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Applicability of a single-particle picture for resonant photoelectron
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In this paper we discuss how far a single-particle picture can be applied for the description of photoelectron
spectroscopy of large w-conjugated molecules on metal substrates measured near a K edge. In this context we
focus on particular spectroscopic features, which only exist at the immediate interface and show a constant kinetic
energy when the photon energy is varied immediately above a resonance. We demonstrate that the kinetic energy
of these features can be calculated on the basis of a single-particle picture for molecule-metal interface systems
without charge transfer in the ground state. Similar features are also observed in the case of molecule-metal
interfaces which show an occupation of the formerly lowest unoccupied molecular orbital in direct photoelectron
spectroscopy as a result of charge transfer in the ground state. However, an analogous calculation of the kinetic
energy of these signals fails here, indicating that a single-particle picture is not sufficient for these systems, for
which many-body effects have to be adequately taken into account.
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I. INTRODUCTION

In many studies the description of resonant photoelectron
spectroscopy (RPES) relies on the single-particle picture.
This usually includes schematic diagrams of the involved
states for the separated processes of excitation, intermediate
state, and deexcitation (see for example Refs. [1-3]). The
possibility of charge transfer and the determination of the
energy of emitted electrons is hereby discussed on the basis
of the comparison of single-particle states [4-7]. However, if
many-body effects become important, a single-particle picture
needs to be extended or it must even be completely dismissed.

A suitable class of systems for an investigation of the
applicability and the limits of a single-particle picture for
RPES is given by large 7 -conjugated molecules. By adsorbing
the same molecule on different substrates different types of
interfaces can be realized. Therefore it is possible to compare
the same process within the same molecule in different regimes
of interface interaction. The criterion we use in this paper
to distinguish between two different types of molecule-metal
interface systems is the existence of charge transfer in the
ground state between the substrate and the adsorbate. In the
case of the systems in the following, this charge transfer
occurs from the metal substrate to the adsorbate molecules
and manifests itself in a signal originating from the lowest
unoccupied molecular orbital (LUMO) of the free molecule
in direct photoelectron spectroscopy (PES) [8-10]. Recent
experiments prove that electron correlations can play an
important role in such cases [11-14]. Hence the applicability
of the single-particle picture for the description of RPES on
these systems is questionable.

In previous RPES studies of molecule-metal interface
systems without ground state charge transfer, organic het-
erointerfaces, and multilayer systems [15,16], a resonant
enhancement of molecular orbital signals was observed, and
their photon energy (hv) dependent line-shape evolution was
explained by electron-vibration coupling. Hence in RPES on
such molecule-metal interface systems some effects are well
described by a comparison to small molecules (e.g., CO,
Nj, O,, and OCS) in the gas phase [17-20]. Consequently,
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here the consideration of an isolated molecule can still be
appropriate for the description of the spectra. On the other
hand, in the RPES data of coronene/Ag(111) we have recently
reported the discovery of a characteristic feature at low binding
energy (E ), which can be assigned to a particular final state
involving charge transfer on the basis of a cluster model [21].
Hence for coronene/Ag(111), which does not show significant
charge transfer in the ground state, a treatment of RPES
equivalent to strongly correlated transition metal compounds
[22,23] can be justified. Furthermore, the above mentioned
low Ep feature exhibits a particular line shape which is
characteristic for molecular orbital signals at interfaces with
strong hybridization and ground state charge transfer [21].
This demonstrates that for the description of a particular
feature in the RPES data a single-particle picture might be
inappropriate although some aspects of direct valence PES
of the same system can still be discussed by considering an
isolated molecule [24].

In this paper we address the question of the applicability of
a single-particle picture for RPES on selected molecule-metal
interface systems. For that features in the RPES data, which
appear at constant kinetic energy (E ) above a resonance, are
quantitatively analyzed. First we show that within the single-
particle picture that the kinetic energy of these features can be
successfully calculated for molecule-metal interfaces which
do not show charge transfer in the ground state [e.g., tin-
phthalocyanine (SnPc) on Au(111) and coronene on Ag(111)].
We then demonstrate that the same approach fails in the case
of molecule-metal systems with a considerable charge transfer
in the ground state [e.g., copper-phthalocyanine (CuPc) on
Ag(111)]. We draw the conclusion that in the latter case many-
body interactions need to be taken into account for a proper
description of the RPES data.

