 
tively, ff denotes the normal  to the surface and gl,2 shows the 
directions of the collected electrons. Electrons emerging normal 
to the surface were collected at an angle 0 = 30 °. This geometry 
was chosen to assure the same surface sensitivity at 0 = 0 ° and 
0 - 60 ° (e'l and e2, respectively). 
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distinctively different behavior is due to the 
stronger localization of  the 4f states in Ce 
compared to the 3d states in Ni. 

2. Experimental 

The measurements were performed at the 
TGM-1 beamline of  the Berliner Elektronen- 
speicherring ftir Synchrotronstrahlung (BESSY) 
using a VSW-ARIES angle-resolved electron 
spectrometer with an electron-acceptance cone of  
+2 ° . The photoelectrons were collected at different 
angles with respect to the l~-vector. The geometri- 
cal arrangement as well as the definition of the 
emission angle 0 are shown inset in Fig. 1. Poly- 
crystalline samples were used to avoid angular 
dispersion effects. The surfaces of the samples 
were cleaned by scraping with a diamond file. 
Oxygen contamination was monitored via O2p 
PE at hu=52eV and was found to be neg- 
ligible. During the experiments, the pressure in 
the experimental chamber was better than 
2 x 10 10 Torr. 
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Fig. 2. Angular  dependences of  the intensities of  the valence- 
band PE signal (open circles) and the 6-eV PE satellite (open 
triangles) in the non-resonant  spectra (hu = 75 eV). The inten- 
sities of  the 6-eV feature in the on-resonance spectra 
(hu = 67 eV) are given by the filled triangles. The dashed 
curve represents a cos20 behavior. 
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3. Results and discussion 

Fig. 1 shows the valence-band spectra of  Ni 
metal taken at (a) hu = 75 eV (non-resonance) 
and (b) hu = 67 eV (on-resonance) as a function 
of the angle of emission 0. The non-resonant 
spectra reveal three main features: (i) the Ni3d 
valence-band PE signal at binding energies 
between Ev and ~ 3 eV; (ii) the PE satellite at a 
binding energy of ~ 6 eV; and (iii) an Auger signal 
at a binding energy of  ~ 13.5 eV. In order to take 
in to  account possible intensity variations of  the 
spectra due to changes in geometry when 0 is 
varied, the non-resonant spectra were normalized 
to equal intensities of  the Auger signals. This is 
justified, as the Auger emission can be assumed to 
be isotropic for a polycrystalline sample. 

To arrive at a quantitative estimate for the inten- 
sity variations as a function of  0 of  the valence- 
band PE signal and of the 6-eV PE satellite, the 
spectra were analyzed by least-square fits. To this 
end, the Auger signal (dash-double-dotted sub- 

spectrum) and the 6-eV PE satellite (dash-dotted 
curve) were modelled by Gaussians, and the 
valence-band signal was simulated by a superposi- 
tion of two Lorentzians at binding energies (BE) of  
0.3 and 1.9 eV, respectively (the sum of both is 
represented by the dashed curves in Fig. l(a)). 
Inelastically scattered electrons were accounted 
for by an integral background (dotted). Note that 
the intensity of this background is not expected to 
change with 0, since an initial angular dependence 
will be lost owing to multiple scattering of  the 
secondary electrons. The resulting intensity varia- 
tions as a function of 0 of the non-resonant 
valence-band and satellite emission are indicated 
in Fig. 2 by open symbols. As expected for PE, 
both intensities vary roughly as cos 2 0. 

In order to normalize the on-resonance spectra 
of Ni metal in Fig. l(b), we assumed the same 
angular dependence of  the intensity of the 
valence-band emission as in the non-resonant 
case. The on-resonance spectra were therefore 
normalized to valence-band intensities equal to 
those in the non-resonant spectra. This normaliza- 
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tion procedure is based on an analogous least- 
squares fit analysis of  the on-resonance spectra as 
described above for the non-resonant case. The 
solid lines in Fig. l(b) represent the results of  this 
fit analysis, with the dashed subspectrum represent- 
ing the valence-band PE signal and the dash- 
double-dotted subspectrum the 6-eV feature. For  
the normalization procedure, only the main 
valence-band component  at 0.3 eV BE was consid- 
ered. The second component  at 1.9 eV BE revealed 
a weaker angular variation of its intensity, possibly 
because of superposition with an energy-loss 
feature and - -  in the case of  the on-resonance 
spectra - -  with an additional Auger signal [8]. 
The resulting intensity variation of the 6-eV 
feature of  Ni metal as a function of 0 is given by 
the filled triangles in Fig. 2. It is apparent  that the 
intensity of  this peak is almost independent of  0, 
in sharp contrast to the cos20 behavior of  the PE 
satellite in the non-resonance spectra. Thus, the 
6-eV peak on resonance behaves like an Auger 
signal and cannot be described as a resonant PE 
feature. At this point we are not able to assert 
whether this Auger signal is due to a normal 
Auger process, in which the excited electron is 
not coupled to the Auger decay, or to a resonant 
Auger process, in which there is a coherence 
between the excitation event and the Auger 
decay. I f  the resonant Auger process is isotropic, 
as the normal Auger process is, the intensity 
enhancement of  the 6-eV satellite may originate 
from a mixture of  both processes. 

