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Excitation energy dependence in the photoemission 
satellite structures in solid CO and N2 

W. Eberhardt and H.-J. Freund8
) 

Physics Department, Brookhaven National Laboratory, Upton, New York 11973 
(Received 19 July 1982; accepted 7 October 1982) 

We u~e the relative intensity of photoemission satellites in the outer core, inner valence region measured as a 
functIOn of photon energy in order to identify the spectroscopic assignment for each individual satellite. The 
outer v~le~ce satellites show a decrease in intensity relative to the outer valence single particle emission over 
~he eX~ltatlOn energy range from 40 to 140 eV. The 3u(2ug ) derived structures, on the other hand, increase in 
mtenslty, measured relative to the outer valence emission as expected from the general behavior of the 
3u(2ug ) single particle cross section. 

INTRODUCTION 

The photoemission of small molecules is well known 
to exhibit structures that cannot be explained in the 
single particle picture. These shakeup peaks are ob
served as satellites in deep core level photoemission or 
even more prominent in the inner valence or shallow 
core level region. 1 The nature of these peaks is well 
established; the ion created in the photoemission pro
cess is not necessarily in the ionic ground state but 
could end up in various excited state configurations. 
The energy difference between the various ionic final 
states is reflected by the difference in kinetic energy 
of the photoelectron ejected in the primary excitation 
process. The photoelectrons having the highest kinetic 
energy therefore correspond to a process where the ion 
is in its lowest energy state, the ground state. Usually, 
but by no means necessarily, this line carries the high
est intensity and is therefore referred to as "main line." 
In a single particle picture it is described by the re
moval of just one electron or a single hole state. 
Higher lying states are, if an assignment in terms of 
single particle excitations is at all pOSSible, given by 
tWO-hole, one-particle states. Often, however, due to 
strong configuration interaction, only a major contribu
tion to a specific peak can be assigned. 

In this paper we are dealing with the rel~tive inten
sities of these two-hole, one particle satellites com
pared to the single hole state. To first apprOximation 
these intensities are given by the usual Golden Rule 
formula containing a matrix element where the dipole 
operator couples the total ionic wave function including 
the photoelectron with the neutral ground state. 2 At this 
place we only want to note that in a strongly correlated 
system this is not easily evaluated and also the Golden 
Rule formulation is not strictly correct because the 
Hamiltonian of the ionic and the neutral molecule are 
not identical. 

Even though the physics of the process seems well 
established, the details are far from being completely 
understood. Often only the lowest lying molecular ex
citation is reasonably well identified in the experimental 
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spectra. In CO or N2, the molecules we are dealing 
with in this article, the lowest excited ionic state cor
responds to an excitation of an electron from the b' 
level to the 271" level; the prime denotes that these are 
levels of the ion. For example, we will discuss the 
branching ratios between optical excitation from the 
CO ground state 102 202 302 402 b 4 502 into 
102 202 302 402 b 4 50'1 +e- and into 
102 202 30'2 402 171'3 5~ 271'1 +e-. If we take the spin into ac
count we will find the latter configuration to split into 
two doublet and one quartet state. Only the doublet 
states result from allowed optical transitions involving 
no spin flip so that we expect to see two shakeup peaks 
attributed to the 171"- 271" transition. 3 The shakeup 
structures at higher energies exhibit such a multitude 
of lines that it is almost impossible to assign the ob
served spectra to specific excited states of the molecule. 
This especially applies to the region where the energy 
is high enough to create a hole in the outermost 30{20',) 
core level, because the number of energetically almost 
degenerate configurations is very large. 

In this paper we demonstrate an experimental pro
cedure to establish the main configuration within each of 
the observed satellite peaks. Plotting the cross section 
of the satellite as a function of excitation energy clearly 
allows us to distinguish between a configuration with an 
outer valence hole 50', b, 40{30'" 171'",20'.) or a hole in 
the 30{20',) shell of the molecule as the final state. We 
can establish some mixed behavior indicating the parti
cipation of both hole configurations in the same satellite 
peak. We also find that even for a "pure" final state 
configuration the satellite intensity measured relative 
to the main line is, in the range of our observations 
(40-140 eV), a monotonically dropping function with ex
citation energy. A comparison with XPS data leads to 
the conclusion that this function goes through a mini
mum and afterwards increases towards higher energies. 