II. EXPERIMENTAL

RPES, PES, and near-edge x-ray absorption fine structure
(NEXAFS) measurements were performed at BESSY II at the
undulator beamline UE52-PGM (E/AE > 14000 at 400 eV

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.93.045101

C. SAUER, M. WIEBNER, A. SCHOLL, AND F. REINERT

c _ _ a Kinetic Energy (eV)
() Intensity (arb. units) ( )260 264 268 272 276 280 284 288 292 296 (b)

PHYSICAL REVIEW B 93, 045101 (2016)

Integration over Photon Energies °

] =]
294 P 0.8ML ‘
-|—e—CFS NEXAFS Y] .
1 E&e=2720 S | coronene/.
< 292 -274.56V) O >
> ] nGad | A9(111)
= INEXAFS =
3 290 —{resonances 98
= 2 &
S 1 0 E-f| S
c W=
S c
S o
= -—
o ©
28
o
<
[ee]
[aV}

260 264 268 272 276 280 284 288 292 296
Kinetic Energy (eV)

%,0f 292.00eV - 294.98eV °
% CFS1 .

Ex=281.60eV

%, E=280.60eV

0.8ML
coronene/
Ag(111)

Intensity (arb. units)

LELBLELELELEL I LBLBLELELELEL I LBLBLELELELEL I T
276 280 284
Kinetic Energy (eV)

284 286 288 290 292 294

0

4
_9'6
S 4
Z 2
$0
=

d (e) Integration over Photon o
(f) Intensity (arb. units) ( ) 264 268 272 276 280 284 288 292 296 Ene?gies o .
i 3 3 %, 293.00eV - 294.90eV o
294 —{-e—CFS NEXAFS Q d @ .
] (Ex=272.0 = CFS1 |
B -2K74.0eV) & N 5 %% Ex=284.05eV °
< 292 Q N g o
o INEXAFS 5 CFS 2 H
§ 290 ] resonances § § :_'; E,=282.706V P
(0] E = o
. g §
s 288—- § o) § Q 0.6ML * 3
R 5 = SnPc/ % §
o B © g © Au(111) g
286 < = @ W %j
p ‘@
-1 < § < TTTTTTT | TTTTTTT | TTTTTTT | TTTTTT
2847 & £ & 276 280 284

264 268 272 276 280 284 288 292 296

Kinetic Energy (eV)

FIG. 1. RPES data of 0.8 ML coronene/Ag(111) [upper panels (a)—(c)] and 0.6 ML SnPc/Au(111) [lower panels (d)—(f)] recorded at the
carbon K edge. The middle panels show the intensity maps on a kinetic energy scale. On the right hand side [(b) and (e)] EDCs derived from
integrating the area inside the dashed blue lines of the maps [(a) and (d)] over photon energy are presented (for details see text). The intensities
were scaled to allow the observation of the constant Ex features, which are marked in the maps [middle panels, (a) and (d)] by dashed red
lines. On the left hand side [(c) and (f)] NEXAFS spectra extracted by integration over Ex within the black box of the maps [(a) and (d)] are
displayed (for details see text). The NEXAFS resonances are marked in the RPES maps [(a) and (d)] by dashed green lines.

photon energy, with cff = 10 and 20 um exit slit [25]) at
room temperature in a UHV chamber with a pressure below
5 x 107'° mbar. All spectra were recorded with p-polarized
light with a 70° angle of incidence with respect to the surface
normal, a beamline exit slit of 40 um, and a cff value of 10,
resulting in an energy resolution of better than 40 meV at
300 eV photon energy. Core level PES data were measured in
the same beamline settings but in normal emission geometry
(55° angle of incidence with respect to the surface normal).
RPES and PES photoelectron intensities were detected with a
Scienta R4000 electron analyzer which was operated with an
entrance slit of 300 um. PES core level data were measured
with a pass energy of 20 eV and valence regime data with a
pass energy of 50 eV which results in an energy resolution
of AE =30 meV and AE =75 meV, respectively. For the
RPES maps [see Figs. 1(a) and 1(d) and Figs. 3(a) and 3(d)]
a pass energy of 100 eV was used resulting in an energy
resolution of AE = 150 meV. The energy distribution curves
(EDC) in Fig. 4(b) were derived from more detailed RPES
maps recorded with a pass energy of 50eV and AE = 75 meV.
The NEXAFS spectra in Figs. 2 and 4 were measured with a
partial electron yield detector using a retarding voltage of 150
V. hv (and Eg) were calibrated according to Ref. [26]. RPES

