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Abstract

Autoionization spectra following core-to-bound excitation of benzene phy-
sisorbed on Cu(110) are presented. The inner valence region of the mono-
cationic ion states, where the single particle picture is known to break
down, dominates the spectrum. While autoionization and photoionization
probe the same ion states transition intensities are different due to different
selection rules. Especially the comparison between inner and outer valence
region allows the identification of rather pronounced discrepancies. Core-
to-continuum excitation leaves the molecule in a core ionized state which
decays radiationless into outer valence double ionized states (Auger
spectrum). Our interpretation is based on ab initio Green’s function calcu-
lations for the inner and outer valence region followed by explicit calcu-
lations of the radiationless autoionization rates. In order to compare the
transition rates for autoionization and Auger decay we have furthermore
calculated the core—valence-valence Auger spectrum of benzene after C 1s
excitation by the particle—particle Green's function method with sub-
sequent calculation of the radiationless Auger rates. The simulated spectra
after resonant and continuum excitation basically explain the experimental
findings. The results show the usefulness of combining experimental and
theoretical methods to study the radiationless decay even for large mol-
ecules.

1. Introduction

Photoelectron spectroscopy has become a valuable experi-
mental tool in the study of the electronic structure of
gaseous and solid molecules over the last decade. However,
in the inner valence region the single particle picture is
known to break down. That means instead of observing one
single ion state a large amount of shake-up states is popu-
lated. In the gas phase a rich satellite structure is observ-
able. The intensities due to second order effects are rather
small and in solids and on surfaces they are hardly detect-
able due to the fact that secondary electron emission
swamps the relatively low intensities. Within the last years a
different approach has been used to study the inner valence
region of molecules [1]: Dipol allowed core excitation into

highly excited neutral states and subsequent autoionization
into valence ionized states. Whereas the photoionization
cross section is governed by the dipol operator the radi-
ationless autoionization decay is governed by the coulomb
operator. In a total energy diagram it can be seen that both
spectroscopical methods basically populate the same final
ion states [2]. Due to the 1/r dependence of the coulomb
operator autoionization spectroscopy is a much more local
probe of the electronic environment of the initially gener-
ated core hole as compared to photoionization. In the case
of autoionization the transition matrix elements for the
decay into single hole (1h) and two hole one particle (2h1p)
states can present the same order of magnitude. This results
in a high sensitivity for shake up states after core to bound
excitation. The more traditional way of core excitation is
the core to continuum excitation where the core excitated
(N-1) electron state decays radiationless into double ionized
final states. The Auger decay has been subject of a rather
huge amount of experimental and theoretical work. A recent
review was given by Agren [3]. Using Synchrotron radi-
ation it is possible to tune the photon energy into the
various absorption states of the molecules. In Fig, 1 the dif-
ferent initial and final states for the three spectroscopical
methods - photoionization, autoionization and Auger decay
— are shown in a simple molecular orbital diagram. Whereas
the photon induced transitions are governed by the dipole
operator the radiationless decays after core to continuum
and resonant excitation are governed by the coulomb oper-
ator. A better understanding of the observed processes
deserves a calculation. Such calculations have already been
applied to smaller molecules like CO [4], CO, [5], Ni-CO
[6] and N,O [7].

Benzene has been the subject of rather numerous spectro-
scopical and theoretical investigations ([8-12] and refer-
ences therein).
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Fig. 1. Schematic representation of the numerous initial and final states in
a simple molecular orbital diagram. For a discussion see text

In the present study we extend experimental and theoreti-
cal investigations to benzene as a prototype for large aro-
matic molecules. Isoelectronic molecules have recently been
studied [13]. Additional insight into autoionization pro-
cesses is gained by studying molecules of different sym-
metries [14].

2. Experimental details

The experiments have been performed at the Berlin storage
ring for synchrotron radiation (BESSY) using the HE-
TGM 2 monochromator [15]. The monochromator
resolution at the C 1s ionization edge of condensed benzene
was adjusted to 0.9V. The photon energy of the mono-
chromator was calibrated using the first n* excitation of the
condensed benzene as an energy reference of 285.5¢V [16,
17]. The near edge X-ray absorption fine structure
(NEXAFS) at the C 1s edge (not shown) was recorded using
a partial yield detector. This detector is described in Ref.
[17]. The Cu(110) crystal surface was cleaned by repeated
Ar ion sputtering and annealing cycles. Benzene was intro-
duced via a leak valve. During exposure and measurement
the crystal was held at 120K. The thickness of the con-
densed film was estimated to correspond to 2—-4 monolayers
by controlling the total pressure during preparation. The
emitted Auger- and photoelectrons were analyzed using a
hemispherical energy analyzer with +1° angular acceptance
and a position sensitive parallel detector (VSW). The mea-
suring system is described in more detail elsewhere [18].
During the photoemission measurements the copper crystal
surface was tilted 50° relative to the direction of the incident
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monochromatic synchrotron radiation. The electrons were
collected normal to the sample surface.

