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Core-level spectroscopy and dynamics of free molecules

R. Feifel1, ∗ and M.N. Piancastelli1

1Department of Physics and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden
(Dated: April 25, 2010)

A review of recent results on spectroscopy and dynamics of free molecules is presented. The
experimental research reported here is mainly concerned with processes of core excitation and decay
of isolated molecules, primarily investigated by resonant Auger spectroscopy. Several examples are
shown concerning the interplay of the timescales of electron decay with nuclear motion involving
dissociation processes, the occurrence of interference phenomena and recoil. The capability of such
studies to reveal subtle details of the light-matter interaction, of the electronic structure and of the
evolution of the short-lived states thus created is enlightened.

INTRODUCTION

The investigation of structure and dynamics of core-
excited and core-ionized molecules with experimental
techniques based on synchrotron radiation as ionizing
source has been established as a very powerful tool dur-
ing the last two decades. Here we review some of the
most recent developments, focusing on the decay dy-
namics of core-excited species.

The simultaneous implementation of narrow-
bandwidth synchrotron radiation sources and high-
resolution electron energy analyzers in recent years has
given a tremendous impulse to the development of new
research trends in the field of atomic and molecular
resonant excitation and subsequent radiative and
non-radiative decay.

In resonant photoemission studies of gas-phase
molecules, the exciting photon energy is tuned to one of
the core-excited states (unoccupied molecular orbitals
or Rydberg states) which exist below an ionization
threshold. The neutral intermediate state prepared in
this way has a relatively short lifetime and subsequently
decays by emitting electrons or photons (non-radiative
or radiative decay). In non-radiative decay processes,
the core hole is filled, and a valence electron is emit-
ted. Electron decay spectra include features related to
valence single-hole states (due to so-called participator
decay), or valence two-hole/one-particle states (due to
so-called spectator decay). This phenomenon is known
as resonant Auger decay.

Several comprehensive review papers have been pub-
lished in recent years dealing with core excitation-
deexcitation processes in isolated molecules (see e.g.
Refs. [1–6]). In the present review we will be mostly
concerned with new developments which have taken
place in the last few years, but we will also refer to
some material already included in Refs. [1–6] when we
consider a topic being of particular importance.

We will concentrate on works concerning core-to-
bound excitations in isolated molecules and subsequent
electron decay investigated under the so-called Auger
resonant Raman (ARR) conditions [7]. The analogous

research line where radiative decay is investigated will
not be reviewed here, although comparably interesting
results have been obtained in narrow-bandwidth res-
onant X-ray emission studies. Furthermore, we will
mainly focus on the experimental findings, and shall
discuss theoretical aspects, which were often developed
hand-in-hand with the experiments, only briefly where
necessary.

The main topics treated in the following sections are:
Nuclear Motion in Core-Excited Systems: We will de-

scribe how the nuclear motion in the core-excited state
is reflected in the vibrational distribution of the final
states reached after resonant Auger decay. In partic-
ular, we will provide examples of cases where the ge-
ometry of the intermediate state is different from that
one of the ground state, i.e. cases where the molecule
deforms upon core excitation. Another important cat-
egory of nuclear motion affecting the resonant Auger
decay concerns linear triatomic molecules which in the
intermediate state relax via Renner-Teller splitting into
two states, a bent and a linear one, slightly separated
in energy. Some examples of this behaviour will be de-
scribed.

Interference Phenomena: One of the basic interfer-
ence mechanism known to show up in resonant Auger
electron spectra, lifetime vibrational interference, is
briefly recapitulated. Subsequently, we will discuss
some of the most recent findings which comprise an in-
terference quenching of a vibrational line upon photon
energy detuning and bond distance dependent Auger
transition rates. Furthermore, examples where the res-
onant and direct scattering channels interfere are dis-
cussed.

Ultrafast Dissociation and Doppler Effect: We will
describe several new cases where dissociation processes
occur on the low femtosecond time scale, leading ei-
ther to sharp atomic or vibrationally excited molecular
fragment species. We shall come across a novel inter-
ference mechanism, which involves non-fragmented and
fragmented Auger decay channels. As another new
phenomenon which is found in ultrafast dissociating
systems, we will discuss the resonant Auger electron
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Doppler effect, and we will elucidate, for several sys-
tems, dynamic information obtainable from the analy-
sis of this effect.

Resonant Auger Decay Near Threshold: A compari-
son between resonant Auger decay spectra recorded for
excitations to neutral Rydberg states close to the ion-
ization threshold and a normal Auger spectrum will be
presented, and their interconnection will be discussed.
The complexity of below threshold, near-edge X-ray ab-
sorption fine structure resonances will be exemplified.

Above Threshold Resonances: The above-threshold
region is characterized by the presence of an ionization
continuum. However, resonant features are still pos-
sible, superimposed to this continuum. In particular,
a gross subdivision can be made between one-electron
processes, namely shape resonances, and multi-electron
processes such as neutral states created by the simulta-
neous excitation of one core and one valence electron.
We will present one example of the shape resonance
affecting the vibrational distribution of states reached
after normal Auger decay, together with some examples
of decay of multiply-excited neutral states embedded in
ionization continua.

Recoil Effects: For this category of phenomena, we
deal with direct (as opposed to resonant) photoemis-
sion. Very interesting results have been reported in the
last four years concerning recoil phenomena, and in par-
ticular inelastic momentum transfer from the outgoing
photoelectron to the nucleus where the electron vacancy
is created, with consequent non-Franck-Condon effects
in the vibrational structure of the photoline. We will
describe the few known examples of recoil in both core
and valence ionization.

NUCLEAR MOTION IN CORE-EXCITED
SYSTEMS

When a core electron in a molecule is excited, the
core hole can relax by non-radiative decay, i.e. by res-
onant Auger electron emission. The core-hole decay
takes place on a typical time scale of few or few tens
of femtoseconds. This time scale is in the same or-
der of magnitude as the period of molecular vibrations
and thus a signature of nuclear motion is likely to be
detected in the decay spectra. Within a semiclassical
picture, as soon as a wave packet is created on the po-
tential energy surface of the neutral core-excited state
by photoabsorption, this wave packet starts to prop-
agate, exploring details of this intermediate state po-
tential energy surface and, at the same time, decaying
to various final ionic states. Due to this so-called dy-
namical Auger emission [8–10], the resonant Auger line
profile measured will directly reflect the nuclear motion
taking place in the core-excited state modulated by its
relative shape and position with respect to the poten-

tial energy surface of the final state reached by Auger
decay.

If the lifetime of the core-excited state is longer
than one period of molecular vibrations, the natural
linewidth is smaller than the vibrational spacing, and
the excitation to a specific vibrational level will occur
for a sharp bandwidth of the incident photon. In this
situation, the deexcitation spectrum can be approxi-
mately described by a Franck-Condon factor between
the core-excited state and final states of the decay. On
the other hand, if the lifetime is shorter than the vibra-
tional period, one can no longer say which vibrational
level is excited, and a coherent nuclear motion will be
induced as a result of interference between excited vi-
brational levels; this type of interference and others will
be discussed in more detail in the subsequent section.
When the lifetime is not much shorter than the vibra-
tional period, this nuclear motion will be reflected in
the Auger electron spectral shape.

Such phenomenon may affect the electronic decay
and also the fragmentation dynamics in case of disso-
ciative core-excited states. While the so-called ultra-
fast dissociation will be treated in another section of
this paper, here we concentrate on cases where the ge-
ometry of the intermediate state is different from the
one of the ground state. As an example, core-excited
states of linear molecules can be bent and those of pla-
nar molecules can be pyramidal. In such a case, the
molecule begins to deform just after the core excitation.
In more complex cases, a core-excited linear molecule
can undergo Renner-Teller splitting to stabilize the in-
termediate state, and this Renner-Teller effect has vis-
ible consequences in the vibrational distribution of the
final states reached after resonant Auger decay. We will
provide some examples in what follows.

The first example is the observation of nuclear mo-
tion effects in core-excited boron trifluoride. Follow-
ing B1s core excitation of BF3, it was shown that the
nuclear motion for the molecular deformation can be
observed by resonant Auger spectroscopy [8].

The BF3 molecule is a planar molecule with D3h

symmetry. The B1s excitation (absorption) spectrum
shows a strong resonance B1s → 2a2” below the B1s
ionization threshold [8]. Extensive studies on this
resonance and its decay dynamics revealed that the
molecule deforms to the C3v pyramidal structure fol-
lowing the B1s → 2a2” excitation in competition with
the electronic decay.

The electronic decay following the B1s → 2a2” ex-
citation consists of the spectator Auger decay and the
participator Auger decay. The dynamical aspect of the
molecular deformation in the core-excited state is di-
rectly reflected in the spectrum because the Auger de-
cay occurs while the nuclear motion proceeds.

In Fig. 1 taken from Ref. [8], resonant Auger spectra
following the B1s → 2a2” excitation of BF3 are shown.
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The resonance enhancement is significant for the 1a”,
2e’, and 2a1’ final ionic states. The participator Auger
spectrum has a long tail toward the low kinetic en-
ergy side, though such a tail does not appear in the
corresponding non-resonant photoemission peak [8]. A
linear dispersion of kinetic energy of the participator
Auger electrons, as well as a non-dispersion of kinetic
energy of the spectator Auger electrons as a function of
photon energy is evident in Fig. 1. The non-dispersion
of the spectator Auger kinetic energy with the photon
energy implies that the potential surfaces of the specta-
tor Auger final states are nearly parallel to the potential
surface of the intermediate core-excited state and there-
fore unstable along the coordinate corresponding to the
out-of-plane vibration, in the vicinity of the equilibrium
geometry of the ground state where the excitation takes
place. In such a case the decay leading to the specta-
tor Auger peak occurs perpendicularly downward in the
configuration coordinate space because of the orthogo-
nality of the vibrational states. Thus, the kinetic en-
ergy of the ejected electron, which corresponds to the
energy difference between the initial and final states
of the decay, is constant irrespective of the excitation
photon energy. In case of participator Auger decay,
the final state adiabatic potential is stable at the ori-
gin along the out-of-plane vibration coordinate. The
prominent peak of the participator Auger spectral re-
gion, which shows the linear dependence on the photon
energy, corresponds to the prompt decay near the origin
where the excitation takes place, and thus to a decay
process where the coherence is maintained throughout
the whole process in the resonant Auger emission.

A long tail is also observed in the participator Auger
lines towards the higher binding energy (i.e. lower ki-
netic energy). This tail is a consequence of the nuclear
motion in the B1s → 2a2” excited state. If the B atom
begins to move to the out-of-plane direction immedi-
ately after the core excitation, the kinetic energy of the
Auger electron would be decreased by the energy con-
version to the nuclear motion in the core-excited state.

Such long tail was investigated in more detail in a
subsequent study [9], where it was shown that the ex-
citation of the out-of-plane bending mode in the inter-
mediate state, related to a dramatic geometry change,
induces an exceptional excitation of this mode in the
final ionic states. A local intensity enhancement at
the outer classical turning point of the intermediate
state potential energy curve is responsible for the ob-
served broad structures within the tail. Moreover, their
photon-energy dependence allows mapping the poten-
tial energy curves of these states over a wide energy
range along the out-of-plane bending coordinate.