The experiments were performed at the Synchrotron 
Radiation Center of the University of Wisconsin using a 
toroidal grating monochromator4 and a commercial 
double pass cylindrical mirror electron analyzer 
(PHI-15-255GL The chosen geometry minimizes the 
possible influence of variations in the asymmetry par
ameter on the relative peak intensities as a function of 
photon energy. Integrating over the whole acceptance 
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cone of the analyzer we find that the measured cross 
section 0'", is given by 0'", =0'(1 +0.0813), where 0' is the 
total cross section and 13 the well-known asymmetry 
parameter. Na and CO were condensed onto a liquid He 
cooled Dewar. The copper body of the Dewar was coated 
with an in situ evaporated Au film of a few hundred A 
thickness. The molecules were deposited until there 
was no substrate emission detectable in the photoemis
sion spectra. On the other hand the films were suffi
ciently thin to avoid charging effects. The photon flux 
was measured using a W -wire diode in the unfocused 
beam between the output mirror of the TGM and the 
sample. In order to determine the relative photon flux 
we used the efficiency curve as calibrated by Saloman. 5 

We also made sure that the electron analyzer did not 
distort the measured peak intensities. At a pass energy 
of 25 eV there seemed to be no unwanted source size 
effects present over the entire range of the experiment. 
Very much the same behavior was established before 
by Plummer and co-workers. 8 

EXPERIMENTAL RESULTS 

Figures 1 and 2 show a series of spectra taken at 
various photon energies for CO and Na• The curves are 
normalized to equal height for the emission of the 
11r(11r.) orbital. In order to determine the intensity of 
the shake up peaks we have subtracted a linear background 
of scattered electrons as indicated by the dashed line and 
integrated the counts between the various tic marks in 
the regions A through F for CO (A through E for Na). 
From these figures it clearly can be seen that the lower 

-10 -15 -20 -25 -30 -35 -40 -45 -50 
INITIAL STATE ENERGY (eV) 

FIG. 1. Electron energy distribution curves (EDC's) of solid 
CO as a function of excitation energy. All curves are normalized 
to show the same intensity for the emission of the 171" orbital. 
Integration regions for peaks A through F are indicated by tic 
marks. The background is subtracted as shown by the dashed 
line. The total accumulated counts for the 171" level decrease 
from 1.6x106 (40 eV) to 6.6x103 (140 eV). 

FIG. 2. EDC's of solid N2 as a function of photon energy. All 
curves are normalized to show the same intensity for the emis
sion on the 171"u orbital. Integration regions for peaks A through 
E are shown as well as the background correction (dashed curve) 
for inelastically scattered electrons. The total accumulated 
counts for the outer valence band vary from 1. Ox 106 (50 eV) to 
3.2X104 (120 eV). 

energy satellite intensities measured relative to the total 
outer valence electron emission in regions A, B, and 
C for CO (A for Na) are decreaSing with increasing ex
citation energy. On the other hand, peaks D and E 
(B, C, and D for Na) increase in their relative intensity. 

Figure 3 shows the absolute photoemission cross sec
tion for the total outer valence emission and separately 
the satellite region of CO. Our data points are normal-
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FIG. 3. Partial photoionizatlon cross section for the inner and 
outer valence states of CO. The data points are normalized at 
hv =40 eV to the gas phase outer valence results (Ref. 7). These 
independently determined data are also shown as the dashed 
curves. 
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ized at one point (kll =40 eV) to gas phase photoemission 
results' to give the absolute cross section, since we 
were only able to measure the relative incoming photon 
intensity but not absolute photon numbers and the analyzer 
efficiency was also only known on a relative basis. Our 
measured values agree very well with gas phase data 7 

as indicated by the dashed lines. Over the photon energy 
range shown the cross section drops approximately by a 
factor of 20, for this reason we have shown normalized 
spectra in Figs. 1 and 2. The agreement between the 
two data sets also confirms that the analyzer corrections 
are done properly and no unwanted source size effects 
are present. The deviation around 70 eV photon energy 
might be due to solid state effects superimposed on the 
molecular photoabsorption cross section since we are 
comparing the spectra of solid CO to gas phase data. 
However, an error in the photon flux measurement can
not be excluded. The branching ratio for the outer 
valence emissions is almost constant over the entire 
energy range. More accurately it changes between 
40 and 140 eV from 17%-18% for the 50', 50%-55% for 
the b, and 33%-27% for the 40'. Similar values have 
been reported for 40 eV,6 and Y M~ (132 eV) gas phase 
spectra. 6 