I f  we assume that this peak is made up of  two 
components,  an isotropic Auger emission signal A 
and a PE component  B, the latter with the charac- 
teristic cos20 angular dependence, the relative 
intensities of  the two components are readily 
obtained from the observed angular dependence 
(filled triangles in Fig. 2). In this way, on the 
basis of  the measured spectral intensities, a value 
of  the ratio of  the intensity of  the PE component  
B to that of  the valence-band emission in the 
on-resonance spectra of  0.1 4- 0.2 is obtained, in 
agreement with the value of 0.09 4- 0.02 obtained 
from the PE satellite intensities in the non- 
resonance spectra. This means that, within the 
limits of  error, there is no resonant enhancement 
of  the PE satellite. The seeming intensity increase 
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Fig. 3. On-resonance photoelectron spectra of CeGd taken at 
photon energies of 122 eV for two values of 0. The dash-dotted 
subspectrum represents the Gd4f emission and the dashed sub- 
spectrum the on-resonance Ce4f emission. The dotted curve 
describes the integral background. The intensity scale is arbi- 
trary and different for both spectra. 

of  the 6-eV satellite is therefore due to the Auger 
component  A, with an intensity of  0.6 4-0.2 rela- 
tive to the valence-band emission. This means that 
the component  A, assigned to an Auger (normal or 
resonant) process, is predominantly responsible for 
the observed resonant enhancement of  the 6-eV 
photoelectron peak. 

To check whether related processes contribute 
also to the resonant PE spectra of rare-earth 
materials, we studied the alloy CeGd at the Ce 
4d ~ 4f giant resonance at hu = 122 eV. Fig. 3 
displays the respective valence-band spectra taken 
at two angles of  emission 0. The spectra consist of  
a strong emission feature close to EF reflecting 
the resonantly enhanced emission from Ce4f states 
plus a weaker component  at a binding energy 
of  8 eV corresponding to the non-resonant Gd4f  7 
PE signal; the latter can be used for normalization 
purposes. As is obvious from even the raw data, 
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the ratio of  intensities of  the on-resonance Ce4f 
emission to that of  the non-resonant Gd4f  emis- 
sion does not change with 0. The non-resonant 
Gd4f  line is a normal photoemission line and, 
according to Fermi's golden rule in the dipolar 
approximation, has a cos 2 0 angular dependence. 
This means that, for 0 =  60 ° , the intensity 
decreases by a factor of  4 with respect to 0 = 0 ° 
(not seen in Fig. 3, where the spectra are 
arbitrarily scaled). Because the ratio between the 
on-resonance Ce4f line and the non-resonant 
Gd4f  line is the same in both cases, we can 
conclude that the Ce4f line behaves also as a func- 
tion of cos 2 0. Therefore the angular dependence 
of  the resonantly enhanced Ce4f emission behaves 
like a PE signal, in contrast to that of  the reso- 
nantly enhanced 6-eV Ni satellite. 

4. Summary 

We have shown that the established interpreta- 
tion [5-15] of the resonant enhancement of the 
6-eV satellite in the valence-band photoelectron 
spectrum of Ni metal at the Mln threshold is 
incorrect. The observed phenomenon is domi- 
nated by a SCK Auger decay process as seen 
before in the related case of  resonant photoelec- 
tron spectra taken at the Lln threshold [17]. Our 
present results support a related view put forward 
more than ten years ago [16], which has been totally 
neglected in the literature. The situation is different 
in resonant PE from rare-earth materials, where 
the resonantly enhanced signal reflects a true PE 
process. The main difference between the systems 
is the degree of  localization of the discrete excited 
state. While the excited 4f state in the case of Ce 
is highly localized, the more bandlike character of 
the Ni3d states favors a decay of the core-excited 
state by a secondary SCK process. The present 
results are crucial for a correct interpretation of 
the photoelectron spectra taken in threshold 
regions, in particular for transition-metal systems, 
since they show that not all enhanced spectral 

features reflect resonant PE, but competing second- 
ary processes can be important. 
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