Similar effects have been reported for the analogous
system BCl3 [10]. In this system, Auger emission fol-
lowing the B1s excitation to the unoccupied 4e’ orbital
enhances the shoulder structure in the low kinetic en-

FIG. 1. Observed (a) and calculated (b) resonant Auger
spectra in BF3. The participator and spectator Auger spec-
tra are shown in the left hand and right hand panels, re-
spectively. The results for the excitation at the B1s → 2a2”
resonance and for 200 meV lower and higher photon energy
with respect to the resonance peak are shown. See Ref. [8]
for details. Reproduced with permission.

ergy side of the photoemission from the 2e’ final state.
This shoulder structure is interpreted as the dynami-
cal Auger emission which reflects the B-Cl stretching
nuclear motion and appears as a result of the purely
multi-state vibronic coupling effect among the Jahn-
Teller split B1s−1 4e’ E’ states and the closely lying
B1s−1 3a1’ A1’ state.

Another example of nuclear motion being reflected
in the vibrational distribution of Auger decay spec-
tra is the core excitation-decay in water. It has been
shown that the two-dimensional nuclear motion of the
Auger final state can be probed by resonant Auger
spectroscopy, and furthermore that it can be mediated
by sampling a different portion of the potential curve
and changing the nuclear motion in the core-excited
state [11].

Fig. 2 taken from Ref. [11] shows the electron emis-
sion spectra of H2O recorded at four different photon
energies across the O1s → 2b2 resonance together with
calculated vibrational progressions. The spectra cover
the binding energy region 17.0 - 20.0 eV, where the
B band corresponding to electron emission from the
1b2 orbital is present. The bottom spectrum (a) was
recorded at the foot of the O1s → 2b2 resonance and
thus can be considered close to the direct photoemis-
sion. Vibrational frequencies of 375 and 203 meV for
symmetric stretching (ν1) and bending (ν2) modes, re-
spectively, are present for the B band. In the case of
direct photoemission, both modes are highly excited,
exhibiting a very broad band structure (spectrum (a)
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FIG. 2. Continuous and dashed curves: measured and cal-
culated resonant Auger spectra of H2O for decay to the
1b−1

2 Auger final state at various excitation energies across
the O1s → 2b2 band. Photon energies and corresponding
vibrational components in the core-excited state are also
displayed. The vertical bars represent the calculated vibra-
tional components. See Ref. [11] for details.

in Fig. 2). The other three spectra in Fig. 2(b) - (d)
were recorded at approximately the photon energies of
the (0,0), (1,0) and (2,0) components, respectively, of
the O1s → 2b2 band, where (0,0) is the vibrational
ground state and (1,0) and (2,0) refer to one and two
quanta of vibrational excitation in the stretching mode.

In the work of De Fanis et al. [11], the observed vi-
brational structure is attributed mostly to the ν2 mode.
The vibrational structure becomes less resolved at the
O1s → 2b2 (1,0) excitation (cf. spectrum (c)) and at
the (2,0) excitation (cf. spectrum (d)). The band peak
appears at higher binding energy when the excitation
energy is increased, indicating that higher vibrational
components are excited in the Auger final state.

With the aid of ab initio calculations, the following
picture was developed: Both the experimental and the-
oretical data clearly show that the intensities of the fi-
nal state vibrational components change dramatically,
depending on the excitation energy. The most interest-
ing finding is that this mode selectivity decreases when
the excitation energy is increased. At the hν = 535.95

eV excitation, in addition to the (1,ν2) main progres-
sion, also the (0,ν2) and (2,ν2) progressions were iden-
tified [11]. At the hν = 536.12 eV excitation, the inten-
sity of the (2,ν2) components is comparable to those of
the other components.

As a result, many more vibrational components pile
up to form the unresolved band that can be seen
in Fig. 2(d). The calculations show that symmetric
stretching and bending motions are not completely sep-
arated where the wavefunctions overlap with those of
the core-excited state. In such a case, the ν1 and ν2
modes have both symmetric stretching and bending
characters. The ν1 and ν2 modes in the core-excited
state also have both symmetric stretching and bending
characters as pointed out previously. These two modes
are however significantly different in the core-excited
state and in the Auger final state. As a result, the
ν1 mode caused in the core-excited state can be trans-
ferred not only to the ν1 mode but also to the ν2 mode
in the Auger final state. In this way, complex two-
dimensional nuclear motion is stimulated in the Auger
final state by the Auger resonant process via the (ν1,
0) components in the core-excited state. In the work
of De Fanis et al. [11] it was confirmed that indeed the
two-dimensional nuclear motion of the Auger final state
is mediated by tuning the incident energy to different
portions of the core-excited state.

Another series of examples will be given concerning
linear molecules whose core-excited states can be split
by Renner-Teller effect, and in which such splitting is
reflected in the resonant Auger decay.

In the linear molecule N2O, the role played by the
Renner-Teller effect on the electronic decay spectra of
the core-excited Nt1s → π∗ was emphasized, together
with the contribution of the nuclear motion in the core-
excited state to the vibrational energy distribution of
the X2Π electronic ground state of the N2O+ ion cre-
ated through resonant Auger decay [12]. The investiga-
tion was made by combining high resolution resonant
Auger spectroscopy and ab initio quantum chemical
calculations for the three-dimensional potential energy
surfaces of the ground, core-excited and final states, as
well as for the Auger transition rates.

The participating Auger decay mainly populates the
X2Π ground state of N2O+. The vibrational intensity
distribution in the X2Π electronic state shows some sig-
nificant evolution when the photon energy is scanned
through the Nt1s→ π∗ resonance profile. N2O is known
to undergo a conformational change from linear (C∞v
point group) to bent (Cs point group) which takes place
when a N1s or O1s core electron is promoted into the
unoccupied π∗ molecular orbital. Upon bending, the
degeneracy of the π∗ orbitals is lifted, giving rise to
a’ (in-plane) and a” (out-of-plane) orbitals in the Cs
symmetry. The Nt1s → a’∗ and Nt1s → a”∗ core-
excited states were shown to correspond to bent and
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FIG. 3. Resonant Auger decay spectra of the Nt1s → π∗

core-excited state in N2O to the X2Π electronic ground
state. The spectra were recorded for photon energies lower
than the resonance maximum (Ω < 0): hν = 400.1, 400.5,
400.7, 400.9, 401.0, 401.1, 401.2, and 401.3 eV (resonance
maximum), respectively. See Ref. [12] for details.

linear structures, respectively, the Nt1s→ a’∗ state be-
ing lowered in energy by bending of the molecule. This
behavior can be rationalized by the Renner-Teller ef-
fect [12].

Due to linear conformation of the molecule in the
ground state, and using the Franck-Condon principle
for the Nt1s→ π∗ transition, the bending mode will be
strongly excited when the photon energy is tuned be-
low the resonance maximum (negative detuning), while
only stretching modes can be effectively excited when
the photon energy is tuned above the resonance maxi-
mum (positive detuning).

Figs. 3 and 4 taken from Ref. [12] illustrate the reso-
nant Auger decay spectra of the Nt1s→ π∗ core-excited
state to the X2Π electronic ground state of N2O+ mea-
sured for various excitation energies along the π∗ reso-
nance profile for negative (cf. Fig. 3) and positive (cf.
Fig. 4) photon energy detunings. The energy distribu-
tion between the normal modes is fundamentally dif-
ferent in the two cases: while for positive detuning the
N-N stretching mode is the most active (ν3 = 0.22 eV),
for negative detuning no stretching vibrational progres-
sion can be observed, suggesting that the unresolved (ν2
= 0.051 eV) bending mode is mostly active. Moreover,
when increasing the photon energy from 400.1 to 402.5
eV, one can observe a continuous transition from the
situation where the bending mode is mainly populated
to the one where the N-N stretching mode is populated,
exactly as one would expect by considering the contin-
uous transition discussed above from a bent to a linear
core-excited state configuration.

In the case of another linear molecule, CO2, the core-
excited C1s → π∗ state is separated by Renner-Teller

FIG. 4. Resonant Auger decay spectra of the Nt1s → π∗

core-excited state N2O to the X2Π electronic ground state.
The spectra were recorded for photon energies higher than
the resonance maximum (Ω > 0): hν = 401.3 (resonance
maximum), 401.4, 401.5, 401.6, 401.7, 401.9, 402.1, and
402.5 eV, respectively. See Ref. [12] for details.

splitting into two states. The lower energy state has a
bent equilibrium geometry and is reached by excitations
to the π∗ orbitals that lay in the bending plane of the
molecule. The higher-energy linear state is formed by
excitations to the out-of-plane π∗ orbitals. The two
Renner-Teller split components merge into one broad
peak in the photoabsorption spectrum.

The Auger electron spectra, measured at a number
of photon energies across the absorption peak [13, 14],
are shown in Fig. 5 taken from Ref. [14]. Strong reso-
nant enhancement is evident only for the A2Πu state,
which also shows dramatic changes of the vibrational
envelope. The spectra in Fig. 5, taken from Ref. [14],
can be divided into two groups with different behavior:
in the spectra recorded below 290.7 eV photon energy
(spectra A-C in Fig. 5) the shape of the vibrational en-
velope of the A2Πu state changes little, only its absolute
intensity increases towards the resonance maximum; in
the spectra above 290.7 eV (spectra E-G in Fig. 5),
strong redistribution of the vibrational intensity takes
place.

The behavior of the vibrational structure in the
Auger spectra can be related to the decay of the bent or
linear core-excited intermediate states. The bent state
is expected to be populated at the lower photon en-
ergy side of the absorption peak, while the linear state
becomes accessible only at higher photon energies.

The vibrational structure of the Auger electron spec-
tra is sensitive to the excitation energy. In particular,
the decay of the bent and linear Renner-Teller split
components of the C1s → π∗ state produces clearly
different vibrational patterns. The numerical simula-
tions in Ref. [14] explain the characteristic features in
the Auger electron spectra excited at the lower part of
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FIG. 5. Resonant Auger electron spectra in CO2. Labels
refer to the photon energies across the C1s → π∗ resonance
where spectra were taken (see Ref. [14]). Also shown is a
non-resonant valence photoelectron spectrum (V), taken at
280 eV photon energy. See Ref. [14] for details. Reproduced
with permission.

the absorption peak. Here, mainly the bent Renner-
Teller component is populated by photoabsorption. It
is clear that the Auger electron spectrum originates
from several closely spaced bending mode vibrational
levels of the bent intermediate state. That is indeed
the case in Fig. 5 (spectra A-C) taken from Ref. [14].
The above-described features are related to the bending
mode vibrations of the bent core-excited state. Strong
excitations of the symmetric stretch mode in the pho-
toabsorption to the bent state is not expected, based
on the Z+1 model.

In the excitation and decay of the linear state, (spec-
tra E-G in Fig. 5 taken from Ref. [14]) the bending
vibrations do not play a major role. The vibrational
structure observed in the Auger spectra is mainly due to
the symmetric stretch excitations. A strong photon en-
ergy dependence appears, since higher vibrational levels
of the linear state are excited as the photon energy in-
creases and they have completely different overlap with
the final state vibrational wavefunctions.