Plotting the total cross section for Nz photoemission 
in a similar fashion as done for CO in Fig. 3 we find 
not quite so good an agreement between our results and 
the optical absorption data of Cole and Dexter. 9 Our 
measured values show a drop in cross section between 
50 and 120 eV by a factor of 12, whereas the optical 
cross section only drops by a factor of 8 over the same 
range. 

Figures 4 and 5 now show the intensity of the satellite 
peaks as labeled in Figs. 1 and 2 measured, relative to 
the intensity of the total outer valence emission. Thus 
we eliminate all errors due to the photon flux measure-
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FIG. 4. CO satellite cross sections determined relative to the 
outer valence emission by integration over areas A through E 
as shown in Fig. 1 after background subtraction. Typical errors 
are indicated based on the uncertainty in background subtraction 
and counting statistics. 
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FIG. 5. N2 satellite cross sections measured relative to the 
outer valence level emission. The integration is carried out for 
regions A through D after background subtraction as shown in 
Fig. 2. Typical errors based on the uncertainty in background 
subtraction and counting statistics are indicated. 

ments. Also the satellite peaks seem to fall into either 
one of two categories as seen in Figs. 4 and 5. The low
er lying satellites A, B, and C for CO (A for Nz) which 
are shakeup peaks of the outer valence electrons drop 
in intensity relative to the single hole states, whereas 
the remaining satellite structure, which presumably 
is derived from the 30' ionization, shows a constant 
slightly rising relative cross section. This behavior is 
already obvious from an inspection of the raw data in 
Figs. 1 and 2 and not subject to any background sub
traction or other data handling procedures. This em
pirical claSSification is especially helpful since state of 
the art calculations produce many more lines or different 
states than experimentally resolved peaks. Moreover 
even a convolution of the calculated spectra in general 
does not agree with experiment in both energetic position 
of the main lines and relative intensity. 

Some of these satellite intensities have been measured 
previously by photoemission up to 40 eV excitation ener
gy6 and bye, 2e coincidence technique up to 50 eV exci
tation energy .10 Also very recently some data were ob
tained at higher energies for Nz ($ 65 eV) and CO ($ 100 
eV) in the gas phase.' However, none of these authors 
noted the specifically different behavior between the 
cross sections of the outer valence satellites. 

DISCUSSION 

Before we discuss the experimental results in detail, 
let us start with some qualitative theoretical considera
tions concerning satellite intensities and energies in 
diatomic molecules. 

As mentioned in the Introduction the photoemission 
intensity into a final state with energy ( is approximated 
by a Golden Rule formula 

N 

I«()-I~ <lPf(N-1,()!PJ!tPo(N)12, (1) 
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where cJ>o(N) is the wave function of the neutral molecule 
in its ground state coupled by the dipole op~rator P J to 
I/!,. the wave function of the ion having (N -1) bound elec
trons and one in the continuum. Usually the time evolu
tion of the wave functions during the photoabsorption 
process and the interaction with the outgoing photoelec
tron are neglected and one arrives at the following inten
sity equation in the sudden dipole approximation if one 
considers ionization out of a particular initial orbital i: 

+ L (Eli)(I/1-1
1 L pJIcJ>f1)12, (2) 

f J#i 

where E, i denote the one electron final and initial state, 
PJ the dipole operator, 1/1-1 the eigenstate of the ion, and 
cJ>f1 that part of the neutral N-electron wave function 
describing all N -1 electrons of the molecule except the 
one to be ionized. In the first term the dipole operator 
connects the two one particle states involved in the di
rect ionization, so that the relative intensities for dif
ferent ionic final states are governed by the multiplica
tive overlap integral. Consequently, for symmetry 
reasons in the first sum the two N-l particle wave func
tions must both have the same molecular symmetry and 
the ionized electron follows a dipole selection rule. 
This type of shakeup process is called "normal" 
shakeup. If normal shakeups are forbidden by symmetry 
the second term in Eq. (2) may still lead to a nonvanish
ing intensity. In this term the dipole operator connects 
the two N-l particle wave functions, which couple as in 
a normal dipole transition for a nonvanishing matrix ele
ment. The shakeup satellites generated by the second 
term in Eq. (2) are called "conjugate" satellites. 