3. Theoretical and computational considerations

The decay of a core hole excited state can proceed by

autoionization or Auger processes. Exciting the system with

a photon into a neutral state this state may decay radi-

ationlessly via autoionization into the lower ion states of the

system. Core to continuum excitation of the system by a

photon yields a core ionized state which can decay radi-

ationlessly via Auger decay into double ionized states.

Within the ab initio Green’s function formalism we calculate

the autoionization as well as the Auger spectrum of benzene.

The calculation of the autoionization and Auger spectrum is

a three step procedure:

e Calculation of the photoelectron spectrum within the
limit of sudden approximation.

e The resulting configuration interaction representation of
the final ion state is used to calculate the autoionization
spectrum after core to bound excitation.

e The results of the one-particle Green’s function calcu-
lation is furthermore used to simulate the Auger spec-
trum.

It appears thus natural to divide the discussion of the simu-

lation of the spectra into three sections.

3.1. Calculation of the photoelectron spectrum

Within the limit of sudden approximation the intensities
measured in a photoelectron spectrum are governed by the
following matrix elements:

Toc|<¥, (A4 pl¥) P

2
~ ; (@sld - plod{¥inla ¥ ®
where ¥, and ¥, are initial and final states, respectively,
Wi, represents the nth final eigenstate of the ion. The ¢,
and ¢, stand for the bound and continuum one-electron
eigenstates, and g, is the annihilitation operator of the kth
electron. A and p are the vector potential of the photon field
and the momentum operator, respectively. In the so-called
sudden approximation for the final state |¥2.) it is
assumed that the removal of the photoelectron from the
remaining N-1 electrons occurs fast, resulting in only negli-
gible interaction between the two systems during ejection.
Ionization energies and intensities are calculated in the
present work via an ab initio Green’s function method. The
simulations of the spectra are based on ab initio self-
consistent-field (SCF) calculations using an extended Gauss-
ian basis set including polarization functions. The basis set
consist of Gaussian functions: 9s/5p/1d on each carbon
atom and four s-type functions and one p function on each
H atom. This produces a total of 126 basis functions. The
total SCF energy obtained with this basis set is E,, =
—230.6684 a.u. which is slightly lower than the best E,,
obtained for recent calculations: —230.5809a.u. [10, 12].
However, E,, is still slightly higher than the reported one by
Ermler and Kern [39] of —230.7494a.u. The SCF calcu-
lation has been performed with the vectorized Gaussian
integral program MOLECULE of J. Almlof [41]. In the
one-particle Green’s function calculation the third order
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algebraic diagrammatic construction formalism ADC(3)
[43] has been used to describe the valence ion states of
benzene up to 30eV binding energy within the limit of
sudden approximation. For the expansion of the ionic-state
wave functions, all single hole (h), single-particle (p), 2hlp
and 2plh configurations which arise in the given basis set
are used. The orbitals have been slightly truncated in the
third order calculation. A total number of 57 virtual orbitals
have been taken into account and the core orbitals are
neglected. The multiroot Davidson procedure [42, 44] is
used to extract 50-80 solutions for each symmetry, where
the dimension of the matrices is about 8700.

3.2. Calculation of the autoionization spectrum

We have used the ion state configuration interaction (CI)
eigenvectors to calculate the transition probabilities for
autoionization from the neutral highly excited state (a) to
the valence ionized states (b) within the framework of
Wentzel's ansatz [40]

Inb oC Z l <'.P?on e(’m) | FI | lI":Aeulml> |2 (2)
ILm

Wi ot TEPIEsents the initial autoionizing state of the mol-

ecule, ¥ _ is the final ion state, A and e”™ are the Hamilto-

nian and the leaving electron, respectively. The initial state

wave function is approximated by

l T::utr:l) = I ¢C ls-tlez..> (3)

i.e. a single determinant representation was chosen for the
core to bound excited neutral state. The narrow © resonance
in the near-edge-X-ray-absorption fine structure (NEXAFS)
allows this conclusion to be drawn. For the final state wave-
function a configuration interaction wavefunction has to be
used

l \P?on eUM)> ~ l 2 Z cnb | ¢y>¢lm (4)
u

where A represents the antisymmetrizer, ¥, are spherical
waves centered at the core-hole site characterized by a set of
angular momentum quantum numbers (I, m), describing the
emitted electron. The ion state Cl-eigenvectors have been
taken from the calculation described above. Within this
approximations the intensity is given as

Inb = 12 Z C:b cvb(’;(ﬁy !lllm l FI I ¢l><¢l I ﬁ l ‘Z(bv d’lm) (5)
+m g, v

using the abbreviation

M =<($,|H| A, Y1) ©

Equation (5) reduces to

Iy = Z Z b Cup Mim*Mim M

IL,mpu, v

One has to differentiate four different types of valence
ionized doublet final states under the assumption that the
ground state of the molecule is a 'Z state. Without going
into details for single hole states one obtains

Mm = 2Vla\blez..i - Vlswilez.. (8)
with the abbreviation
1
Favins = { 602 | 61c002)) o)
12

For 2hlp-configurations one has to calculate the following

matrix elements M'™,
e 2hp (singlet — coupled doublet): (i{j)

1
M'm = ﬁ Misyij + Vies) (10)
e 2hp (triplet — coupled doublet): (i{j)
3
M = % Viewis = Viowid) {8)
e 2hp both hoies in the same spatial orbital: (i = j)
M = Vlsuu'i (12)

The molecular orbitals ¢, are written as a linear com-
bination of atomic orbitals (LCAO).