It was concluded from the analysis of the Auger elec-
tron spectra that high levels of the bending vibrations

of the bent state are excited in photoabsorption and
the symmetric stretching excitations play only a minor
role. In contrast, higher levels of symmetric stretch vi-
brations can be excited in the photoabsorption to the
linear component, for which the bending mode exci-
tations are much less important. The photon energy-
dependent features in the resonant Auger spectra were
explained using these main characteristics of the core
excitations [14].

INTERFERENCE PHENOMENA

In the previous section, we discussed some cases
where the nuclear motion in the core-excited state is
reflected in the vibrational intensity distribution of the
final electronic states reached by resonant Auger decay.
This was possible since the time scale for the core-hole
decay via Auger emission is similar to the nuclear mo-
tion. If the natural lifetime width of the core-excited
state is in the same order of magnitude as the vibra-
tional spacing of the intermediate state potential en-
ergy surface, the vibrational levels in the core-excited
state overlap, as schematically shown in Fig. 6, and
hence get coherently excited. In analogy to light diffrac-
tion by a grating, the intermediate electronic state (de-
noted as (c) in Fig. 6) decays via a manifold of pos-
sible pathways to one of the possible final states (de-
noted as (f) in Fig. 6), giving rise to constructive or
destructive interference pattern observable in the re-
sulting resonant Auger electron spectrum. This is re-
ferred to as Lifetime Vibrational Interference (LVI),
which has been predicted and theoretically described
by Gel’mukhanov and co-workers in the 1970’s using
the so-called Kramers-Heisenberg formalism [15]. Since
then, it was experimentally identified in several experi-
ments like e.g. the first C1s→ π∗ resonant Auger spec-
trum for CO, excited by narrow monochromator band-
width synchrotron radiation, where it gave rise to mod-
ulations of the final state vibrational intensity distribu-
tions which could not be explained by a simple Franck-
Condon two-step excitation-deexcitation picture [16].
A more recent study of LVI can be found, for instance,
in Ref. [17].

Generally, with resonant Auger electron spec-
troscopy, one probes different parts of the final state
potential curves compared to conventional valence pho-
toelectron spectroscopy, as has been demonstrated in
several works (see e.g. Ref. [18] and references therein).
Furthermore, the vibrational intensity distribution in
the final state may vary strongly upon tuning of the
excitation energy across the intermediate resonance
state [16, 19].

Fig. 7 taken from Ref. [20] shows, as a first exam-
ple, experimental and numerically calculated resonant
Auger spectra for the decay into the singly-ionized
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FIG. 6. A schematic figure illustrating Lifetime Vibrational
Interference (LVI). Due to the core-hole lifetime width Γ
being in the same order of magnitude as the vibrational
spacing, the vibrational sublevels in the core-excited state
overlap and hence get coherently excited. Several decay
paths are possible, giving rise to interference in analogy to
light diffraction by a grating. Also indicated is the direct
pathway from the neutral ground state to the final ionic
state, which can interfere with the resonant channel.

X2Σ+
g (right panel) and the B2Σ+

u (left panel) final
states of N2 for different photon energy detunings Ω
relative to the adiabatic (0-0) transition of the N1s →
π∗ resonance at 400.88 eV (for the absorption spectrum,
see e.g. Ref. [21]). Off-resonance spectra recorded at a
photon energy of 95 eV are also included for compari-
son. In the spectra marked with a star, an artificial line
contribution due to Stokes doubling (see e.g. Ref. [22]
and references therein) was removed.

As one can see from this figure, for both final states
presented, the vibrational intensity distribution mea-
sured on top of the resonance (Ω = 0) is very different
from the one in the corresponding valence band pho-
toelectron spectrum measured at 95 eV, and the rela-
tive vibrational intensity distribution within each final
state varies as a function of photon energy detuning.
In particular, the vibrational fine structure resembles
the intensity distribution of the direct photoionization
spectrum after a comparatively small detuning value
Ω (X-state: Ω = -150 meV; B-state: Ω = -500 meV).
This observation is also known as the collapse of vi-
brational fine structure in the Auger resonant Raman
spectrum upon photon energy detuning of the exciting
radiation [20, 23, 24]. It was first observed by Sundin et
al. [23, 24] for negative sub-eV energy detuning relative
to the ν’ = 0 component of the C1s → π∗ resonance
in CO for the decay into the singly-ionized X2Σ+ fi-
nal state of this system. The basis of this effect can

decreases drastically already for very small detuning val-
ues  until it reaches a minimum at  � �500 meV after
which the ratio increases again. The experimental and
theoretical curves are in very good agreement. The values
derived from spectra showing a Stokes line in the binding
energy region of interest are marked in this figure by the
shaded region labeled ‘‘Stokes doubling.’’

As the experimental and numerical data presented above
show an unusual behavior of the scattering cross section
into the final state in one vibrational quantum (phonon), we
analyze the process with only ‘‘one phonon’’ in the final
state. Therefore we consider the Kramers-Heisenberg
equation (cf. Ref. [18])

F �
X
c

hfjcihcj0i
!�!c0 � {�

(1)

in a one phonon approximation (f, c, and 0 represent the
final, core-excited, and ground states, respectively, � is the
lifetime width of the core-excited state, and !c0 is the
resonant frequency of the core excitation). The scattering
amplitude is written here with an unessential multiplicative
constant factor normalized to one. The scattering takes
place via two interfering channels: 0 ! 0 ! 1 (’’phonon’’
created in emission) and 0 ! 1 ! 1 (phonon created in
absorption):

F �
hf; 1jc; 0ihc; 0j0; 0i


�

hf; 1jc; 1ihc; 1j0; 0i
�!c

: (2)

We neglect the lifetime broadening since in the studied
region jj 	 �.

The ‘‘one phonon approximation’’ means that the shifts
of equilibrium distances, R0

f � R0
c and R0

c � R0
0, are small

compared to the amplitude of vibrations a � 1=
�����������
� ~!!0

p
(�

is the reduced mass). Using this approximation the ampli-

tude reads

F �
�fc


�

�c0

� ~!!0
�

�f0


� ~!!0�

�
� ~!!0

�fc

�f0

�
; (3)

where we have used the identity �fc � �c0 � �f0 �

R0

f � R0
0�=a

���
2

p
, the definition of dimensionless displace-

ments, �fc � 
R0
f � R0

c�=a
���
2

p
, �c0 � 
R0

c � R0
0�=a

���
2

p
,

and the approximate vibrational frequencies of ground

!0�, core-excited 
!c� and final 
!f� states by the average
value ~!!0 � 
!0 �!c �!f�=3 � 0:27 eV.

Equation (3) shows the sign changing of the scattering
amplitude passing through zero in the region of negative
detuning which can be observed only if R0

f > R0
0 (for the

usual case R0
f < R0

c when exciting a core electron to the ��

orbital). If R0
f < R0

0, the detuning parameter  gets posi-
tive. Our description is not valid for positive detuning since
this is essentially a resonant region. This explains, in
particular, why such a minimum in the region < 0
cannot be observed for the B2��

u final state in N�
2 (cf.
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FIG. 2. The ratio �00 � 1=�00 � 0 of the integrated intensities
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g final state of N2 as a function
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FIG. 1. Experimental and numerically calculated resonant
Auger spectra for the decay into the singly ionized X2��
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panel) and the B2��

u (left panel) final states of N2 for different
detuning frequencies . All spectra are normalized to the same
area of �00 � 0.
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FIG. 7. Experimental and numerically calculated resonant
Auger spectra for the decay into the singly-ionized X2Σ+

g

(right panel) and the B2Σ+
u (left panel) final states of N2 for

different photon energy detunings Ω relative to the adiabatic
(0-0) transition of the N1s → π∗ resonance. All spectra are
normalized to the same area of the final state vibrational
line ν” = 0. See Ref. [20] for details.

be traced to the duration time of the scattering pro-
cess [25] and to the relative positions of the potential
energy curves of the neutral ground, core-excited, and
final ionized states. In particular, the collapse effect is
observable if the ground and the final state potential
curves have very similar equilibrium bond distances.
In this case, when the excitation energy is detuned
from the nominal resonant energy, the scattering du-
ration time will be drastically reduced compared to the
core-hole lifetime. The nuclear wave packet does not
have time to develop in the core-excited state, but the
molecule will almost instantaneously decay into the fi-
nal state [23, 24]. The vibrational intensity distribution
in the Auger spectrum collapses into that of the direct
photoionization spectrum for a detuning Ω for which
the resonant cross section is still much larger than the
direct cross section. As discussed in the original work
of Sundin et al. [23], the relative intensity follows a
smooth, monotonous function of detuning Ω. It should
be noted that this is a pure resonant effect.

In comparing the numerical simulations shown in
Fig. 7 taken from Ref. [20], which take only the resonant
pathway into account, one can see that the quantitative
agreement for the B2Σ+

u is not very good, even though
the breakdown of the very long resonant progression is
also mimicked numerically. In particular, discrepancies
are encountered in some of the spectra for the two low-
est vibrational components (ν” = 0 and ν” = 1) of this
final state, due to the fact that the direct channel can-
not be neglected for this final state as we will discuss
further below. However, for the X-state, the simulated
spectra reproduce the experimental data to a very high
degree of accuracy.
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decreases drastically already for very small detuning val-
ues  until it reaches a minimum at  � �500 meV after
which the ratio increases again. The experimental and
theoretical curves are in very good agreement. The values
derived from spectra showing a Stokes line in the binding
energy region of interest are marked in this figure by the
shaded region labeled ‘‘Stokes doubling.’’

As the experimental and numerical data presented above
show an unusual behavior of the scattering cross section
into the final state in one vibrational quantum (phonon), we
analyze the process with only ‘‘one phonon’’ in the final
state. Therefore we consider the Kramers-Heisenberg
equation (cf. Ref. [18])

F �
X
c

hfjcihcj0i
!�!c0 � {�

(1)

in a one phonon approximation (f, c, and 0 represent the
final, core-excited, and ground states, respectively, � is the
lifetime width of the core-excited state, and !c0 is the
resonant frequency of the core excitation). The scattering
amplitude is written here with an unessential multiplicative
constant factor normalized to one. The scattering takes
place via two interfering channels: 0 ! 0 ! 1 (’’phonon’’
created in emission) and 0 ! 1 ! 1 (phonon created in
absorption):

F �
hf; 1jc; 0ihc; 0j0; 0i


�

hf; 1jc; 1ihc; 1j0; 0i
�!c

: (2)

We neglect the lifetime broadening since in the studied
region jj 	 �.