and NEXAFS intensities were normalized to the ring current
and the beamline flux curve which was recorded separately by
measuring the v dependence of the intensity of a PES signal
of the clean surface (RPES) or the same partial electron yield
signal as for the actual measurement (NEXAFS) [26].

The Ag(111) and Au(111) substrates were cleaned by
several sputter and annealing cycles, and their cleanness was
confirmed by PES. All organic materials were purified by
sublimation and evaporated from home built Knudsen cells
at pressures below 1078 mbar onto the room temperature
substrates. Film thickness was determined by core level
PES intensities of the adsorbate, using the effective electron
attenuation lengths given in Ref. [27], and the emergence of
characteristic features stemming from a particular adsorbate
layer. The samples were carefully checked for radiation
damage especially after the RPES data acquisition.

III. RESULTS AND DISCUSSION

In comparison to off-resonant (or direct) PES, an additional
criterion to classify signals arises in RPES due to the variation
of the photon energy. There are two main possibilities for an
apparent spectral feature to disperse with hv: It can either
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FIG. 2. Carbon K-edge (C-K) NEXAFS data [top panels (a) and (d)] recorded with p polarization, C1s core level PES spectra [middle
panels (b) and (e)] and valence PES spectra [bottom panels (c) and (f)] of 0.8 ML coronene/Ag(111) [left hand side (a)-(c)] and 0.6 ML
SnPc/Au(111) [right hand side (d)—(f)]. The capital letters denote the NEXAFS resonances (see also Fig. 1) and the black lines illustrate the
determination of the NEXAFS onset. From both C1s PES spectra [middle panels (b) and (e)] a power law background was subtracted. C¢
and Cy represent the energy position of the Cls species bound to carbon and nitrogen, respectively. For 0.6 ML SnPc/Au(111) the extracted
difference for the two Cls species (AC) [bottom right (e)] is also shown in the NEXAFS spectrum [top right (d)] to determine the NEXAFS
onset corresponding to the Cy carbon species (for details see text). The valence PES of coronene/Ag(111) in (c) was recorded with a photon
energy of 120 eV. The binding energy of the HOMO was derived from the peak maximum as indicated by the horizontal line. (f) displays
selected EDCs from the RPES data in Fig. 1(d) at the indicated photon energies. The HOMO binding energy is determined from the low energy

component as indicated by the horizontal line (for details see text).

stay at constant binding energy or linearly disperse to higher
binding energy with increasing hv because of its constant
kinetic energy. In the former case the hv dependence of
these features is measured as so-called constant initial state
(CIS) spectra, while in the latter case these are constant final
state (CFS) spectra. The principle that allows a reasonable
characterization of features at constant Ep and at constant
Ek is energy conservation including the photon in the initial

state. In other words constant E g features stem from a coherent
process in which the energy and the quantum mechanical phase
are conserved. In contrast to that constant Ex features occur
when the kinetic energy of the photoelectron is independent of
the photon energy. This means that only the energy difference
of the states involved in autoionization or an Auger decay
determine the kinetic energy of the emitted electron which
hence remains constant for the same process. Correspondingly,
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FIG. 3. RPES data of 0.7 ML CuPc/Au(111) [upper panels (a)—(c)] and 1 ML CuPc/Ag(111) [lower panels (d)—(f)] at the carbon K edge.
The middle panels show the RPES maps on an Ex scale. The orange box in the 1 ML CuPc/Ag(111) RPES map [lower middle panel (d)]
denotes the area from which the EDCs presented in Fig. 4(b) originate. On the right hand side EDCs derived from integrating over photon
energy in the area inside the dashed blue lines of the RPES maps [(a) and (d)] are presented (for details see text). The identified constant Eg
features are marked in the RPES maps [middle panels (a) and (d)] by dashed red lines. On the left hand side [(c) and (f)] NEXAFS spectra
extracted by integration over Ex within the black box of the RPES maps [(a) and (d)] are displayed (for details see text). The NEXAFS
resonances are marked in the RPES maps [(a) and (d)] by dashed green lines.