Gr=). cty, withk=i,j (13)

tions for this species). The factor F, xi, 1j €quals —1ifkand!
belong to the set of occupied orbitals, +1 if k and I belong
to the set of virtual orbitals, and zero otherwise.
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The transition rate W& ™ to a final state ¥§ ™ is esti-
mated as

WD =d®D Y 5 M ) ME W 0 (~ 95 )
Lom iji'j .

(16)

where d® = 1, d™ = 3 and M$;" is the matrix element of
the electronic Hamiltonian between Hartree-Fock states
where the initial state has a core hole and the final state has
holes in orbitals ¢;, ¢; and an additional electron in a con-
tinuum orbital which is approximated by a spherical wave
function ¢,,, centered at the primary ionization site. The
Auger matrix elements [3] are evaluated in the one-centre
model [35] employing the radial integrals of McGuire [34]
again. The expansion coefficients used for the evaluation of
the transition rates are identical to the one described in the
last section.

4. Results and discussion
4.1. Experimental results

In Fig. 2a comparison is shown between the C-KVV
Auger spectrum of gaseous benzene recorded by Siegbahn et
al. [19] and the C-KVV Auger spectrum of a condensed
film of benzene molecules on a Cu(110) substrate. By Lang-
muir readings the film thickness of the disordered con-
densed molecular film is estimated to about 3 monolayers.
Both spectra are referred to the kinetic energy scale. The
reported Auger spectrum [20] of condensed benzene is
equivalent to the one reported here. In the gas phase spec-
trum the first prominent Auger feature is found at 264.3¢V
kinetic energy. The next structure at 262.2eV is followed by
the broad, intense main Auger feature of the benzene spec-
trum. The first two peaks and the onset of the main Auger
contribution can be identified in the spectrum of the con-
densed phase although the structures are drastically
broadened. This broadening is due to the decreased lifetime
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Fig. 2. Comparison between the C-KVV Auger spectrum of gaseous

benzene recorded by Siegbahn et al. [19] and the C-KV V spectrum of a
condensed film of benzene molecules on a Cu(110) substrate
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of the doubly ionized final states in the condensed phase. As
indicated by the marks in Fig. 2 the structures in the spec-
trum of the condensed film are shifted by 2.4eV to higher
kinetic energy. This relaxation shift is due to extramolecular
screening of the double ionized final state in the solid phase
[201. The C 1s near edge X-ray absorption yield of benzene
can be found in the literature for gaseous benzene [21, 22]
and for benzene adsorbed on various surfaces [ 16, 17, 23].
Studying the near edge structure by electron energy loss
(EELS) a picture of the density of unoccupied molecular
states in the presence of a core hole can be obtained. A
recent assignment of structures in the yield spectrum of
benzene has been given by Schwarz et al. [24]. The result
can be transferred to the interpretation of X-ray absorption
spectra, but differing from EELS measurements optical
selection rules have to be applied in the interpretation of
NEXAFS spectra [13, 25]. For condensed benzene an
energy of 285.5eV has been reported for the first n* excita-
tion [16]. A second resonance is found 3.7eV above the first
n* excitation. From the calculations of Schwarz et al. [24]
additional shake up configurations are expected at 3.7eV
above the first 7* resonance. For the benzene films studied
here on a Cu(110) surface we have confirmed the same near
edge structure as reported earlier for benzene on Ag(111)
[17]. With these NEXAFS spectra we have calibrated the
monochromator energy at 285.5eV for the first n* reson-
ance of benzene on Cu(110).

Using synchrotron radiation one can tume into the
various absorption states and thereby create different
excited state electronic configurations, all involving a core
hole at a carbon atom.

Figure 3 compares the Auger spectrum to the autoioniza-
tion spectrum following the C Is— le,, excitation popu-
lated by a photon energy of 285.5eV. At this photon energy
intense photoemission from copper d-bands occurs between
275 and 280¢V kinetic energy. These metallic states have no
influence on the discussed molecular Auger transitions.
Molecular states in the region at higher kinetic energy can
better be observed in the difference curves of Fig. 4. At
lower kinetic energies four structures are resolved.