The ‘‘one phonon approximation’’ means that the shifts
of equilibrium distances, R0

f � R0
c and R0

c � R0
0, are small

compared to the amplitude of vibrations a � 1=
�����������
� ~!!0

p
(�

is the reduced mass). Using this approximation the ampli-

tude reads

F �
�fc


�

�c0

� ~!!0
�

�f0


� ~!!0�

�
� ~!!0

�fc

�f0

�
; (3)

where we have used the identity �fc � �c0 � �f0 �

R0

f � R0
0�=a

���
2

p
, the definition of dimensionless displace-

ments, �fc � 
R0
f � R0

c�=a
���
2

p
, �c0 � 
R0

c � R0
0�=a

���
2

p
,

and the approximate vibrational frequencies of ground

!0�, core-excited 
!c� and final 
!f� states by the average
value ~!!0 � 
!0 �!c �!f�=3 � 0:27 eV.

Equation (3) shows the sign changing of the scattering
amplitude passing through zero in the region of negative
detuning which can be observed only if R0

f > R0
0 (for the

usual case R0
f < R0

c when exciting a core electron to the ��

orbital). If R0
f < R0

0, the detuning parameter  gets posi-
tive. Our description is not valid for positive detuning since
this is essentially a resonant region. This explains, in
particular, why such a minimum in the region < 0
cannot be observed for the B2��

u final state in N�
2 (cf.
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FIG. 8. The ratio ν” = 1/ν” = 0 of the integrated intensities
for the singly-ionized X2Σ+

g final state of N2 as a function
of photon energy detuning Ω. Both experimental and the-
oretical values are presented. Values derived from spectra
showing a Stokes line in the binding energy of region of in-
terest are marked in this figure by the shaded region labeled
”Stokes doubling”. See Ref. [20] for details.

By looking more closely into the evolution of the
X-state progression, one can see that for increasingly
negative detuning, the ν” = 1 component decreases in
intensity compared to ν” = 0 until it has almost com-
pletely vanished at Ω = -500 meV, and then it grows
again. In order to illustrate this behaviour, the ratio of
ν” = 1 and ν” = 0 integrated intensities as a function
of detuning Ω is plotted in Fig. 8 taken from Ref. [20],
both for the experimental and numerical X-state spec-
tra. As one can see, both the experimental and numer-
ical curves show a non-monotonous form with a mini-
mum for a photon energy detuning of Ω = -500 meV,
which is qualitatively different from e.g. the CO case
of Sundin et al. [23].

This ’interference quenching’ of the ν” = 1 vibra-
tional line of the X2Σ+

g in N2 has been analysed in
Refs. [20, 26] in details using the Kramers-Heisenberg
formalism, and models were developed which show a
direct relation between the detuning value at which
this minimum is observed and the equilibrium bond

1820 M N Piancastelli et al

Figure 1. Left: experimental resonant Auger decay spectra of N 1s → π∗ excited N2 to the
B̃ 2�+

u final state of N+
2 measured at photon energies (bottom to top): 400.88, 401.10, 401.32,

401.54, 401.76, 401.98 and 402.20 eV, corresponding to excitation to the v′ = 0–6 vibrational
components of the core-excited state. For the sake of comparison, the spectra are scaled such that
the intensity of the lowest binding energy peak is always the same. Right: N 1s → π∗ absorption
curve plotted to show the one-to-one connection between the decay spectra and the vibrational
peaks in the intermediate state.

observed due to the low sensitivity of previous experiments [2, 5]. However, this relatively low
decay intensity reveals some especially interesting dynamical phenomena. The spectra show
a peculiar vibrational intensity distribution that cannot be explained using the ‘standard’ LVI
framework [4]. Instead, a model must be used which takes into account the strong influence
of the molecular geometry in determining the decay probability when bond lengths far from
the Franck–Condon region are reached. We will show that such a model implies a breakdown
of the participator/spectator picture for this radiative decay. Furthermore, the Franck–Condon
principle does not hold, since the Auger transition amplitudes depend explicitly on the inter-
nuclear distance.

With the advent of third-generation synchrotron radiation sources the experimental
conditions for observing very weak processes have improved remarkably. The present
experiments were performed at the recently commissioned undulator beam line I 411 [6]
at the MAX II storage ring at the Swedish National Synchrotron Radiation Facility in Lund,
Sweden. This beam line provides photons in the 50–1200 eV energy range. It is equipped
with a modified high-resolution SX 700 monochromator and with a rotatable hemispherical
SES 200 high-resolution electron analyser. The monochromator resolution used in the present

FIG. 9. Left: experimental resonant Auger decay spectra
of N1s → π∗ excited N2 to the singly-ionized B2Σ+

u final
state measured at photon energies (bottom to top): 400.88,
401.10, 401.32, 401.54, 401.76, 401.98 and 402.20 eV, corre-
sponding to excitation to the ν’ = 0 - 6 vibrational compo-
nents of the core-excited state. For the sake of comparison,
the spectra are scaled such that the intensity of the lowest
binding energy peak is always the same. Right: N1s → π∗

absorption curve plotted to show the one-to-one connection
between the decay spectra and the vibrational peaks in the
intermediate state. See Ref. [27] for details.

distance R0
c of the core-excited state. I.e. a new way

was established of determining the equilibrium bond
distance for the core-excited state.

Also positive photon energy detuning can result in
peculiar behaviour of the vibrational intensity distri-
bution in the final electronic state. A very interesting
case was found for the B2Σ+

u final state of N+
2 which

is shown in Fig. 9 taken from Ref. [27]. The spectra
were measured at photon energies corresponding to the
maxima of the ν’ = 0 - 6 vibrational components of
the intermediate state. When the lowest vibrational
state of the core-excited N2 is selected, one notes only
one group of vibrational peaks in the decay spectrum.
When higher vibrational excitations are selected, one
notes that the vibrational peaks become divided into
two groups, one at a lower and one at a higher bind-
ing energy. Furthermore, in between the two groups
of lines the spectra show less and less structure, even-
tually becoming totally flat at the excitation energy
corresponding to ν’ = 5.

The simplest qualitative explanation which accounts
for the gross features of the spectra relies on the re-
flection principle and the possibility of mapping the in-
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termediate state vibrational wavefunctions. Classically
speaking, the vibrational kinetic energy tends to zero
at the inner and outer turning points of the intermedi-
ate state potential curve, where the system resides for
a longer time. If the potential curve of the final state
is sufficiently different from that of the intermediate
state, as is the case for the B-state [27], the resonant
Auger decay will sample two different subregions of the
vibrational envelope of the final state, with a region in
between where the transition amplitude is lower. This
is, of course, a very simplified picture but it is impor-
tant to note that the position of the maxima of the
two groups gives direct information about the classi-
cal turning points, thus a simple procedure to map the
potential curve could be devised.

In order to obtain a deeper understanding of the ob-
servations made, in particular of the essentially flat part
in between the two groups of vibrational structure, var-
ious sets of numerical simulations were carried out in
the work of Piancastelli et al. [27], and in extension
to that, in the work of Salek et al. [28]. These the-
oretical calculations showed that the interference be-
tween direct and resonant photoemission, as schemati-
cally indicated in Fig. 6 above, is important in the case
of the singly-ionized B-final state of N2, and a strong
geometry dependence of the decay probability on the
bond distance is present. The latter implies that the
first electronic state of 2Σ+

u symmetry needs to be de-
scribed adequately as a superposition of at least two
electronic configurations, one one-hole and one two-
hole/one-particle states, which means that the other-
wise useful distinction between participator and spec-
tator decay breaks down completely in this particular
case. Due to an avoided crossing, the CI coefficients
depend substantially on the bond distance which, in
turn, implies that the deexcitation transition probabil-
ities are not independent of the bond distance as as-
sumed in the Franck-Condon approximation.

Another case of a significant bond distance depen-
dence of the Auger transitions rates has been reported
by Sorensen et al. [29] for the decay of O1s → 1π∗g
excited molecular oxygen to the singly-ionized X2Πg

state. The interested reader is referred to Ref. [29] for
a detailed discussion.

Furthermore, prominent cases where the interference
between the direct and resonant channels turns out to
be significant were found more recently in O1s → 2π∗

excited CO, both for positive photon energy detuning
(see the work of Tanaka et al. [30]) and for negative pho-
ton energy detuning (see the work of Feifel et al. [31]).
In particular, in the work of Feifel et al. [31] the quench-
ing and restoring of the entire A2Π final state of CO+

is reported for photon energy detuning below the adia-
batic 0-0 transition of the O1s → 2π∗ resonance. This
finding is explained in terms of a Fano interference be-
tween the direct and resonant photoionization channels

resonant Auger data for theA2Pu final state in order to ex-
tract the spectroscopical constants for the N 1s→p* core-
excited state in an alternative way. However, we did not
obtain a significant difference from the spectroscopical con-
stants determined recently by Refs.@28,29#. Thus we used in
the simulations the spectroscopical constants from Refs.
@28,29#, which are summarized in Table I.

IV. RESULTS

Figures 1 and 2 show resonant Auger decay spectra of the
first three outermost singly ionized valence statesX 2Sg

1 ,
A 2Pu andB 2Su

1 , measured for selected excitations to dif-
ferent vibrational levels of the N 1s→p* photoabsorption
resonance in N2 and for negative photon frequency detuning
relative to the adiabatic 0-0 transition of this resonance, re-
spectively. Corresponding off-resonance spectra recorded at
a photon energy of\v595 eV are also included for com-
parison. In Fig. 1, excitations up to the vibrational leveln
513 were investigated. As recent high-resolution photoab-
sorption spectra of N2 show sufficient population of vibra-

tional levels up to onlyn57 in the N 1s→p* core-excited
state~see Refs.@26,29#!, the experimental photon energies
corresponding to the vibrational levelsn.7 of the core-
excited state were calculated assuming a Morse potential for
the core-excited state, based on the recently obtained spec-
troscopical constants from Refs.@28,29# ~see Table I!. A
similar experimental procedure was reported earlier for C
1s→p* core-excited CO~see Ref.@30#!. In Fig. 3 we show
a detail of the experimental and numerical RPE spectra of N2
for the singly ionizedA 2Pu final state, where the excitations
were altered between ‘‘on top’’ and ‘‘in between two vibra-
tional levels.’’

As we can see from Figs. 1– 3, the numerical simulations
presented alongside the experimental results show good
agreement with the experiment save for theB 2Su

1 final state.
Reasons for the deviations encountered in theB-final states
are manifold according to Ref.@31#. Equation~2! neglects
the amplitude of the direct photoionization process which is
known to be important for this particular final state~see Ref.
@31#!. Furthermore, the decay rates for the transition from the
core-excited to the finalB 2Su

1 state are shown in Ref.@31#
to strongly depend on the internuclear bond distance due to
configuration interaction with the neighboringC 2Su

1 state in
N2

1 . This is not accounted for in the presented simulations.
As these peculiarities of theB 2Su

1 state have been discussed
in great detail in Ref.@31#, we would not elaborate this dis-
cussion in the following.

In contrast, for the singly ionizedX 2Sg
1 andA 2Pu final

states we can estimate from our experimental data that the
direct channel compared to the resonant channel is, on top of
thep* resonance,,1%. Therefore, the neglect of the direct
channel in Eq.~2! is justified for theX 2Sg

1 andA 2Pu final
states in very good approximation. This is corroborated by

TABLE I. Spectroscopic constants used for calculations of the
Morse potential curves.

ve

(cm21)
vexe

(cm21) R0 (Å) E00 (eV) Refs.