there are two different ways to present RPES data, namely on a
binding or on a kinetic energy scale (Ep = hv — Eg). When-
ever the focus lies on constant Ex features, a kinetic energy
scale is more reasonable since it facilitates the observation of
such signals. Thus the PES intensity maps in Figs. 1 and 3
show the photon energy dependent photoemission intensity of
coronene on Ag(111) [Fig. 1(a)], SnPc on Au(111) [Fig. 1(d)],
as well as of CuPc on Au(111) [Fig. 3(a)] and on Ag(111)
[Fig. 3(d)] plotted against kinetic energy.

In each of the RPES data sets presented in Figs. 1 and 3,
two particular signals at constant kinetic energy are clearly
observed for photon energies immediately above the resonant
transitions A—E. These signals are indicated by the vertical
dashed red lines and denominated CFS1 and CFS2. Note that
such signals also occur for 1 ML SnPc/Ag(111) [28] and 1 ML
NTCDA/Ag(111) (Ref. [29] and additional measurements not
shown). For a quantitative determination of the energy of these
peaks, the area within the blue dashed lines was integrated in
the Av direction. This has the consequence that signals at
constant binding energy smear out since they disperse while
the intensities at constant Ex add up. The resulting integrated
energy distribution curves (EDC) are presented in Figs. 1(b)

and 1(e) as well as Figs. 3(b) and 3(e). Note that the photon
energy regions for integration were chosen to avoid a crossing
of the intense substrate bands (Ag4d and Au5d, respectively),
and thus this region varies for the different substrates. Panels
(c) and (f) on the left hand side of Figs. 1 and 3 show
the NEXAFS spectra obtained from an integration in kinetic
energy direction in the area indicated by the black boxes of the
corresponding PES overview maps.

A. General discussion of constant kinetic energy features

The absence of the constant Ex features described above
for multilayer samples and for the bare substrates identifies
them as interface originated. Similar signals have previously
been observed for two other systems [5,6], and these have
also been attributed to the processes at the molecule-metal
interface. We will in the following explain the energy of these
features quantitatively on the basis of a single-particle picture
and identify the responsible decay channel.

We assume that for the molecule-metal interfaces without
ground state charge transfer (and thus no LUMO signal in
direct valence PES) the overall electronic structure of the
molecules at the interface is not significantly altered with
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respect to the bulk material. The difference between bulk and
monolayer spectra thus must be explained by the importance
of metal states at the interface. A detailed discussion about
this fact is given in Sec. III C, and we will concentrate on the
systems without a LUMO signal in direct valence PES at this
point.

The constant Ex features have in common that the kinetic
energy of the highest lying signal (CFS 1) is larger than the
largest possible kinetic energy of a regular Auger decay. The
latter involves a decay of a core hole in the carbon species with
the largest binding energy which produces a final state with
two holes in the highest occupied molecular orbital (HOMO).
Consequently, this observed excess in kinetic energy indicates
the involvement of a molecular state with smaller binding
energy than the HOMO in the responsible decay process.
Additionally, since the kinetic energy of the constant Ex
features is independent of the photon energy, we can exclude
a coherent one-step process (as described in Ref. [21]). Hence
we can divide the responsible process into two steps [(a) and
(b)], and the observed energy of the emitted electron is the
energetic difference of the intermediate state and the final state.
If the photon energy is larger than the core level ionization
potential, step (a) will correspond to core level PES and step
(b) to an Auger decay.