In the deexcitation spectra of Fig. 3 an emission at 274 eV
kinetic energy is partially superimposed by the intense Cu~d
band emissions. Therefore in Fig. 4 two spectra are shown
where the copper emissions have been subtracted using a
photoionization spectrum excited with 280eV photon-
energy, 5eV below resonance. In the difference curve the
peak at 274eV is clearly separated from the lower lying
states. The binding energy Ey = hv — E,;, of the 274eV
emission is only 11.5eV and can thereby not be explained
by a two hole final state configuration. We attribute this
emission to an autoionization participator type process
leading to a one hole final state. On the binding energy scale
such states can be identified by comparison to photoemis-
sion spectra. Photoemission spectra of solid benzene can be
found in the literature [36, 45]. The ionization potentials of
benzene are collected in Table I relative to E,,. using a
work function of the benzene copper system of 4.1eV. The
values in Table I compare well to those determined by Ses-
selmann [27] for benzene on Cu(110) and benzene adsorbed
on Ag(111) [28]. From these values we can identify the peak
at 11.5eV binding energy to result from the la,, lowest
lying 7 orbital of benzene. The intense occurrence of the
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Fig. 3. The Auger spectrum of condensed benzene in comparison to the
autoionization spectrum following resonant C s — le,, excitation popu-
lated by a photon energy of 285.5eV

lowest = orbital in the participator decay of the core hole
has been observed also for the aromatic azabenzenes [13]
and can be explained on the basis of ab initio Green’s func-
tion calculations [14]. This exceptionally strong transition
intensity can not be explained by the density of states in the
vicinity of a carbon atom in the molecular ground state. As
it will be shown the high intensity for the radiationless
decay after core to bound excitation into single hole states
of the form laj,! is basically a result of the matrix elements
by which these processes are governed.
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Fig. 4. Difference spectra of benzene after C ls-to-bound excitation
(bottom) and C 1s-to-continuum excitation (top). For the difference curve
of the C 1s-to-bound excited spectrum a photoionization spectrum taken
with a photon energy of hv = 280.5eV has been subtracted from the raw
data

4.2. Computational results in comparison to the experiment

The discussion of the computational results in comparison
to the experiment is done in two steps: the first step con-
cerns the assignment of the autoionization spectrum in com-
parison to the photoemission spectrum because both
processes populate the same final ion states. The second step
concerns the discussion of the Auger spectrum which popu-
lates double ionized valence states.

Figure 5 shows the results of the ADC(3) computations as
a bar spectrum where degeneration of states has been taken
into account. Only lines with a high single hole (1h) charac-

Table I. Vertical binding energies of benzene in the gas and solid phase in comparison to the Koopman's energy [31] and the

many particle corrected spectrum. All energies are given in eV

experimental theoretical
condensed
this work this work experimental
Orrbital —t Ip P this work
le,, 9.2 9.5 9.16 9.10 9.05 0.89 8.0 79 88 + 05
2e,, 11.5 12.0 13.46 11.95 1207 0.90 11.9 10.5 112405
la,, 12.3 13.62 12.26 12.26 0.76 112 +05
2e,, 140 14.0 15.97 14.46 14.35 0.87 13.1 (12.3) 132 £ 02
1b,, 14.8 152 16.84 14.83 14.95 0.84 140 139+ 03
1b,, 15.5 1743 15.75 15.66 0.84 14.0 147 £ 03
2a,, 169 19.25 1748 17.27 0.80 15.5 160 + 0.2
ley, 19.1 19.0 2230 20.01 19.53 0.36 17.7 177 180 £ 0.2
leg, 22.5 22.7 2742 23.23 0.15 212 218 +£02
la,, 26.0 25.7 31.09 2644 0.13 245 25.1 +03
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Fig. 5. Bar spectrum of the spectral intensity as a function of binding
energy for gaseous benzene calculated by the ADC(3) method. For the plot
degeneration has been taken into account. Only lines with a high single
hole character are labeled

ter have been labelled. It is well accepted in the literature
that the Green’s function calculations show an overall satis-
factory agreement between theory and experiment in case of
photoionization [10, 12]. Whereas the 2e,, and la,, main
lines coincide in the 2ph-TDA calculation [12] in this work
the ordering of the main lines obtained confirms the results
of a previous calculation [10] of the outer valence region.
(Note: throughout this work we have numbered the molecu-
lar orbitals starting with the first valence orbital.) The total
number of states obtained in the ADC(3) calculation is 464
up to 30eV binding energy. About 73% of the states include
a considerable amount of configurations with an excitation
into the le,, molecular orbital (LUMO) or exhibit a high
single hole character. As outlined in the theoretical part
these states have been used in the computation of the
autoionization spectrum. In Figure 6 the bar spectrum of
the autoionization lines is shown as a function of the
binding energy. Intensities of degenerate states have been
added up and only lines with an intensity >0.001 (arb.
units) have been drawn. The comparison of the computed
photoemission (PES) Fig. 5 and autoionization spectrum
Fig. 6 shows rather pronounced discrepancies over the
whole energy range taken into account. States which exhibit
a rather high spectral intensity in case of photoemission
show almost negligible transition rates for the radiationless

% 010 a
g BENZENE
i=}
& AUTOIONIZATION
>
= 005 ] L
g c1s' 122u
=z
000 | l”l I!“' :
0 20 10 0
BINONG ENERGY (eV)

Fig. 6. Bar spectrum of the autoionization lines as a function of binding
energy for gaseous benzene. Only lines with an intensity >0.001 have been
drawn. Intensities of degenerate states have been added up. For a detailed
assignment of the states see Table II and text
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decay. In the outer valence region up to 15eV only one line
clearly separates from the manifold of single hole states. In
Table II we have collected the pole strengths and autoioni-
zation intensities after C 1s — le,, excitation of some states
up to 20.9 eV binding energy along with the symmetry of the
states in D,;, and Dy, . A full list of our results is available
on request. The main configurations describing the states
are given and only states which are important for the
autoionization spectrum have been considered. From this
table one identifies this state as having 24,, symmetry. This
pronounced feature in the spectrum is a result of the matrix
elements by which the process is governed. Table III collects
the intensities calculated assuming that one given configu-
ration describes the state.