N2 (X 1Sg
1) 2358.57 14.324 1.09768 0 @26#

N*N (1Pu) 1904.1 17.235 1.1645 400.88 @28#

N2
1 (X 2Sg

1) 2207.00 16.10 1.11642 15.581 @26#

N2
1 (A 2Pu) 1903.70 15.02 1.1749 16.689 @26#

N2
1 (B 2Su

1) 2419.84 23.18 1.0742 18.751 @26#

FIG. 1. Experimental and numerical RPE spectra of N2 for different final states for positive detuning. Resonant excitation to certain
core-excited vibrational levels is considered. The highest panels show the spectra of direct photoemission. The ‘‘resonant’’ and ‘‘vertical’’
bands are marked by labelsR andV, respectively.

GENERALIZATION OF THE DURATION-TIME CONCEPT . . . PHYSICAL REVIEW A 69, 022707 ~2004!

022707-3

FIG. 10. Experimental and numerical resonant Auger spec-
tra of N2 for the three outermost singly-ionized final states
X2Σ+

g , A2Πu and B2Σ+
u , for positive photon energy detun-

ing. The numerical spectra are based only on the resonant
pathway. Resonant excitation to certain core-excited vi-
brational levels is considered. The highest panels show the
valence photoelectron spectra measured at 95 eV. So-called
resonant and vertical bands are marked by labels R and V,
respectively. See Ref. [32] for details.

in the presence of strong lifetime vibrational interfer-
ence.

In the next section, where we discuss ultrafast dis-
sociation of core-excited molecules, we will meet an-
other, novel type of interference effect, which involves
so-called molecular (early) and fragment (late) Auger
decay channels. This interference effect can, in a certain
sense, be regarded as the counterpart to lifetime vibra-
tional interference for a repulsive intermediate state.

Before concluding this section, we would like to make
a general remark. Fig. 10 taken from Ref. [32] shows
experimental and numerical resonant Auger spectra of
N2 for the three outermost singly-ionized final states
X2Σ+

g , A2Πu and B2Σ+
u , for positive photon energy

detuning. The numerical spectra are based only on
the resonant pathway, which is fine for the X2Σ+

g and
A2Πu states, but which is somewhat shortcoming for
the B2Σ+

u final state as discussed above; the latter is,
however, not crucial in the present context. As one
can see from this figure, upon positive photon energy
detuning, the vibrational fine structure breaks up into
two groups, not only for the B2Σ+

u as already discussed
above, but also for the X2Σ+

g and A2Πu states.
As discussed in Ref. [32] this spectral behaviour can

be understood in terms of fast ”vertical” (labeled as
V in Fig. 10) and slow ”resonant” (labeled as R in
Fig. 10) scattering channels which compete with each
other. The fast and slow or early and late Auger decay
channels are central for the next section.
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comparable to that of the Auger decay placing it in
the low femtosecond regime. This time scale in-
deed corresponds to the shortest molecular disso-
ciation times i.e. to the fastest existing chemical
reactions. It has previously been shown to occur in
a number of molecules such as HBr [1] HCl [2,3],
H2S [4,5], O2 [6,7] and N2 [8]. Since the beginning
of the 1990s, there has been a long-standing dis-
cussion on the possible occurrence of ultra-fast
dissociation of core-excited water into O�H and H
(� indicates core excitation). Based on the studies
of thin ®lms of ice, fast dissociation was predicted
by Coulman et al. [9], and later ion yield spec-
troscopy experiments on molecular water have
hinted at this e�ect [10,11]. However, these mea-
surements provide only indirect evidence of this
phenomenon, as the detected ions may be created
not only during the few femtoseconds of the pos-
sible ultra-fast dissociation process, but also dur-
ing the ls-long ¯ight time in the ion detector.

A pictorial representation of the ultra-fast dis-
sociation in water suggested by the ion yield
studies [10,11] is obtained by sketching the in-
volved potential surfaces along a coordinate of
interest, see Fig. 1. The molecule is ®rst excited
into a neutral and strongly dissociative core-hole
state. The molecule will start to move on this po-
tential energy curve, but during the resulting dis-
sociation Auger decay to ionic ®nal states will
occur in parallel. The Auger decay is an expo-
nential process governed by the core hole lifetime,
which is approximately 3 fs for O1s. Early decays
will thus occur in a molecular geometry, and late
decays in regions of the potential energy curve
where the two fragments are essentially indepen-
dent. This qualitative separation is very helpful for
an intuitive understanding, but it is in practice not
unambiguous. Interference e�ects between `mo-
lecular' and `fragment' contributions have been
reported [12], and these show that the separation is
only an approximation. These interference e�ects,
however, are weak, and the separation is normally
a reasonable approximation. The decay spectra
exhibit narrow atomic-like resonance lines, at-
tributed to decay events taking place in the frag-
ments after dissociation, and broad molecular
spectral structures caused mainly by decay taking
place near the ground state equilibrium geometry

of the molecule. One way to separate the molecu-
lar peaks from those of the fragment is to study
their dispersive behavior when the ionizing radia-
tion is varied within an energy interval including
the resonance. The molecular and fragment peaks
show di�erent dispersive behaviors while tuning
the frequency of the exciting light around the
resonance. In particular, the vibrational compo-
nents of the lowest lying 2B1�1bÿ1

1 � ®nal state fol-
lows the Raman±Stokes dispersion law [13], while
the fragment lines remain constant in kinetic en-
ergy. This behavior can be understood simply on
the ground of energy conservation: for decays to
vibrationally resolved molecular ®nal states the
only energy dissipation channel is the kinetic en-
ergy of the ejected electron, and therefore this
energy disperses linearly with the photon energy.
In fragment decay there is an additional channel:

Fig. 1. A schematic and simpli®ed representation of the ultra-

fast dissociation process in water as suggested by the ion yield

studies [10,11]. Note that this is a cut through the three-di-

mensional H2O� potential energy surface along the HO�±H

bond direction. For the OH fragment the potential energy will

vary along the O±H coordinate, as indicated by the OH po-

tential energy curve (broken line).

152 I. Hjelte et al. / Chemical Physics Letters 334 (2001) 151±158

FIG. 11. A schematic and simplified representation of the
ultrafast dissociation process in water. Shown is a cut
through the three-dimensional H2O+ potential energy sur-
face along the HO+-H bond direction. See Ref. [38] for
details.

ULTRAFAST DISSOCIATION

Ultrafast dissociation is the terminology used for dis-
sociation processes taking place on a time scale compa-
rable to that of the Auger decay, which is typically in
the low femtosecond time regime. It has pioneeringly
been observed for core-excited HBr [33], and has since
then been found for other systems such as HCl [34, 35],
H2S [36, 37], and many more, some of which we shall
enlighten in this section and in the subsequent one.

Since the early 1990’s, there has been a long-standing
discussion on the possible occurrence of ultrafast disso-
ciation in core-excited water, leading to fragmentation
into an excited OH species (which will be denoted as
O∗H in what follows) and H (see e.g. Ref. [38] and ref-
erences therein) as illustrated schematically in Fig. 11
taken from Ref. [38]. The first direct experimental evi-
dence for ultrafast dissociation of molecular water came
finally in 2001 from high resolution resonant Auger
measurements made by Hjelte et al. [38] in the exci-
tation energy region of the O1s → 4a∗1 resonance. It
is based on qualitatively different behaviours of spec-
tral features when the excitation energy is varied. As
one can see from Fig. 12(a) taken from Ref. [38], there
are two different types of behaviour encountered in the
spectra; one set of spectral features exhibits a linear

kinetic energy dispersion as a function of photon en-
ergy detuning, whereas another set of features remains
at constant kinetic energy. The dispersive features are
identified in this work by Hjelte et al. [38] as participa-
tor or spectator transitions in the non-fragmented H2O
molecule and belong to the so-called early Auger decay
events (cf. Fig. 11). The non-dispersive structures are
identified as originating from so-called late Auger de-
cays (cf. Fig. 11) in the O∗H fragment. The identifica-
tion of the latter ones is strongly supported by ab initio
calculations of the Auger decay of a O1s→ 1π∗ excited
OH molecule, which is the intermediate electronic state
reached by the O∗H fragment in the ultrafast dissocia-
tion process of H2O [38]. In two of the fragment peaks
(see Fig. 12(b) taken from Ref. [38]), there are tran-
sitions resolved which agree well with those calculated
for the Auger decay of the vibrationally excited OH
molecule. Furthermore, the intensity of this ’hot-band’
like structure decreases with decreasing excitation en-
ergy, and its dynamics thus follows qualitatively the
change in excess energy [38].

In a subsequent study, Hjelte et al. [39] investigated
the resonant Auger decay of N1s → 4a∗1 core-excited
ammonia, which is isoelectronic to the water molecule.
Also for this hydride system, evidence for ultrafast
dissociation has been found on the grounds of non-
dispersive behaviour of spectral lines related to frag-
ments. As the most likely dissociation pathway, the
fragmentation into NH∗2 + H was identified, based on
both quantum chemical calculations and comparison
with electron-ion coincidence measurements [39].

In a simplified picture, ultrafast dissociation of
molecules can be thought as a two-step process: the
first step is the excitation of a core electron from the
neutral ground state to the dissociative intermediate
state, where the molecule breaks apart, and the second
step is autoionization in one of the fragments via late
(cf. Fig. 11) Auger decay. Statistically, it is also pos-
sible that the Auger decay occurs before the molecule
dissociates. As we have seen above, indeed both pos-
sibilities are experimentally observed and can be dis-
tinguished due to different dispersive behaviours upon
photon energy detuning. In the case of diatomic sys-
tems, the late Auger decay gives rise to sharp atomic-
like lines, whereas the early Auger decay leads to
smooth molecular-like background caused mainly by
electronic transitions near the equilibrium distance of
the molecule (see e.g. Ref. [35] and references therein).

The two-step description, however, can be far too
simple. It neglects, e.g., the interplay between two
time scales, the photon energy-dependent duration time
of the resonant X-ray Raman scattering (RXS) pro-
cess [25] and the dissociation time, which are both in
the range of a few femtoseconds. It also neglects possi-
ble interference between various scattering channels as
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because the equilibrium geometries of the ground,
intermediate and ®nal states are far from each
other [17]. At lower kinetic energies a multitude of

spectator decays having several di�erent ®nal
states appear. Superimposed on these lines are
some sharp structures.