As indicated above the process responsible for the constant
Ex features has to involve a molecular state with smaller
binding energy than the HOMO and dynamical charge transfer
(CT) in step (a) from the metal to this particular state, which
under our assumption of mainly unperturbed molecular states
must be the LUMO. In a nomenclature based on the cluster
model description of transition metal compounds [22,30-34],
basis states can be defined of the form |C{ H jb LyM 4y with C;
representing the C 1s state of carbon site i, H; the occupied
molecular orbital j, Ly the LUMO, and M a metal state from
the conduction band. The superscripts (a,b,c,d) denote the
integer occupation of the respective state. All states that are not
directly involved in the particular process are omitted. In this
nomenclature and by considering an initial, an intermediate,
and a final state described by the explained basis, the full
RPES process can be written for photon energies larger than
the ionization potential as

277270 PES 1271 m—1 -
@|CPHFLGM") + hv — |G/ H} LoM" ") + ¢

O|CH2LIM™) 25 | C2H LM ) + e
Hereby the text above the arrows denotes the particular
process. Below the arrow additional dynamical charge transfer
from the metal M to the LUMO L during the time scale of
the core hole lifetime in step (a) is indicated. Note that at this
point only interfaces without ground state charge transfer are
considered, and thus for these systems a significant admixture
of a basis state with charge transfer can be excluded in the
initial state.

In order to predict the energy of the constant Ex features,
the energy of the basis states with respect to a common
reference has to be determined. This is straightforward if
the metal states M can be ignored since then these states
become eigenstates of the respective system. If only molecular
states are considered the state |C il szL(l)) can be measured in
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a NEXAFS experiment and the state |C 12 H ]' Lg) in direct PES,

with respect to the state |Cl.2Hj2L8). By neglecting the metal
states M we factorize the basis states into a molecular and a
metal part so we can cancel out the energy of the latter in the
energy balance of step (b). Note that we thus have to assume
the overlap of metal and molecular states to be small, but at
the same time large enough to enable charge transfer from M
to Ly either in the initial state or in the intermediate state. If
hybridization between molecular and metal states is present,
generally excitations including metal states are possible in the
final state. Our approximations thus rely on a small hopping
matrix element Vi, between M and L, in the sense of
Refs. [35,36].

These approximations can be written in the above notation
as follows, which defines the single-particle picture applied in
this paper:

(1) |C!HLgM"™') ~ |C} H7 Lg) - [M" ")

Q) |CPH!L{M" ") ~ |CEH]LY) - |M" )

(3) NEXAFS = |C7H}Lg)+hv — |C]H} L)

(4) valence PES = |C7H;LQ)+hv — |C7H]LQ)+e .

B. Successful application of a single-particle picture

The energy of the electronic transitions in the NEXAFS
spectra of coronene/Ag(111) and SnPc/Au(111) will be deter-
mined from the onset of the respective peaks. This is the best
approximation to the energetically lowest adiabatic transitions
of the vibrationally broadened signals [37,38].

Coronene consists of three chemically different carbon
species which cannot be distinguished in PES [see Fig. 2(b)]
due to their small energetic separation. We will thus not
distinguish between different carbon species for coronene and
only consider a single one denominated C¢ in the following.

The most prominent NEXAFS resonances A and B are
explained in literature by a lift of the degeneracy of the
coronene LUMO following the localized core excitation [39].
The separation of the adiabatic transitions associated with
NEXAFS resonances A and B can be estimated to be less
than 0.5 eV from Fig. 2(a). Even considering error bars this
is too small to explain the separation of about 1 eV between
CFS1 and CFS2 in Fig. 1(b). We, however, assume that the
splitting of the transitions due to the lift of degeneracy cannot
be resolved in our data but contributes to the broadening of the
signals assigned to CFS1 and 2 in Fig. 1(b), which actually
appear slightly broader than the respective features in the case
of SnPc/Au(111) in Fig. 1(e).

We rather explain the emergence of the two constant
Ek features in the RPES data of coronene/Ag(111) by the
involvement of the HOMO (H, corresponding to the basis
state |C%H01L8) with EB(|C%H01L8)) =2.58 eV) for CFS
1 and the HOMO-1 [H_; corresponding to the basis state
|CEH!, LY) with E5(|CZH",L{)) = 3.77 eV] for CFS 2. For
the determination of the binding energy of these molecular
orbitals from the valence PES spectrum in Fig. 2(c), we
used the peak maxima as an approximation for the adiabatic
transition which constitutes the energy of the final state
without a vibronic excitation. The possible error made by this
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approximation is determined to be less than 100 meV by a
single mode analysis [40].