The pole strength of the main line of the la,, MO is
rather small for an outer valence orbital [12]. Correlation
effects lead to an intense satellite line of A,, symmetry at
16.78eV (P = 0.16). However, this satellite has negligible
intensity in case of autoionization. The regime of the single
hole states shows rather small intensities besides the 24,,
band. This result is rather surprising due to the reason that
at least five peaks with high single hole character are
expected up to 15¢V binding energy. These are in particular
the MOs le,,, 2e,,, 2¢,, and 1b,, besides the la,, orbital.
The intensity for the radiationless decay into the highest
occupied molecular orbital le,, is small. The differences for
the transition rates of the two n-orbitals (le,; and 1a,,) can
be found in the spatial distribution of the wavefunction and
their overlap with the le,, orbital.

In order to compare the computational results with the
experiment we show the simulated bar spectrum as a Lor-
entzian convolution of the individual states taking a full
width at half maximum (FWHM) of 2eV over the entire
energy range in Fig. 7. It should be mentioned that the
heights of the bars below the curve differ from Fig. 6 due to
the fact that the degenerate contributions have not been
added up before drawing the lines. The experimental
autoionization spectrum of benzene shows five resolved
structures, due to the fact that our calculations are restricted
to ~30eV binding energy we are not able to explain the
peak at high binding energy. This does not imply that this
peak cannot be assigned to autoionization final states but
radiationless decay tramsitions between the core to bound
excited neutral state and double ion outer valence states are
likely to occur [33]. The overall agreement between theory
and experiment is good. The four peaks resolved in the
experimental spectrum up to 30eV binding energy can be
found in the theoretical curve. The maxima of the experi-
mental resolved features correspond to the calculated ones.
Only in the small interval of 13.8-15.0eV binding energy the
calculated transition rates seem to be over estimated. In this
energy region three states of 2E,,, 2E,,, 2B,, have been
calculated. In Fig. 8 the low energy part of the spectrum is
shown in more detail and from inspection one gets the result
that there is intensity in this energy region.

Several reasons might be the source for the minor devi-
ation between the theoretical and experimental spectra in
this energy region. The dominant source can be found in the
fact that we are just considering the electronic part of the
transition rates, neglecting vibronic coupling and lifetime
effects in the initial and final states involved. It has been
shown that benzene shows a complex vibrational structure
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Table II. Calculated ADC(3) ionization potentials (E;p) (in eV), pole strengths (P) and autoionization intensities after
C 1s — le,, excitation of states up to 20.9eV binding energy. Intensities and pole strength of degenerate states have been

added up
State in
D 2h D 6h
oy — o(xy)
P Assignment of the main configurations® a, = o(yz)

9.05 1.775 0.000 les} 2By, + 2B, g,
1207 1.802 0.015 2e;} 24,+2B,, g,
12.26 0.748 0.101 laz}, (leg e ey, ;N 24,
13.81 0.017 0.027 (1e;'=1e2 o (13;'1 1¢‘-.l ley)! 24,4+ 2B,, g,
14.35 1.740 0.025 27}, (2¢;'1 le;'le, H g, + 2B,, g,
1495 0.864 0.025 17t ;0 1B,
15.12 0.000 0.008 (legley,), (leg, ley) ley)? 24,4+ 2B, ’E,,
15.66 0.842 0.009 bt ’B,, B,.
15.92 0.000 0.016 (lej, leg, e, ), (legte,) 24,+ 2B, E,,
16.77 0.008 0.010 (23, leg, ey ) B, + 2B,, E,.
17.27 0.799 0.019 2ap} 24, 24,
17.79 0.003 0.015 (2e3,'1eg, ey)! B,.+ %B,, ’E,,
18.22 0.002 0.013 (2e3,' leg, ey)! 2. +2B,, g,
19.02 0.005 0.052 (laztlep!le,)! 2By, B,
19.03 0.177 0.019 (2er} leg e, ) B, + %4, E,,
19.12 0.251 0.017 (2erller e, )', legt 1By + 24, 2Ey
19.20 0.043 0.056 (laz,'leg le,)! 2B, + 2B,, g,
19.27 0.024 0.003 (2e,' gt e,)? B, + 2B, g,
19.53 0.718 0.013 lez)!, (2e5tler ley,)! 2B, + 24, 2E,,
19.60 0.002 0013 (laz, 2ez e,)! 24, 24,,
20.00 0.188 0.004 lez,! 24, +2B,, 2E,,
20.03 0.000 0.018 (laz,) leg ey)? 2B, + *B,, g,
20.07 0.013 0.004 (1b3.! e e, )t 24, 4,,
20.61 0.019 0.002 (2er, leg,' ley)? 24,+2B,, 2 E,,
20.64 0035 0.031 (1bz. e e,,)* 2B, + %4, 2,
20.76 0.000 0.020 (1b5. e e, ) 2B, 24,
20.85 0.011 0.005 (1brter e, ) ’A, 4,,

* The superscripts 1/3 refer to singlet/triplet coupled doublet states respectively. Configurations without a superscript are singlet coupled doublet states

in the C 1s — n* photoabsorption spectrum [16] confirming
our interpretation.