Usually the conjugate satellites are not included into 
calculations. Martin and Shirleyll however pointed out 
that these contributions might be very important, es
pecially at low photon energies. At high photon energies 
the first term in Eq. (2) dominates. Assuming a plane 
wave final state one gets a rough estimate of the excita
tion energy dependence of both terms in Eq. (2). Then 
the dipole operator single particle matrix element 
(E I Pi Ii) can be replaced by like (E Ii> since plane waves 
are eigenfunctions to the momentum operator. This re
sults in 

Ii,e ex! ~ like (E I i)(cJ>r1 I cJ>f-1) 

+ L (E Ii) (cJ>r 11 L PJ I cJ>N-1)!2. 
, J#i 

(3) 

For suffiCiently high kinetic energy of the photoelectron, 
i.e., large k., the first term of Eq. (3) tends to domi
nate because of the multiplicative factor 11k.. Moreover, 
it has been shown that the second term does not con
tribute for large k., 11 so that we are left with the normal 
shakeups only as in Aberg's cross section formula in 
this limit.12 

We are well aware of the deficiencies of the plane 
wave final state assumption especially in the energy 
range of the spectra we present here. Nevertheless, 
the important question remains whether conjugate shake-

ups contribute at low energies. This can be positively 
answered by referring to the work of Agren and co
workers,27 who have aSSigned a transition in the soft 
x-ray emission spectrum of N2, which is directly equiv
alent to a conjugate shakeup process in photoemission. 

Of course our discussion has to also include the 
shakeup energies. However, state of the art inner 
valence shakeup calculationsz3 - z7 at present are still 
so much in disagreement with respect to energetics, that 
an assignment based solely upon these calculations 
seems somewhat arbitrary. On the other hand the spec
trum of the low energy satellites correlated with core 
ionization (Nls, Cis, or 01s) seems to be largely under
stood. 1,3,13-17 Therefore we will try to transfer this 
interpretation to the valence region, assuming that the 
gross features of the ionic excitation spectrum do not 
radically change upon substitution of a valence hole for 
a core hole. 15 

We know that the low lying core hole satellites at 
9.3 eV (8 eV) and 16 eV (15 eV) in Nz(CO) are basically 
due to the two possible doublet states resulting from the 
singlet and triplet coupled hu - hl(h - 21T) excitation. 
The quartet two-hole, one-particle state (all three 
spins parallel) cannot be excited by optical excitation 
since it requires a spin flip. Analogous to the core 
satellite spectrum we expect the valence satellite spec
trum to be dominated by the doublets given by the follow
ing single particle configurations: 30';1l7T~1l7T! and 
20';1l7T~1l7T! for N2 and 50'-lh-121T1 and 40'-1l7T-121T1 for 
CO. The energies will be similar but not equal to the 
core satellites. Roughly we expect the satellites to be 
7 and 14 eV above the corresponding single hole state 
(30'?, 20'~1 and 50'-1, 40'-1). Additionally we want to note 
here that the h; h! state of N2 corresponds to a con
jugate shakeup process the direct equivalent of which 
was found in soft x-ray emission. 27 

Also, the Coulomb interaction mixes all states of the 
same total symmetry such that a classification in single 
particle terms as done above is not exact. 23-27 This 
mixing makes it possible for all three 0' single hole 
states in CO (30'-1, 40'-1, 50'-1) to couple to the same two 
hole state. The strength of the coupling depends on a 
coupling matrix element and the energetic separation of 
the states. The mixing of the states also gives rise to 
interference effects in the satellite intensity as experi
mentally observed for acetylene. 35 For Nz, because of 
the additional inversion symmetry, only the 30';1 and 
20';1 single hole states couple to the same tWO-hole, one
particle states. On the other hand the excited state 
spectrum of the 20'~1 primary hole state should be pure. 