When using the onset of the NEXAFS peak A as a value
for the photon energy of the electronic transitions of all
three carbon species into the LUMO, the theoretical value
Eheo(CFS m) for the kinetic energy of the constant Ex feature
m is calculated with the following equation

Euno(CFS m) = hv(|C!HLY) — Ea(|C2H]LY))

where m is the index of the particular peak (i.e., CFS 1 and
2), i the index of the carbon species, and j of the involved
molecular orbital. For coronene/Ag(111) CFS 1 is identified
as the Auger decay of the basis state |Cé HOZL(I)) to |C% HO1 Lg),
and its kinetic energy is calculated to

EuneoCFS 1) = ho(|CLHZLY) = En(|C2H] LY)
= 284.32eV —2.58 eV = (281.74 +0.20) eV.

CFS 2 is attributed to the Auger decay of the basis state
|ICLH? L)) to |CZH!, L)), and we obtain

Eueo(CFS 2) = ho(|CLH2, L) — En(|CEH!, LY)
=284.32 eV — 3.77 eV = (280.55 + 0.20) eV.

These values are in agreement with the experimentally deter-
mined ones in Fig. 1(b) which are

Eep(CFS 1) =(281.60 + 0.15) eV
Eexp(CFS 2) =(280.60 + 0.15) eV.

The error of the experimental values is due to the reading
accuracy, while the theoretical errors stem from the uncertainty
of the determination of the adiabatic transitions in the
NEXAFS and PES spectra. The agreement of the theoretical
and experimental values justifies the approximations we
made in explaining the energy of the constant Ey features.
Furthermore, the agreement confirms that the process in step
(b) properly describes the origin of these features. Hence
the application of the single-particle picture as defined above
seems to be appropriate for the description of these features
in the data of coronene/Ag(111). Note, however, that the
general statement that a single-particle picture is a reasonable
approximation for RPES on coronene/Ag(111) is troublesome
since the neglected hopping matrix element V; j is vital in
the discussion in Ref. [21]. The necessity of the consideration
of many-body physics in the latter case arises from the fact
that a coherent one step process is described there while in the
present paper an incoherent two-step process is responsible for
the investigated features.

For SnPc we can evaluate the energy of the constant
Ek features analogously. Two different carbon species are
considered in this case (C¢ and Cy) as denoted in the Cls
PES data in Fig. 2(e). The NEXAFS resonances A and B in
Fig. 2(d) relevant for the following evaluation can be assigned
to transitions from the Cc and Cy 1s levels to the LUMO
[41]. We again use the low energy NEXAFS onset for the
determination of the energy of the basis state |CéHj2L(1))
[see Fig. 2(d)]. The corresponding energy of the basis state
|C\H?Lg) is estimated from the separation of the peaks in
the PES spectrum [see Fig. 2(d)] corresponding to the two
considered carbon species [42]. For the determination of this
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energetic difference the peak maxima are used for simplicity.
An evaluation of the peak onsets is complicated for the Cy peak
but would result in a very similar value for the separation of
Cc¢ and Cy. The result for the NEXAFS onset corresponding
to the basis state |C}, HJ-ZL(')) is displayed in Fig. 2(d). This
rather crude approximation will be considered in the error
of the energy determined for the feature CFS 1 of SnPc. In
the case of SnPc/Au(111) the process leading to CFS 1 is
identified as the Auger decay from the basis state |C ) HZLJ)
to |C% Hy LY). Unfortunately the determination of the binding
energy of the HOMO is not as straightforward as in the case of
coronene/Ag(111), because the SnPc HOMO peak intensity is
very low in direct PES and in addition the strong background
from the Au valence bands complicates the evaluation. A
determination of the required value is however possible from
the RPES data in Fig. 1(d). Selected EDCs are displayed in the
waterfall plot in Fig. 2(f). As we have discussed in detail in
a previous publication, the SnPc HOMO shows a variation of
the line shape due to vibronic coupling on resonance [16]. The
binding energy of Ez = 0.89 eV for the state |C? HJ LJ) was
thus derived from the low energy compound of the HOMO
peak as indicated in Fig. 2(f). With these values we obtain

Euno(CFS 1) = ho(|CLHFLY) — En(|CHHILY))
=285.23eV—-0.89 eV = (284.34 £ 0.30) eV.