As can be seen in Fig. 3a, the spectral features
related to the three participator decay lines dis-
perse linearly on a kinetic energy scale upon
photon energy detuning from the resonance
maximum. The sharp structures in the spectator
region around 510 eV kinetic energy, however,
stay at a constant kinetic energy as the photon
energy is varied. This indicates that they originate
from a fragment and not from the water molecule.
At slightly lower kinetic energies around 507 and
502 eV there are two broad structures whose ori-
gin comes from both the molecule and the frag-
ment. The 507 eV structure seems to lie constant
in kinetic energy while changing its shape a little
while the 502 eV structure disperses as the par-
ticipator lines. The existence of structures having
di�erent dispersive behaviors creates the e�ect of a
changing background underneath the sharp frag-
ment peaks and an apparent hole around 510 eV.
A few qualitative observations give helpful hints
on the nature of the fragment. The sharp struc-
tures do not correspond to the known Auger de-
cay spectrum of the O atom [6,7]. The separation
of the constant kinetic energy peaks within each
group is instead typical of vibrational progres-
sions as can be seen in the enlargement shown in
Fig. 3b. Moreover, the core-excited HO�H state
can be described by the Z � 1 approximation as
HFH. In the Z � 1 or `equivalent core' approxi-
mation the e�ect of a core hole on the valence
electrons, which largely determine the chemical
and physical properties, is modeled as an increase
of the nuclear charge by one unit. The atom
containing the core hole, in this case O, is thus
replaced by the next one in the periodic table, in
this case F. Core-excited water, HO�H, will thus
have properties similar to HFH. This is not stable,
but will quickly form HF and H. These observa-
tions and arguments strongly suggest that the
process responsible for the constant kinetic energy
peaks is:

HOH! HO�H! HO� �H! HO� � eÿ �H:

According to the explanations given above, the
contribution of the OH fragment to the observed

Fig. 3. The Auger decay spectra of molecular water following

O1s! 4a�1 core excitation. The detuning is measured relative to

the center of O1s! 4a�1 absorption resonance. (a) The guide-

lines in the ®gure are meant to underline the di�erent dispersive

behaviors of these features as the photon energy is varied. (b) An

enlarged view of the vibrationally resolved fragment lines in the

Auger decay spectra of molecular water following O1s! 4a�1
core excitation. The OH� ®nal state assignments are indicated.
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FIG. 12. Auger electron decay spectra of molecular water
following O1s → 4a∗

1 core excitation. The photon energy
detuning is measured relative to the center of the O1s →
4a∗

1 absorption band. (a) The dashed lines in the figure
underline different dispersive behaviours of spectral features
as the photon energy is varied. (b) An enlarged view of the
vibrationally resolved fragment lines around 510 eV kinetic
energy including OH final state assignments. See Ref. [38]
for details.

schematically illustrated in Fig. 13 taken from Ref. [40].
The first experimental observation of such an inter-

ference between molecular and fragment contributions
to the resonant Auger decay has been made by Feifel
et al. [40] for Cl 2p core-excited HCl. As can be seen
in the left panel of Fig. 14 taken from Ref. [40], an
atomic spectral line develops into a negative spectral
contribution, a ”hole”, when detuning the excitation
energy from the maximum of the Cl 2p−1 σ∗ resonance.
Resonant X-ray scattering (RXS) theory quantitatively
explains this observation as due to a novel destructive
continuum-continuum interference between the molec-
ular and atomic Auger decay channels. In contrast, the
spectral hole is not present for DCl, as can be seen in
the right panel of Fig. 14 taken from Ref. [40]. With the
higher reduced mass for DCl, the dissociation time is
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The femtosecond dissociation of HCl after core excitation has been studied through the resonant
Auger decay. The spectra contain contributions from decay occurring at both “molecular” and “atomic”
internuclear distances. We have observed a new interference mechanism in these spectra: An atomic
spectral line develops into a negative spectral contribution, a “hole,” when detuning the excitation energy
from the maximum of the Cl 2p21s� resonance. Resonant x-ray scattering theory quantitatively explains
this behavior as due to a novel destructive continuum-continuum interference between molecular and
atomic contributions to the Auger decay.

PACS numbers: 33.80.Eh, 33.70.Ca, 34.50.Gb

When exposing molecules to tunable synchrotron radia-
tion, their electronic structure can be manipulated in differ-
ent ways. Depending on the energy of the incoming photon
an electron from either a valence or core level can be di-
rectly removed, or a core electron can be excited to an un-
occupied valence orbital and subsequently undergo Auger
decay. Many molecular core-excited states are dissociative
or predissociative. In some cases the nuclear dynamics is
so fast that dissociation occurs on the time scale of the
Auger decay, i.e., a few femtoseconds, as first observed
for HBr [1]. Such ultrafast dissociation of molecules can
be thought of in a two-step picture: The first step is the
excitation of a core electron from the ground state to a dis-
sociative intermediate state whereby the molecule breaks
apart, and the second step is an atomic autoionization via
Auger decay [1]. It is statistically also possible that the
Auger decay occurs before the molecule dissociates [2],
and both possibilities are experimentally observed in the
resonant Auger spectra [3,4]. The resonant Auger decay
of ultrafast dissociating molecules exhibits a group of nar-
row atomiclike resonance lines from decay events in one
of the dissociation products, and a smooth molecularlike
background caused mainly by decay near the equilibrium
distance of the molecule.

The two-step description, however, can be far too
simple. It neglects the interplay between two time scales,
the frequency-dependent duration time of the resonant
x-ray Raman scattering (RXS) process and the dissociation
time, which are both in the range of a few femtoseconds
[4]. It also neglects any interference between the scatter-
ing channels. As predicted recently [5], the interference
of the nondistinguishable channels in ultrafast dissociating
molecules can drastically change the RXS spectral line
shape and transform the narrow atomiclike peak into
a narrow spectral hole for certain excitation energies.

Although such interference processes subsequently have
been supported by different theoretical approaches [6],
experimental evidence has remained elusive.

Up to now several different interference phenomena
have been described in core-level spectroscopy, for in-
stance, Fano-type interference [7], i.e., the interference
between a discrete state and a continuum, and lifetime-
vibrational interference, i.e., interference between discrete
states, in x-ray and Auger emission spectra [8,9]. The
spectral hole considered here is caused by a fundamentally
different type of interference effect, namely, by quantum
interference of different continuum intermediate nuclear
states [5].

We report in this Letter the first experimental obser-
vation of a continuum-continuum interference in resonant
Auger decay spectra of ultrafast dissociating core-excited
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FIG. 1. Schematic figure illustrating interference of atomic-
resonant, molecular-resonant, and molecular-direct term contri-
butions to the total RXS cross section.
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FIG. 13. Schematic illustration of possible interfer-
ence channels of atomic-resonant, molecular-resonant, and
molecular-direct contributions to the total RXS cross sec-
tion. See Ref. [40] for details.

prolonged for this system. This influences both the rel-
ative weight and the relative phase between the atomic
and molecular portions of the wave packet and thus
the interference pattern. The observations are compat-
ible only with a unified one-step description of the RXS
process.

Often, the below core-threshold resonances are quite
complex. One prominent example is the σ∗ resonance
region in O1s core-excited O2, where both exchange
splitting and molecular orbital-Rydberg character come
into play. Furthermore, this resonance is known to
be ultrafast dissociative [41]. By applying a filter-
technique like e.g. constant-atomic-final-state yield
spectroscopy, one can single out intermediate states of
ultrafast dissociative character for such a complex res-
onance region. This has been demonstrated in a recent
work of Hjelte et al. [42] for O1s→ σ∗ core-excited O2.
In limiting the kinetic energy range of the photoelec-
tron spectrometer to atomic fragment lines as indicated
in Fig. 15 taken from Ref. [42], and in measuring the
relative intensities of these lines as a function of photon
energy, which is shown in Fig. 16 taken from Ref. [42],
one can get a signature of the relative weight of the
ultrafast dissociative character of such a resonance.

As this work of Hjelte et al. [42] shows, ultrafast dis-
sociation occurs mainly within the Auger decays of in-
termediate resonance states contained within the low-
energy part of the O1s → σ∗ resonance of O2 (cf.
Fig. 16 taken from Ref. [42]). We shall come back to
this resonance region further below (see section on Res-
onant Auger Decay Near Threshold).

DOPPLER EFFECT

The O1s → σ∗ core excitation induced ultrafast dis-
sociation of O2 revealed historically an intriguing ef-
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character of this state and to the two partly overlapping
2p spin-orbit components [11]. In Fig. 2 we show reso-
nant Auger decay spectra of HCl and DCl measured after
differently detuned excitations to the 2p21s� resonance.
We denote the on-resonance spectrum as V � 0, where
V is the detuning from the maximum of the photoabsorp-
tion resonance. As discussed above, the spectrum consists
of two types of features, namely, a broad “molecular back-
ground” and a sharp “atomic line.” The narrow atomic line
is assigned to following final state: A � Cl1�1S�. This
atomic state is correlated to the following final molecular
state [12]: 1S: HCl1(2S1). In the left panel of Fig. 2
we present how the “4s21” molecular part and the A
atomic line in HCl are developing for a series of excita-
tion energies with V . 0. Clearly, the center of gravity of
the broad molecular background shifts with photon energy
following approximately the Raman-Stokes dispersion law
while the position of the A atomic line, being independent
of the excitation energy, remains constant on the kinetic en-
ergy scale. Moreover, the molecular background increases
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FIG. 2. Magnified 4s21 molecular part and the A atomic peak
of resonant Auger decay spectra of HCl and DCl measured af-
ter differently detuned excitations. The spectral hole, which is
clearly visible for HCl at V � 1.9 eV, has completely disap-
peared for DCl for the same detuning value.

in intensity relative to the atomic line according to the dura-
tion time concept of RXS theory for ultrafast dissociating
molecules [2,4,9]. The sequence of spectra displays the
remarkable feature that when the smooth molecular back-
ground moves across the narrow atomiclike resonance, the
atomic peak (fixed in kinetic energy) develops into a nega-
tive spectral contribution, a hole [5].

By comparing the valence spectrum measured at
V � 213 eV of HCl with the 2p21

3�2s� on-resonance
spectrum (V � 0 eV) we noticed that the strong contri-
bution from direct photoionization processes to the 4s21

molecular background has to be considered. The present
experiment and scattering K-matrix calculations [13] give
roughly equal resonant and direct transition amplitudes.
All spectra displayed in Fig. 2 have been recorded with
a rather large photon bandwidth of 340 meV. One of
the predictions of the RXS theory [5] is that the spectral
width and position of the hole should be practically
independent of the photon bandwidth. When decreasing
the excitation bandwidth, g, by more than 1 order of
magnitude (from 340 to 20 meV), the hole is found to
remain at a fixed kinetic energy of 177.32 eV and, to a
very good approximation, the full width at half minimum
(FWHM) of the hole does not change. The FWHM is in
all cases found to be about 60 meV. This reflects the fact
that the width of the atomiclike peak is independent of the
photon bandwidth [3].

In the right part of Fig. 2 we present a series of DCl
spectra for comparison. As shown there the spectral hole
at V � 1.9 eV has completely disappeared for DCl. With
the almost doubled reduced mass for DCl the dissocia-
tion time is prolonged. This influences both the relative
weight and the relative phase between atomic and molecu-
lar portions of the wave packet and thus the interference
pattern. The spectral changes seen between HCl and DCl
are clearly in accord with an interference picture where the
observed interference pattern is extremely sensitive to the
amplitudes and the relative phase of the interfering waves.