Going to higher binding energies a lot of configurations
start to mix making assignment difficult. In the energy range
from 18-20eV we have calculated about 20 states which
show non negligible intensity contributions for the radi-
ationless transition. The main contributions of those states
are given by configurations of the form (laz!lef'le,,)!,
ez, tes, ;) (2e5, Leg, 1e,,)! and le;,! where the super-
script 1 refers to the singlet coupled doublet final state. In
photoemission the main line of the le,, MO is calculated at
19.5eV (for experimental value see Table I). However, the
strong experimental peak cannot be explained within the
single particle picture. From Table III one derives again
that the configurations involving the la,, orbital are con-
tributing most strongly to autoionization. We assign the
second resolved peak at 19eV in Fig. 7 to originate mainly
from configuration of the type (1a;.'le;le,,)! with 2B, ,
2E,, symmetry. These states are satellite states demonstrat-
ing once more that in the case of autoionization transition
rates for 1h and 2hlp states may become equally sized. As it
can be seen from the bar spectrum in Fig. 6 there are even
more states contributing to the third resolved band in the
spectrum. The assignment for this feature has to be rather

tentative. Three states centred at 21.36 (®B,,), 22.98 (3E,,),
24.32eV (*E,,) show very high transition rates. The leading
configurations of these three states are (laz'le;;'le,,)!,
(laz'1e,,)' and (laz)ler,'le,,)' respectively. However,
these three states do not give full account for the spectral
intensity contributing to the third resolved peak in the spec-
trum. This is due to the fact that ~40 states are centred in
the interval from 22-25eV binding energy which show con-
siderable transition rates. However, it is obvious that in this
energy region the 2h1p configurations dominate the spectral
features. The main lines calculated in case of photoioniza-
tion in this energy region got ?E,, symmetry. Due to the
different matrix elements which apply in case of autoioniza-
tion a large amount of symmetries become allowed. The
influence of triplet coupled doublet final states is increasing
at higher binding energies but it can be seen from the matrix
elements that the magnitude of the transition rates is rather
low.

The assignment of the fourth resolved peak in the
autoionization spectrum is even more difficult. As it can be
seen from the calculated bar spectrum (Fig. 6) a huge
amount of states contribute to this feature. As far as single
hole states are concerned at 26.44, 26.86 and 27.09¢€V states
with high single hole character have been calculated. These
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Table III. Autoionization matrix elements due to pure con-
figurations* after resonant C Is — le,, excitation. A total of
240 different configurations has been taken into account for
the calculation of the transition rates

Intensity Configuration
0.009 2e;!

0014 2e7}

0,092 1az}

0.029 1b3,!

0011 1632

0.023 2a;}

0.002 leg!

0021 le3}

0,021 lept

0.151 1a5}

0027 (1b521e,,)
0027 (1b3 e ey,)!
0,008 Qesey)
0021 Qe ep M ey
0.101 (lazltle,,)
0.019 (lazt2e7 e, )
0.083 (laz e, ey
0010 Qe3 s ey )
0034 (le;21ey,)

* The superscripts 1/3 refer to singlet/triplet coupled doublet states respec-
tively. Configurations without a superscript are singlet coupled doublet
states

benzene on Cu(110)
hv=2855 eV
Theory gas phase
30 20 10

Binding Energy [eV]

Fig. 7. Direct comparison between the calculated and measured autoioni-
zation spectrum of benzene after C 1s-to-bound excitation. The calculated
autoionization spectrum is shown as the Lorentzian convolution of the
transition rates of the individual states taking a constant FWHM of 2eV
over the entire energy range. As mentioned in the text only states up to
~30eV have been considered in the calculation of the autoionization spec-
trum
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Fig. 8. Photoionization and autoionization spectrum of benzene after
C 1s - le,, excitation on the binding energy scale referenced to E,.. The
difference curve shows the autoionization features up to 24eV binding
energy in more detail

states got 24, symmetry but the 2hip states with different
symmetries dominate the spectrum. All lines are the result of
many transitions having approximately equal weight and a
description in terms of individual states is impossible.