CFS 2 is then explained by an Auger decay from |C, (1: HgLé}
to |C2HJLY). Hence

EuneoCFS 2) = ho(|CLHFLY) - Ea(|C2H)LY)
= 283.78 eV—-0.89 eV = (282.89 £ 0.20) eV.

Since no significant PES intensity at the energy position of
the HOMO-1 is found in any NEXAFS resonance in the
RPES map, a negligible probability for the Auger decay
from |C!H? L)) to |C?H',L}) can be concluded. Hence it
is reasonable that there are no visible constant Ex features
originating from processes analogous to the ones of CFS 1
and CFS 2 including the HOMO-1. The theoretical values for
SnPc/Au(111) are in agreement with the experimental ones

Eep(CFS 1) =(284.05 + 0.10) eV
Eexp(CFS 2) =(282.70 + 0.10) eV

which are extracted from Fig. 1(e). This seems to justify our
approximations, the assignment of step (b) as the responsible
process, and the application of the single-particle picture for
the description of the constant Ex features in the data of
SnPc/Au(111).

In principle there could be many more constant E g features
similar to the ones discussed above, if molecular orbitals with
larger binding energy were considered for an Auger decay
process as in step (b). The fact that these are not observed
can be explained in two different ways. One explanation is
based on the finding that these lower lying molecular orbitals
are energetically closer together than the frontier ones. For
coronene/Ag(111) this is explicitly observed and discussed in
Ref. [24]. The resulting total signal would then be broad and
contain no distinct peak features. Another explanation is that
the Auger matrix elements for these decays are simply too
small.
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C. Limits of the single-particle picture

In section III B we have demonstrated that a single-particle
picture as defined in IITA can be applied successfully to
calculate the energy of certain constant Ex features. In this
section we show that the same approach fails when it is
applied to the respective features found in the data with
substantial hybridization and charge transfer in the ground
state. In Fig. 3 RPES data of CuPc on Au(111) and on Ag(111)
is presented. For CuPc/Au(111), a system without a LUMO
signal in direct PES, two constant Ex features are observed
at similar energy as for SnPc/Au(111). The mechanism that is
responsible for these features at the CuPc/Au(111) interface
is analogous to SnPc/Au(111). The comparison of the data
of CuPc on Au(l11) and on Ag(111) allows comparing a
molecule-metal interface system without and one with ground
state charge transfer and reveals a prominent difference. In
the latter case the two constant Ex features are found above
resonance at a kinetic energy which is almost 4 eV smaller
than in the former. The same situation is also found for
the comparison of SnPc/Ag(111) [28] with SnPc/Au(111).
At the NTCDA/Ag(111) interface (Ref. [29] and additional
measurements not shown) a constant Ex feature is also
observed as a clearly visible peak at similarly small kinetic
energy. Hence the low energy of the constant Ex features
seems to be a general effect for the molecule-metal interface
systems with a LUMO signal in direct PES.

Simply transforming the mechanism used for the molecule-
metal interface systems without to such systems with ground
state charge transfer can be done by considering an elec-
tron in the state Ly of the basis state that describes the
initial state. Hence after an excitation as in step (a) the
basis state |Cl.1H02L%M"’1) is produced which decays into
|C?Hy LiM"™™") as in step (b). Proceeding analogously to
Secs. IIT A and III B, these basis states are separated into a
molecular part and a part with the metal states M. The energy
of the state |CéH02L(2)) is determined from NEXAFS [see
Fig. 4(a)] to 284.05 eV and the energy of the state |CZHJ L})
from PES [see bottom EDC of Fig. 4(b)] to 1.40 eV. With this
Eheo(CFS 2) is calculated for 1 ML CuPc/Ag(111) to

Eneo(CFS 2) = hv(|CLHGL])) — Ep(|CEHy L))
= 284.05 eV — 1.40 eV = (282.65 + 0.20) eV,

which is 3.55 eV larger than the experimental value
Eexp(CFS 2) = (279.10 £ 0.15) eV found in Fig. 3(e). The
value for the Cy carbon species, Eieo(CFS 1), differs analo-
gously. Consequently, a mechanism as used for the molecule-
metal interface systems without ground state charge transfer
[step (b)] in combination with assumptions (1)-(4) cannot
explain the observed energy of the constant Ex features in
the case of CuPc/Ag(111). The same applies to the constant
Eg features in the RPES data of SnPc/Ag(111) [28] and
of NTCDA/Ag(111) (Ref. [29] and additional measurements
not shown), which also cannot be described by the approach
presented in Secs. III A and IIIB. This indicates that the
constant E features in the case of interfaces with ground
state charge transfer are based on a different mechanism.