Simulations of the spectral region near peak A (Fig. 3)
have been carried out for monochromatic excitation using
the time-dependent formalism described in Ref. [5] (alter-
native time-dependent techniques are presented in [6,14]).
The results shown in Fig. 3 are calculated with the same
weights for the direct and resonant contributions, i.e., for
the present case S � 1�15 in Eq. (1). The addition of the
direct term together with the corresponding interference
term to the resonant part of the RXS amplitude results in a
slight shift of the energy of the spectral hole and the hole
appears at a smaller detuning energy. The interference pat-
tern does not disappear when S � 0.

We have used highly correlated quantum chemistry
calculations to generate HCl potential surfaces of the
HCl 1S1 ground state, the 2p21s� core-excited state,
and a set of final valence hole states (details are given in
Ref. [13]). The atomic limits were used to identify the
electronic state of interest. The spectral hole appears at a

3135

FIG. 14. Magnified 4σ−1 molecular part and the A atomic
peak of resonant Auger decay spectra of HCl and DCl mea-
sured for various photon energies in the excitation region
of the Cl 2p−1 σ∗ resonance. The spectral hole, which is
clearly visible for HCl at the photon energy detuning Ω =
+1.9 eV, has completely disappeared for DCl for the same
detuning value. See Ref. [40] for details.

fect, a Doppler energy splitting of the atomic Auger
emission lines [43] as e.g. discernable in some of the
spectral lines of Fig. 15 taken from Ref. [42] or, in
greater detail, in Fig. 17 taken from the original exper-
imental work on this subject of Björneholm et al. [43].
Such a Doppler effect had been predicted prior to
Ref. [43] by Gel’mukhanov and co-workers for other
systems [25, 44].

A key point for the understanding of this effect is the
partial alignment of the molecules during the resonant
photoabsorption process. As discussed in the work of
Björneholm et al. [43], the absorption cross section for
the O1s→ σ∗ excitation is proportional to cos2Θ, where
Θ is the angle between the molecular axis and the po-
larization vector of the ionizing radiation. Molecules
lying parallel to the polarization vector will be prefer-
entially excited, resulting in the creation of a partially
aligned ensemble of core-excited molecules within the

Auger decay. To avoid this problem we need to sort out
contributions resulting only from Auger decay in the O* frag-
ment.

To identify which structures in the resonant Auger spec-
trum originate from Auger decay in the atomic O fragment
we use two methods. The structures originating from the
fragment show no dispersion when tuning the photon energy,
therefore they can be readily separated from the spectral
structures related to participator and spectator Auger decays
in the molecule. This only works when the potential-energy
curve of the core-excited states is not parallel to the
potential-energy curve of the final state. If they are parallel
then the molecular Auger decay structures do not seem to
disperse with the photon energy: this effect has previously
been measured in O2.42 To compensate for this we have also
used the existence of the Auger Doppler effect observed in
the fragmental peaks when measuring at 0° relative to the
polarization vector of the light.28 In Fig. 3 we show the cor-
responding Auger spectra. The fragment peaks can therefore
be easily identified since they consist of Doppler-split double
peaks that remain constant in kinetic energy.

In Fig. 3 the assignment of the final states in the O+ atom
is given. This is based on the calculations by Schaphorst et
al.20 These final states are the result of a decay from a core-
excited O* atom having a 1s12s22p5 3P configuration. Ac-
cording to Schaphorst et al. the dissociation could lead either
to a 3P or a 1P excited state in the core-excited O* atom.
However, only the deexcitation of the 3P core-excited state is
visible in the spectra.

Our calculations have shown that the core-excited states
containing a �* contribution dissociate to a 3P core-excited

O* atom as well as a 3P neutral O atom, since the 1P core-
excited state is calculated at 3-eV higher energy than the 3P
core-excited state. This value is close to the 2.9 eV calcu-
lated by Schaphorst et al.20 and 3.01 eV by Yagishita et al.,7

while it differs from that of 1 eV found by Kuiper et al.6

To assess the relative intensity of each fragmental spec-
tral structure, a numerical curve fitting has been applied on
the normalized spectra and the areas for the fragment peaks
acquired. The result is displayed in Fig. 4 along with the
quasitotal electron yield spectrum of Fig. 1 for comparison.
The relative intensities between the constant-atomic-final-
state result and the partial electron yield spectrum have been
scaled for the appearance of the figure and not as a true
intensity reference.

In Fig. 4 we see that the fragment structures are all origi-
nating from the first part of the intermediate-state resonance
structure designated as 1 in Fig. 1. The amount of fragmen-
tation follows the intensity of this feature and disappears at
the dip around 541 eV between features 1 and 2, respec-
tively. Therefore the 1s−13�* intermediate state leading to
ultrafast dissociation is contained only within the first part of
the absorption structure. According to previous investiga-
tions by Piancastelli et al.9 the first absorption feature was
found to mainly consist of a mixture between the �* doublet
�ion core� p� Rydberg states while the second feature has
some �* contribution at lower photon energies mixed with
quartet �ion core� p� Rydberg states. From this it was con-
cluded that the �* resonance is extensively mixed with the
Rydberg series that have the same ion core; this is confirmed
by the present calculations, see also Fig. 5. It is therefore not
possible to single out the �* resonance as having two
exchange-split components separated from the different Ry-
dberg series. It is possible to interpret our present results as a
confirmation of this mixing. The results of the present calcu-
lations are reported in Fig. 5 as diabatic potential curves for
the core excitation to the dissociative �* orbital and to the
Rydberg orbitals 3s, 3p, and 4s, with the labels Q and D, as
explained before, corresponding to the spin-coupling charac-
ter of the “ionic” state. A full description of the theoretical
methods employed as well as the details of more extended
computations will be presented in a forthcoming paper.43 A
qualitative description of the nuclear dynamics following the
core excitation of O2 at different photon energies can be
sketched by considering these theoretical results. The set of

FIG. 3. Doppler-split Auger lines connected to different final ionic states
deriving from Auger decay in the atomic fragment produced by ultrafast
dissociation in the resonance region.

FIG. 4. The intensity of the Doppler-split Auger lines as a function of
photon energy compared to the partial electron yield spectrum of Fig. 1 �see
Fig. 3 for line assignment�.
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FIG. 15. Atomic Auger lines (with Doppler splitting; see
next section) connected to different final ionic states pro-
duced by ultrafast dissociation in the O1s → σ∗ resonance
region of O2. See Ref. [42] for details.

Auger decay. To avoid this problem we need to sort out
contributions resulting only from Auger decay in the O* frag-
ment.

To identify which structures in the resonant Auger spec-
trum originate from Auger decay in the atomic O fragment
we use two methods. The structures originating from the
fragment show no dispersion when tuning the photon energy,
therefore they can be readily separated from the spectral
structures related to participator and spectator Auger decays
in the molecule. This only works when the potential-energy
curve of the core-excited states is not parallel to the
potential-energy curve of the final state. If they are parallel
then the molecular Auger decay structures do not seem to
disperse with the photon energy: this effect has previously
been measured in O2.42 To compensate for this we have also
used the existence of the Auger Doppler effect observed in
the fragmental peaks when measuring at 0° relative to the
polarization vector of the light.28 In Fig. 3 we show the cor-
responding Auger spectra. The fragment peaks can therefore
be easily identified since they consist of Doppler-split double
peaks that remain constant in kinetic energy.

In Fig. 3 the assignment of the final states in the O+ atom
is given. This is based on the calculations by Schaphorst et
al.20 These final states are the result of a decay from a core-
excited O* atom having a 1s12s22p5 3P configuration. Ac-
cording to Schaphorst et al. the dissociation could lead either
to a 3P or a 1P excited state in the core-excited O* atom.
However, only the deexcitation of the 3P core-excited state is
visible in the spectra.

Our calculations have shown that the core-excited states
containing a �* contribution dissociate to a 3P core-excited

O* atom as well as a 3P neutral O atom, since the 1P core-
excited state is calculated at 3-eV higher energy than the 3P
core-excited state. This value is close to the 2.9 eV calcu-
lated by Schaphorst et al.20 and 3.01 eV by Yagishita et al.,7

while it differs from that of 1 eV found by Kuiper et al.6

To assess the relative intensity of each fragmental spec-
tral structure, a numerical curve fitting has been applied on
the normalized spectra and the areas for the fragment peaks
acquired. The result is displayed in Fig. 4 along with the
quasitotal electron yield spectrum of Fig. 1 for comparison.
The relative intensities between the constant-atomic-final-
state result and the partial electron yield spectrum have been
scaled for the appearance of the figure and not as a true
intensity reference.

In Fig. 4 we see that the fragment structures are all origi-
nating from the first part of the intermediate-state resonance
structure designated as 1 in Fig. 1. The amount of fragmen-
tation follows the intensity of this feature and disappears at
the dip around 541 eV between features 1 and 2, respec-
tively. Therefore the 1s−13�* intermediate state leading to
ultrafast dissociation is contained only within the first part of
the absorption structure. According to previous investiga-
tions by Piancastelli et al.9 the first absorption feature was
found to mainly consist of a mixture between the �* doublet
�ion core� p� Rydberg states while the second feature has
some �* contribution at lower photon energies mixed with
quartet �ion core� p� Rydberg states. From this it was con-
cluded that the �* resonance is extensively mixed with the
Rydberg series that have the same ion core; this is confirmed
by the present calculations, see also Fig. 5. It is therefore not
possible to single out the �* resonance as having two
exchange-split components separated from the different Ry-
dberg series. It is possible to interpret our present results as a
confirmation of this mixing. The results of the present calcu-
lations are reported in Fig. 5 as diabatic potential curves for
the core excitation to the dissociative �* orbital and to the
Rydberg orbitals 3s, 3p, and 4s, with the labels Q and D, as
explained before, corresponding to the spin-coupling charac-
ter of the “ionic” state. A full description of the theoretical
methods employed as well as the details of more extended
computations will be presented in a forthcoming paper.43 A
qualitative description of the nuclear dynamics following the
core excitation of O2 at different photon energies can be
sketched by considering these theoretical results. The set of

FIG. 3. Doppler-split Auger lines connected to different final ionic states
deriving from Auger decay in the atomic fragment produced by ultrafast
dissociation in the resonance region.

FIG. 4. The intensity of the Doppler-split Auger lines as a function of
photon energy compared to the partial electron yield spectrum of Fig. 1 �see
Fig. 3 for line assignment�.
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FIG. 16. Relative intensities of atomic Auger lines of O2 (see
Fig. 15 for line assignment) as a function of photon energy
in comparison to the near-edge X-ray absorption profile of
O2. See Ref. [42] for details.

otherwise randomly distributed collection of molecules
(cf. Ref. [43] and references therein). The partial align-
ment persists sufficiently long, since the Auger decay
and dissociation processes occur typically on a time
scale approximately 100 x shorter than the period of
rotation around the molecular axis.
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the dissociating fragments and a large momentump of the
Auger electron.

In the present paper we report new experimental data on
the same core-excited state of O2 as in Ref. [3]. We have
observed a Doppler-like splitting of the Auger electron
lines from dissociating oxygen molecules. This constitutes
a strong argument for a localized description of the core-
hole states, in apparent contradiction with the x-ray Raman
experiment on O2, which favored a description with two
coherently superposed core holes [3].