Now we will turn to the discussion of the benzene spec-
trum after core to continuum excitation. In contrast to the
autoionization spectrum in the Auger spectrum a core
ionized state (see Fig. 1) is populated which undergoes radi-
ationless decay into outer valence doubly ionized final
states. Besides the charge and the spin multiplicity of the
final state the configurations describing the individual states
differ from the ones observed in autoionization spectra. As it
has been shown [6] this concept even holds in the case of
chemisorbed molecular adsorbates where the spectra after
core to bound and core to continuum excitation got a
similar overall shape [30]. In Fig. 4 the benzene spectra
after core to bound and core to continuum excitation are
shown on a common kinetic energy scale. At the bottom of
the drawing the autoionization spectrum excited with a
photon energy of 285.5eV is shown. Just 3.4eV above the
m-resonance the spectrum changes drastically manifesting
our interpretation. The simulated Auger spectrum of
benzene is shown in Fig. 9 as a bar spectrum on the double
ionization potential scale. A total number of 250 states has
been calculated up to 53eV double ionization potential
where 133/117 states got singlet/triplet spin multiplicity
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Fig. 9. Bar spectrum of the Auger lines as a function of the double ioniza-
tion potential for gaseous benzene. Only lines with an intensity >0.001
have been drawn. Intensities of degenerate states have been added up. For
a detailed assignment of the states see Table IV and text

respectively. Great care has been taken in manifesting that
the results obtained for the transition rates of the Auger
spectrum are numerically stable. In particular we increased
the number of configurations taken into account for the
description of each individual line until the spectrum
derived by the Lorentzian convolution of the bar spectrum
did not change anymore. This is important due to the fact
that only a few lines can be described by a small number of
configurations. Already at low double ionization energy the
familiar concept of a main state derived from a single 2h
configuration is totally inapplicable. The majority of the
states show substantial configuration mixing [11]. The
lowest lying singlet/triplet state has been calculated at 22.04/
21.61eV double ionization energy respectively. For com-
parison the results for the lowest lying singlet/triplet state
which have been calculated by Tarantelli et al. [11] are
given by 23.96/23.34eV respectively. In order to compare
the theoretical results with experiment one has to convert
the double ionization potential to the kinetic energy scale.
The kinetic energy of the Auger electrons, assuming vertical
transitions, is given by

Ey, = IP.— DIP, an

where IP, is a core ionization potential and DIP, is a
double ionization potential. The core ionization potential
for benzene obtained by photoelectron spectroscopy is
290.3eV [26, 46]. Taking this energy for the initial core
ionized state in Fig. 10 we present our calculated bar spec-
trum as a Lorentzian convolution of the individual states
assuming a constant FWHM of 2eV over the entire energy
range. The experimental gas phase [19] Auger spectrum and
the spectrum obtained for the condensed phase are shown
above the simulated curve. The overall agreement between
the theoretical and experimental spectra is satisfactory.
Comparing the calculated features at high kinetic energy
with the intensities found for the gas phase spectrum, the
computational features seem to be shifted to higher kinetic
energies. The same result has been obtained by Tarantelli et
al. [11]. In order to compare their results with experiment
they have shifted all calculated states to lower kinetic energy
so that the lowest calculated singlet state (DIP) coincides
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benzene
on

Cu(110)

hv=3105eV

condensed

hv=1487eV,

gas phase

280
kinetic energy [eV]

230 20 250 260 270

Fig. 10. Comparison between the calculated (bottom) and experimental
(middle) Auger spectrum of gaseous benzene [19] and the Auger spectrum
of condensed benzene (top) on the common kinetic energy scale. The calcu-
lated Auger spectrum is shown as the Lorentzian convolution of the tran-
sition rates of the individual states taking a constant FWHM of 2eV over
the entire energy range

with the first observed Auger peak. We did not adopt this
procedure for several reasons. First of all in contrast to the
calculations carried out by Tarantelli et al. [11] we have
included the explicit calculation of the transition rates. One
therefore expects to be able to give a more quantitative
assignment of the spectrum. Comparing the gas phase
spectrum with the theoretical curve shows that the eight
resolved experimental features from 240 to 260eV can be
found in the simulated Auger spectrum. On the other hand,
the overall shape of the Auger spectrum obtained for the
condensed phase does not indicate that one has to shift the
entire calculated spectrum.

In Table IV we have collected double ionization energies
and calculated Auger intensities of some states. Only the
leading configurations are given and intensities due to
degenerate states have been added up. This table shows the
complexity of the Auger spectrum. The assignment of the
lowest double ionization potential states is compatible to
the results obtained by Tarantelli et al. [11] and the main
deviations result from the different selection of the states
listed. The leading configurations up to 30eV DIP include
just the five outer valence molecular orbitals of benzene.
Above this energy the inner valence orbitals show increasing
importance. The singlet states dominate the spectrum
whereas the transition rates into triplet states are rather low.
We refer to Table III for matrix elements of pure com-
ponents because the size of the Auger matrix elements is
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Table IV. Double ionization energies and calculated Auger intensities of some states. Only the leading configurations are given.
Intensities due to degenerate states have been added up. All enerjgies are given in eV

P 1 main eanfionrations Energy I main configurations

- 0.019 ley,'le, )"
22.04 0.026 (leg? 30.96 llbz.ll x'n)x "
22.17 0.052 (ley, 1), (le"lel‘.‘)‘ 31.10 0.040 (163} 1a;, ' (egiteis)!
2427 0.190 (laz.}e,)), (167} 2e 31.82 0.053 (1b3.}2e M), Qayt2ez})
24‘85 0.002 (2e3! es )" 31.85 0.032 (2a,,’1a2 (15D
24'95 0.040 (2e3 er,))! 31.96 0.001 (1b; .} 2e7})
2520 0.025 (23 1, 1)l 3212 0.028 (2e,‘..’L (Qeff2e )

‘ 1a32), (2e32 3217 0030 Th, (1673, (2602
2648 0.045 (1a32), (2e3; ) (b, )
26.60 0.002 (et er)) 32,63 0.029 (2al 2e2') (165 Ze,')

‘ 1 0.001 (2e;t e 32.78 0.035 (1671251, (165} 2e )}
2 . - 001 (1b512e 713, (165, 2e 1)3
26.76 0.031 (e} le; ')1 3299 0. 20 2614 25
27.19 0.033 (2er) e 3313 0.008 (lez'2e.)