Apart from the 11Tu - hi (h- 21T) shakeup discussed 
above, the higher excited ion states known from core 
ionization will lead to a manifold of states in the range 
from 15 to 30 eV below the 20'~1(40'-1) hole state when 
transferred to the valence region. This is exactly the 
energy range where the 20';1(30'-1) primary hole state 
energy is supposed to be. Therefore these excited ion 
states couple to the 20'1(30') primary hole state, if allowed 
by symmetry, even though the shakeup configuration only 
contains outer valence holes. This intensity borrowing17 

will, as indicated above, depend on the coupling matrix 
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element and the energy separation between the primary 
hole state and the excited configuration. Consequently 
the 20';I(3a1) state, being situated energetically within a 
whole manifold of excited ion states, distributes its in
tensity over several lines with decreasing weight for 
larger energy separation from the single particle ioniza
tion energy. Due to the complexity of the excited ion 
eigenvalue spectrum these states cannot be definitely as
signed without a very accurate configuration interaction 
calculation. Apart from these higher excited states, we 
also expect the h.-h,. (h-21T) satellite to couple to 
the 20';1(30'-1) single particle state. The strongest inter
action should be found for the singlet 20'~1 llT~1 llT~ 
(40'-1llT -I 21TI) configuration. The other satellites are 
energetically farther separated from the 20',.(30) hole by 
at least 3.2 eV (5.7 eV) for N2(CO). For the same rea
son we expect that in N2 the 20',. interaction with these 
excited states is larger than in CO(30'). On the other 
hand, the farther these excited states are separated 
from the 20',.(30') primary hole, the closer they are to the 
30',.(40') single particle ionization energy. This leads to 
the conclusion that the cross section of these satellites 
should be mainly determined by those two single parti
cle states. Using this rather simple minded picture, we 
conclude, without having done any calculation, that the 
low binding energy satellites, including mainly the trip
let coupled 1T - 1T* excitations, should show a different 
cross-section behavior than the higher energy satellites 
close to the 20',.(30') primary hole state. 

In summary we propose the following: 

(1) We expect "normal" and "conjugate" shakeup satel
lites to behave different as a function of photon energy. 

(2) We expect four "normal" excited ion configurations 
to dominate the low energy spectrum of the satellites 
whereby the higher energy states show a cross-section 
behavior in line with the 20',.(30') hole state and the low 
energy region is dominated by the parenthood of the outer 
3cT,., 20'. (50',40') valence levels. 

In the following we want to discuss the satellite spec
tra in detail comparing them also to previous experimen
tal resultsl.6-10.IS-22 and more detailed calculations taken 
from the literature. 23-32 We start with N2. 

First of all, we have chosen the photon energy range 
such that we largely eliminate effects of final state shape 
resonances in our spectra. Gas phase N2 (CO) has a 
shape resonance of 0'11(0') symmetry about 15 eV (12 eV) 
above the vacuum level as found from the excitation 
cross section of the 30",.(50",40") orbital(s). Higher binding 
energy orbitals, like the 20',.(30"), should be able to cou
ple to the same final state resonance at an appropriately 
larger photon energy. This is demonstrated for the case 
of N2 in Fig. 6, where we have plotted the relative in
tensity at 36 eV binding energy, peak D, which sup
posedly derives most of its intensity from the 20",. single 
particle state. Clearly the cross section shows a maxi
mum at 52.5 eV photon energy, locating the final state 
resonance about 16.5 eV above the vacuum level of solid 
N2. This is an excellent agreement with the gas phase 
outer valence results because we have to take into ac
count a 1. 5 eV shift of the apparent binding energy in 
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FIG. 6. Intensity of the N2 photoemission signal at 36 eV bind
ing energy measured relative to the 17T. emission as a function 
of photon energy showing the coupling to the Uu final state shape 
resonance. 

solid N2 due to extra molecular screening. 32 This only 
affects the position of the final state resonance with re
spect to the vacuum level but not the photon energy at 
which the resonance is observed, because the transi
tion energy between the two states should not change 
compared to gas phase results at least in first-order 
approximation as confirmed by our data. We note here 
that the peak in Fig. 6 seems to be considerably narrow
er than data published earlier. 7 We attribute this dis
crepancy to the fact that we have plotted the intensity at 
one particular binding energy (36 eV), disregarding 
changes in the shape of the spectrum as the final state 
resonance "moves through," whereas the earlier work 
shows the integrated cross section over a 10 eV wide 
range. 