For CuPc/Ag(111) such a possible alternative mechanism
would be an Auger decay involving the LUMO and a molecular
orbital H_, with Eg & 5 eV. This C; H_, Ly-Auger decay is
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FIG. 4. C-K NEXAFS (a) and RPES (b) data of 1 ML
CuPc/Ag(111). The capital letters in (a) denote the NEXAFS
resonances, and the thick black lines illustrate the determination of
the NEXAFS onset. (b) Waterfall plot of selected EDCs of the RPES
data from the area denoted by the orange box in Fig. 3(d). On the
bottom an off-resonant PES spectrum recorded with hv = 120 eV
is displayed. The energy position of the HOMO and LUMO are
indicated by vertical lines.

then a transition from |C} H2 L}) to |C?H! LY). However, if
this process led to features intense enough to stick out of the
several overlapping Auger signals, these would also have to be
present in the data of CuPc/Au(111), since the modifications
of the molecular wave functions are know to be relatively
small at the investigated interfaces [9]. Since such features
are obviously absent in Fig. 3(b), we exclude an explanation
involving C; H_, Lo-Auger decays.

We must therefore conclude that in the case of the interfaces
with ground state charge transfer, a single-particle picture as

045101-7



C. SAUER, M. WIEBNER, A. SCHOLL, AND F. REINERT

defined above is not adequate. Which of the approximations
(1)—(4) introduced in section IIT A fails is not immediately
clear. However, since all approximations rely on a small
hopping matrix element Vi jp it is quite likely that this
assumption is inappropriate here. The finding of a significant
hybridization between the metal and molecular states in similar
systems corroborates this reasoning [9,10].

The fundamental difference between CuPc/Ag(111) and
CuPc/Au(111) is also demonstrated by the comparison of on-
and off-resonance EDCs presented in Fig. 4(b). In the case of
CuPc/Ag(111) the appearance of the spectra is strongly altered
for photon energies in the vicinity of NEXAFS resonance
A [see Fig. 4(a)] with respect to the off-resonance spectrum
(recorded at 120 eV). This is mainly due to additional features
and a generally broadened line shape and is not observed for
CuPc/Au(111) (see the respective EDCs in Fig. 4 of Ref. [16]
for comparison). An explicit assignment of these additional
features is not straightforward, but we take the broad line shape
and continuous rise of the background as an indication for the
involvement of conduction band states of the Ag(111) substrate
in the RPES process through a non-negligible Vi js. This
further supports our statement that a single-particle picture
is not sufficient to describe the RPES of such systems, for
which very obviously many-body interactions (as, for example,
in Refs. [22,23]) need to be taken into account. Note that
similar effects are also observed in the RPES data of other
molecule-metal interfaces, which show charge transfer in the
ground state [28,29].
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IV. SUMMARY AND CONCLUSION

We demonstrate that based on an explicitly defined single-
particle picture and the identification of the responsible decay
process, the kinetic energy (Eg) of particular constant Eg
features in the resonant photoelectron spectroscopy (RPES)
data of molecule-metal interface systems can be successfully
calculated for such interfaces which do not show charge
transfer in the ground state. If such a charge transfer in the
ground state is present, however, we show that this approach
in not adequate. In the latter case a significant hybridization
between molecular and metal states is reported in literature
and also indicated by characteristic changes of the line shape
of the RPES data. Hence a single-particle picture, which relies
on a small coupling between metallic and molecular states,
is limited to systems which only show a weak interaction
and no charge transfer in the ground state between molecule
and substrate, while otherwise many-body effects have to be
adequately taken into account.
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