' . X 3 029 (1653201, (1b7.12e )
27.57 0.001 (1b ey, (2e,,,‘1a2 1y 33.34 0. 72e;] T 2e5,
2167 0.025 (1byter ), Qeptlaz!) 33.44 0.002 (te3.1a3)), (2a5,12e5,)?

) . g - 1 11
27.74 0.008 (2e32), (2e2.‘2e2")‘ Qert2er ) 33.81 0011 (lez, 2e,,)l »
27.82 0.036 (la3)2e;Y), (165} Ler!)! 3384 0032 (le;;'1az)), (a5} 2e3,Y)
28.13 0.040 (223 3407 0016 (lez, 25,1
28.67 0.001 QerllaztP, (1bj ey 34.17 0.001 (bLMBZYY, (legt2ert)?
29.04 0.099 (1631 1e7)) 3443 0.005 (1511631, (le 2ep )
29.19 0.012 (1b7Maz ), (2e5t2e 34.60 0.004 (lest e
29.34 0.038 (et 1a2 ‘)‘ (1b;] 2.:,,‘)l 34.66 0.038 (ag'2er ), (les, 111
29.82 0.007 (2er.)2e 34.72 0.006 (2a MBI, (b5 ag, l)1
30.18 0.066 (lb,,‘la, i, (le, ‘le“)‘ 34.74 0.002 (eptleg !y
30.18 0.001 (1b;az ), (2e5.)2e 34.84 0.004 (lef le!), (a7, b)Y
30.27 0.057 (2a;! ey, l)l (163, 2e2")‘ 34.87 0.003 (lejter)?, Qag 1b52)
30.31 0.017 (leztlep,! 34.94 0.005 (15 Mazh), Qap by
30.54 0.001 (1e,, le, l)3 35.10 0018 (lej ety
30.55 0.012 (2er)2e 35.13 0.014 (167127}, (a7, 12e3,1)!
30.64 0.001 (1e;,‘1e;,‘)’ 3532 0.041 (1533, (1e2 L2z )

proportional to the ones listed for autoionization processes.
One major difference can be found in the assignment of the
Auger and autoionization spectra. In the autoionization
spectrum the lowest lying = orbital (1a,,) is playing a domi-
nant role. However, in the double ionized final states the
influence of the la,, orbital decreases. On the double ion-
ization energy scale the three Iowest states are described by
configuration of the type le;!, la;} le,‘1 and 1b;12e;. .
The first two peaks are derived from emission out of the
highest occupied molecular = orbital le,,. This orbital
shows a large influence up to 31eV. All outer valence
orbitals couple to the highest occupied n-orbital. Above
31eV double ionization potential the inner valence orbitals
show increasing influence. In the Kinetic energy interval
261-259eV 12 states with considerable transition rates have
been calculated. The majority of the configurations describ-
ing the states are characterized as (le;,'i™") and (le;.i™?)
where i denotes an outer valuence molecular orbital. It can
be noted from Table IV that lines involving the 1b,,, la,,
and 2a,, orbitals show the largest intensities. This is not
surprising because this basically represents the spatial local-
ization of the ion states involved. However, as can be seen
from Table IV it is rather impossible to assign a certain
feature in the experimental spectrum to a few configurations
because the density of states is rather high and configu-
ration interaction plays a dominant role.

It should be mentioned that our calculations include a
large amount of configurations involving the three inner
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most valence orbitals (le,,, le,, and la,,). These orbitals
are almost totally missing in the ADC(2) calculations
carried out by Tarantelli et al. [11]. The influence of the
three inner most orbitals can already be noted at low ener-
gies (Table IV) and above 38eV (DIP) they dominate the
spectral features.

5. Conclusions

Auger and autoionization spectra of condensed multilayers

of benzene on Cu(110) have been presented.

In order to interpret, analyse and assign the spectra of
benzene we have carried out Green’s function calculations
on ab initio level of the photoionization, Auger and autoion-
ization spectrum.

The comparison to the experimental results prove that
the theoretical concept described in this work gives a useful
quantitative assignment of the photoelectron spectra
obtained in case of core excitation.

e The reported results show that the radiationless decay
after core to bound and core to continuum excitation
populate different final states.

e Core to bound excitation leaves the molecule in a highly
excited neutral state which decays radiationless into outer
valence ion states. Whereas the initial state for the Auger
decay is a core ionized state which decays radiationless
into outer valence double ionized states.
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