It is also remarkable that this peak D, even though it is 
clearly of a different nature than a single particle photo
emission peak, in its intensity is determined by the final 
state kinetic energy of the photoelectron rather than by 
the excitation energy. Apart from the observation of the 
0". resonance associated with the 20",. emission and the 
corresponding 0' shape resonance in the 30" emission of 
CO we assume our spectra to be basically free of final 
state effects. In particular there are no other final 
state resonances known in the chosen energy range. 
Also, as mentioned above, the fact that we do the exper
iments on SOlids, not on gases is not considered an ob
vious drawback. We observe extramolecular screening, 
which results in a lowering of the ionization potential by 
about 1. 5 eV compared to the isolated molecule; but, as 
said before, the transition energies between various 
molecular states should not be affected by this screening 
mechanism. Or, in other words, to first order, the 
extramolecular screening shifts all orbital energies by 
the same amount. The effects of the symmetry reduc
tion in the SOlid, which might break the inversion sym
metry of the N2 molecule and therefore allow interac-
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FIG. 7. Comparison between gas phase photoelectron spectra 
(Ref. 1) and our results. All spectra are alligned at the 417 
ionization potential. The spectroscopic final state symmetry 
assignment is shown according to Refs. 18 and 19. For the as
signment of the shakeup configurations see the discussion in 
the text. 

tions forbidden in the gas phase, will be discussed later. 
Finally, characteristic electron energy loss features, 
which show up as pressure dependent peaks in gas phase 
spectroscopy,l do not seem to have a large contribution 
to the features in our spectra. The largest loss peak is 
observed at 12.9 eV (11. 4 eV) for Nz (COL 33 This would 
result in additional peaks in our spectra, for example at 
23.5 eV for CO which clearly are not observed for any 
photon energy. 

Let us now turn to a detailed comparison of our data 
with theoryz4-32 (see also Fig. 7). According to core 
level experiments, calculations and our qualitative 
discussion above peak A in the Nz spectrum, which is 
also designated as the C state of Nz clearly corresponds 
to the triplet coupled excited ionic state 30';117r~117r; at a 
calculated energy difference at 9.7-10.4 eV compared 
to the ground state of the ion. This is clearly the first 
excited ionic state. The next configuration is about 4 eV 
higher in energy _ Therefore the assignment of peak A 

seems straightforward. Nevertheless it is very remark
able that the relative intensity of this shakeup peak does 
not scale with any valence level excitation. In its rela
tive intensity the peak approaches a minimum at about 100 
eV excitation energy and is rather strong again at x-ray 
energies. 1,8 As discussed in detail above, the fact that 
the intensity declines measured relative to the outer 
valence emission is independent of our evaluation of the 
absolute cross section. It also is obvious from an in
spection of the normalized curves in Fig. 2. 

At first glance there is no obvious explanation for this 
behavior. We are too high in excitation energy to attri
bute the observed effect to a deviation from the sudden 
approximation regime. In general, post colliSion inter
action or the transition into the adiabatic regime should 
occur very close to threshold. Also shakeup peaks would 
disappear for a strictly adiabatic ionization process be
cause the ion would have time to relax into its ground 
state. This all would explain a rise of shakeup intenSity, 
but not the decline we observe over the first 100 eV. 

Another explanation would be the presence of interfer
ence effects due to the contribution of several configura
tions to the same time. Experimentally this has been ob
served for acetylene. 35 In the case of Nz however the in
version symmetry creates a problem because the estate 
of Nz has 2~~ symmetry. This leaves one possible shake
up channel open. Only the 2(1~1 single hole state can cou
ple to the 30';11rr~1 1rr; configuration. This makes the drop 
in cross section even more surprising since the 20"~1 
single particle cross section increases relative to the 
total outer valence emiSSion. No other ionization chan
nel can contribute to this peak unless the symmetry of 
the molecule is broken by forming solid N2 • This would 
allow the 30";1 and 20";1 single particle states to couple 
to the same excited state configuration 30";1lrr~11rr;. 
However, comparing the few has phase spectra available 
to us, we find the same cross-section behavior for this 
state. Therefore, the lower symmetry of the solid prob
ably is not the dominant factor. 

It is interesting to note that Agren and co-workers27 
calculate a 2rr, state with a single particle configuration 
1rr~21rr; only 0.2 eV higher than the C 2~:(30";11rr~11rr;) 
state. This 2rr I: state turns out to be essential for the 
interpretation of the Nz 1s soft x-ray emission spectrum. 
Usually it is not included into any calculations because 
it corresponds to a conjugate shakeup process. Clearly, 
the presence of this conjugate shake up channel could 
explain the drop in cross section of peak A in our spectra. 

Turning now to the higher satellite lines B, C, and D 
(Figs. 2, 5, and 7) we note that peak B has a slightly 
different cross section behavior than peaks C and D 
which seem to have about the same intensity ratio. Cal
culations19

-28 tell us that in this energy range the states 
borrow most of their intensity out of the 20";1 Single 
particle state. Only the leading peak B has substantial 
30';1 character. The ionic state of peak B has the domi
nant configuration triplet 20";11rr~11rr;. The energy of this 
configuration is about 14 eV above the ionic ground state24 

in very good agreement with our experiment and gas 
phase data. 7 The next higher ionic configurations are 
calculated between 18 and 23 eV with about five strong 
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and several more weak lines. 26 The strongest lines in 
this multiplet are at 19.7 and 21. 5 eV above the ionic 
ground state24 borrowing their intensity out of the 20',. 
level. The center of peak D is at 22 eV in reasonable 
agreement with theory. 

As indicated in Fig. 7, peak C also coincides with the 
singlet coupled 30';117r~117r~ configuration which couples 
only to 20':1 but not to 20';1. In general the cross section 
shown in Fig. 5 indicates coupling to the 20',. or 20'y ion
ization channel for the peaks B, C, and D, since relative 
to the outer valence ionizations the 20'y and 20',. single 
particle cross section is expected to increase in the 
photon energy range of our spectra. Especiany the ratio 
between the 20',. and the sum of the outer valence cross 
sections (30',., 17ry, 20'y) peaks at about a photon energy of 
70-80 eV. 7,26 

In principle we should be able to aSSign shakeup peaks 
at higher excitation energies too. Experimentally we do 
find additional structure in our curves, peak E and be
tween peaks D and E. The assignment however is not 
straightforward. The so-called 1T -1T* shakeup in connec
tion with a 20',. hole, 20';117r:1b~, does only couple to the 
20'y single particle state, but the energy difference is 
very large and therefore the coupling extremely weak. 
Otherwise we have to involve either symmetry breaking 
or a conjugate shakeup excitation leading to intensity of 
this ionic state. 

Usually higher excited state configurations are also 
aSSigned to the structures in this energy range, but these 
states are so closely spaced in energy that a unique as
signment becomes impossible. Therefore in Fig. 7, we 
only indicate the assignment of the singlet and triplet 
coupled 1T -1T* shakeup configurations. 

Having laid the ground by interpreting the N2 spectra, 
we now turn to CO. This molecule does not have the in
version symmetry about its center like N2 and therefore 
the multitude of shakeup configurations is even larger. 
Intensity borrowing occurs between all three orbitals 
(30", 40', 50") leaving almost no peak in the shake up spec
trum with a unique single particle assignment. 

The first two excited states are calculated about 10 and 
17 eV above the ionic ground state. 23~2 This agrees 
approximately with peaks A and C in our spectra. Both 
excited state configurations correspond to holes in both 
the 50' and 17r shell and one electron promoted into 21T. 
The spin configuration of the electrons in the 1T orbitals, 
causes an energy difference of about 7 eV depending on 
whether both electrons are in a singlet or triplet con
figuration. 3 Of course in either case the 1T electrons 
couple to the 0" hole to form a doublet state. The triplet 
state is lower in energy and should also have a lower in
tensity3 in agreement with our results. 

From gas phase experiments we know that there are 
four ionic states between 20 and 30 eV binding energy. 
They have been identified by Codling and Potts22 and 
Asbrink et al. 18 by recording their vibrational progres
sions. The results of these gas phase experiments are 
indicated in Fig. 7. The lowest energy state at 22.3 eV 
has been identified18 to be of 21T symmetry. The excited 
state configuration is 50'-150"-1 21Tl. Calculations that have 

this state included26 find negligible coupling to the b-1 

single hole state. On the other hand, this same final 
state configuration would, in a conjugate shakeup pro
cess, couple to the 0' single hole states. Since the inten
sity of peak A drops very rapidly with photon energy, 
we prefer to interpret this 21T state to originate from a 
conjugate shake up process. There is a second ionic 
state of 2~ symmetry contributing to peak A. This state 
is, analogous to N2, the triplet coupled 50'-1 b-1 21Tl state 
deriving its intensity from mostly the 50'-1 and 40'-1 sin
gle particle state. Of course the 30'-1 single particle 
states contribute too, but with weaker intensity. At x
ray excitation energies only the 2~ component of peak A 
shows up in the spectra as can be seen from the compari
son in Fig. 7. Above, by comparison to the core ion
izations, we deduced that the triplet coupled state is 
closer in energy to the 40'-1 in CO than the corresponding 
state of N2 relative to the 20'y. This can be accounted 
for by the lower binding energy of the 50' in CO and the 
lower triplet excitation energy. 

The assignment of the peaks at higher energy is now 
straightforward. They are in sequence to be assigned 
as the triplet coupled 40"-117r-121T1 excitation (peak B), the 
triplet coupled 50'-1 b-121T1 excitation (peak C), and the 
singlet coupled 40"-117r-1 21T1 excitation (peak D). For peak 
D the assignment is not as clear cut as for the peak at 
lower binding energy. All calculations predict a multi
tude of ten or more lines in the energy region from 
19.5-33 eV above the 40' hole. All these states couple 
rather strongly to the 30" single hole state even though 
they are highly excited configurations of outer valence 
holes. There is some consensus in all calculations about 
the presence of a 50"-26a1 configuration as indicated in 
Fig. 7. Nevertheless, because there are quite a few 
closely spaced states, the assignment cannot be made 
at present in a unique way. In view of this fact the 
strong intensity variation of this part of the spectra, as 
shown in Fig. 7, is not too surprising. Obviously as 
we go to x-ray excitation, peak E, which is closest to 
the 30' quasiparticle energy becomes stronger and it 
seems as if the x-ray spectrum has more single hole 
character. So far there are no calculations available 
that could follow up on the rather dramatic intensity 
redistributions in the 30' region (peaks D and E). A 
theoretical effort in this direction would be highly de
sirable. 

As expected from our theoretical discussion above, 
the low energy satellites (peaks A, B, and C) approxi
mately follow in cross section the outer valence single 
hole states. The general decrease of peaks Band C 
could partially be explained by the relative decrease of 
the 40'-1 single hole cross section or by interference. 
On the other hand, peaks D, E, and F follow exactly 
the 30'-1 single hole cross section which, relative to the 
sum of 50'-\ h-\ and 40"-1, is expected to peak between 
70-90 eV. 

CONCLUSIONS 

We have demonstrated for the case of CO and N2 that 
the cross section of satellite peaks if plotted vs excita
tion energy allows us to identify the main character of a 
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line. We clearly recognize whether a satellite has most
ly outer valence level (4a-1 as 5a- 1

) single particle char
acter or derives its intensity from the 3a core level 
excitation. Using a rather qualitative picture about the 
excited ionic states we can nevertheless make a very 
detailed assignment of the shakeup configurations. We 
also find that the lowest energy satellite, which in gen
eral is interpreted as a normal shakeup, is energetically 
degenerate with a satellite resulting from a conjugate 
shakeup process. Therefore, measuring the satellite 
cross section vs photon energy might turn out to be a 
very powerful technique in the future when we are deal
ing with more complex molecules. 
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