The experiments were performed at the new I411
beam line at MAX-LAB in Lund, Sweden [18]. Consis-
tent results have been obtained in two different sets of
experiments.

In the experiment, electrons from the O1s core level
of the oxygen molecules were excited to the3su �s��
level [19,20]. Such a neutral, core-excited intermediate
state subsequently undergoes Auger decay, in which a va-
lence electron fills the O1s hole, and another valence elec-
tron, the Auger electron, is expelled from the molecule.
This process is very rapid, and the lifetime of the core-
excited state is of the order of 3 fs. However, another
competing process can take place, namely dissociation of
the molecule. The1s213su state is strongly antibond-
ing, and causes dissociation on the same time scale as the
core-hole lifetime [21,22]. As a result of these two paral-
lel and competing processes, the experimentally observed
resonant Auger spectrum will contain contributions from
decays occurring both in the O2 molecule and the O atom;
see Fig. 1. The Auger decay is faster than the dissocia-
tion: the fraction of“atomic” decays has been estimated to
be around 10% of all decays [21,22]. Using the core-hole
clock model of Ref. [23], this indicates a characteristic dis-
sociation time of 7 fs.

The resonant photoabsorption is orientationally selective
[8,24,25]. The resulting partial alignment constitutes a
key point for the present experiment. In this case we
specifically consider a core excitation to an unoccupied
s molecular orbital by linearly polarized radiation. The
transition dipole momentdio is then parallel to the molecu-
lar axisn. The absorption cross section is proportional to
cos2u, whereu is the angle between the molecular axis
and the polarization vectore. Molecules aligned parallel to
the polarization vectore will thus be preferentially excited
[19,26]. This results in the creation of a partially aligned
(parallel toe) ensemble of core-excited molecules within
the overall random collection of molecules [8,24]. The
partial alignment persists sufficiently long, since the Auger
decay and dissociation processes occur on a time scale
approximately1003 shorter than the period of rotation
around the molecular axis. In the excitation step the two
oxygen atoms are completely equivalent. The core hole
may be created on either of them with equal probability,
and the core-excited state has to be treated as a coherent
superposition of the O�O and OO� states.

As discussed, the x-ray emission from the same core-
excited state has been used to show that the delocalization

persists during the lifetime of the core hole, at least for the
“molecular” fraction [3]. What happens when the core-
excited molecule dissociates? In Fig. 2 the resonant Auger
spectrum recorded using a photon energy corresponding
to the O1s to s� absorption maximum is shown, together
with an enlargement of the energy interval containing the
main Auger transition of O� atomic fragments. (The other
“atomic” Auger lines identified in Refs. [21] and [22]
exhibit the same behavior. The present line was selected
as it has high intensity and does not overlap with other
spectral features.) This spectral feature has been measured
with the electron-energy analyzer parallel (0±) and perpen-
dicular (90±) to the polarization direction of the exciting
radiation, coinciding with the direction of preferential
alignment of the molecules. The 0± spectrum reveals two
peaks, separated by 0.75 eV, whereas the 90± spectrum
consists of a single peak, situated in between the two
0± peaks (the asymmetry of the 90± peak towards lower
kinetic energies is most likely due to Auger decays oc-
curring during the dissociation process; see, for instance,
Ref. [27]). The observed behavior can be understood only
by assuming localization of the core holes. In the 90±

case, the two dissociation directions are symmetric with
respect to the measurement direction, and the Doppler
effect is not manifested as a splitting. In the 0± case, the
two O atoms take off in the direction of the polarization
vector. Such a dissociation gives the atom containing
the core hole velocity either in the direction towards
the analyzer, or away from it, see Fig. 2, resulting in a
Doppler shift of the observed kinetic energy.

As a first approximation, it is possible to use a
simple classical model, taking into account the angular

FIG. 2. The Auger lines resulting from the main Auger transi-
tion in oxygen atoms following the dissociation of O2 measured
parallel and perpendicular to the polarization direction of the
exciting radiation.

2827

FIG. 17. Upper panel: resonant Auger spectrum of O2

measured on top of the O1s → σ∗ resonance of O2. Lower
panel: Auger lines resulting from atomic oxygen subsequent
to ultrafast dissociation of O2 measured parallel (0◦) and
perpendicular (90◦) to the polarization direction of the ex-
citing radiation. See Ref. [43] for details.

It is important to note that in the excitation step,
the two oxygen atoms are completely equivalent due to
inversion symmetry. I.e. the core hole may be created
on either of them with equal probability, and hence
the core-excited state has to be treated as a coherent
superposition of the O∗O and OO∗ states.

The spectral features shown in the lower panel of
Fig. 17 taken from Ref. [43] were measured with the
electron-energy analyzer parallel (0◦) and perpendicu-
lar (90◦) to the polarization direction of the exciting ra-
diation. Apparently, the 0◦ spectrum reveals two peaks,
separated by 0.75 eV, whereas the 90◦ spectrum con-
sists of a single peak, situated in between the two 0◦

peaks.
As discussed in the work of Björneholm et al. [43],

the observed behaviour can be understood only by as-
suming localization of the core holes. In the 90◦ case,
the two dissociation directions are symmetric with re-
spect to the direction of the measurement which is the
reason why only a single line is observed. In contrast, in
the 0◦ case, the two fragmented oxygen atoms take off
in line of the direction of the polarization vector. Such
a dissociation gives the atom containing the core hole a
velocity either in direction toward the analyzer or away
from it (cf. Fig. 17 taken from Ref. [43]), resulting in a
Doppler shift of the observed electron kinetic energy.

We would like to emphasize that by the observation
of the Doppler-split electron kinetic energies, as re-
vealed in the asymmetric 0◦ measurement, the electron

emission site becomes localized and, as a consequence
of that, one ”labels” the apart-moving oxygen atoms
which are otherwise indistinguishable in a normal pho-
toemission experiment by a ”which way” information.
With respect to quantum mechanics, this is a nice il-
lustration of how the measurement operator can select
coherently superposed or incoherent states, depending
on the information gained by the experiment.

A similar Doppler splitting of atomic oxygen lines
was also found in the work of Rosenqvist et al. [45] for
OT 1s → σ∗ (7a1) core-excited ozone. The interested
reader is referred to Ref. [45] for a detailed discussion
on this second case.

In a subsequent work by Wiesner et al. [46] the
Auger-Doppler effect was investigated both experimen-
tally and numerically for F1s→ 4σ∗ excited HF and DF
molecules. Special attention was paid to the dynamical
behaviour of ultrafast dissociation in the core-excited
state as a function of excitation energy detuning and
its influence on the Doppler splitting of the fragment
lines.

Fig. 18 taken from Ref. [46] shows resonant Auger
spectra of DF measured for photon energy detunings
of -1, 0 and +1 eV relative to the F1s → 4σ∗ reso-
nance energy of 687.4 eV. The spectra were recorded
at an angle of 0◦ with respect to the polarization vec-
tor of the ionizing radiation. Also included in this figure
are numerical results based on a Born-Haber cycle type
model developed by Wiesner et al. [46] which mimics
the dependence of the Doppler splitting on the kinetic
energy release of the fragments [44, 47]. DF was chosen
as the showcase, since the higher reduced mass leads to
a higher velocity of the F-fragment and thus a larger
Auger-Doppler splitting in comparison to HF.

As can be seen from Fig. 18 taken from Ref. [46], both
the experimental and numerical results show clearly
that a change in the excitation energy from -1 eV below
the resonance to +1 eV above the resonance is trans-
ferred into the kinetic energy of the fragments, leading
to a change of the Doppler splitting of the order of 80
meV. I.e. according to the model by Wiesner et al. [46],
the photon energy detuning Ω changes the kinetic en-
ergy release of the dissociation by the amount of Ω,
which affects the momentum of the emitted Auger elec-
tron and hence the Doppler splitting. This is the con-
cept of the so-called dynamic Auger-Doppler effect [46].

As discussed in one of the previous sections above, in
polyatomic molecules the geometry of the core-excited
state is often different from that of the ground state,
and thus core excitation effectively initiates nuclear mo-
tion. This nuclear motion may break the symmetry
of the molecule, affecting subsequent electronic decay
and ionic fragmentation processes. In particular, highly
symmetric spherical top molecules such as CF4 or SF6

are very interesting cases in this respect.
In anisotropic angular distribution studies of F+ frag-
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opposite sign and, therefore, arrive at the detector
with a ‘Doppler-like’ kinetic energy difference
DEmax, see Eq. (2). The second case is when the axis
of detection is perpendicular to the molecular axis;
here the ‘Doppler’ shift seems to be zero, since the
projection of the fragment momentum on the axis
of detection is zero. The Doppler shift can be
calculated as

DEmax ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EAugerme

EKER

mAð1þ ðmA=mBÞÞ

s
ð2Þ

with the Auger electron energy EAuger, the electron
mass me, the kinetic energy release EKER and mA,
mB are the masses of the core-excited atom A and
the second atom B.

In Fig. 2 the emission from dissociated DF after
excitation to the r resonance with linearly polar-
ized light is shown. The fragment line measured
parallel to the electric field (E) vector is doubled,
whereas the same fragment line measured per-
pendicular to the E vector is a single line.

In a randomly oriented sample the additional
velocity due to KER leads to a broadening of the
atomic Auger lines, since only the projection of
the velocity vector onto the axis of detection is
measured. To distinguish the two cases discussed
above an alignment of the molecules is needed. In
the present study the randomly oriented mole-
cules are not aligned but selectively excited by the
linearly polarized light. The probability of excit-
ing an s electron into a r-orbital built from
atomic p-orbitals is proportional to cos2 h with
the angle h between the E vector of the exciting
radiation and the molecular axis. This transition
probability has a maximum for h ¼ 0�, i.e. for
molecules lying parallel to the E vector. Mole-
cules lying perpendicular to the E vector are not
excited. The resulting intensity profile can be
calculated [2] as found in Eqs. (3) and (4). The
profile is indicated for the two axes of detection in
Fig. 1.

For electron detection parallel to the E-vector
the intensity depending on the deviation DE of the

Fig. 4. RAES spectra of DF (circled) recorded at 0� with re-

spect to the E vector. The applied detunings are )1, 0 and þ1

eV relative to the resonant energy of 687.4 eV. The theoretical

simulations are displayed with solid lines. The spectra are

aligned to the right peak maximum of the simulations (see

discussion in text). Additional lines are drawn through the peak

maximum of the upper and the lower spectrum.

Table 1

Parameters for calculation of the KER using the Born–Haber

cycle

Quantity Energy (eV) Specification Reference

Ephoton 687.4 HF!HF1s1r� [15]

Ediss 5.9 HF!Hð2SÞ
þFð2p5 2PÞ

[22]

Eb 20.0 F2p4 1D [16]

EAuger 656.5 Fð1s2p6 2S ! 2p4 1DÞ [16]

EKER 5.0 HF1s1r� !Hð2SÞ
+F1s2p6ð2SÞ

The same values apply to DF.

K. Wiesner et al. / Chemical Physics Letters 354 (2002) 382–388 385

FIG. 18. Resonant Auger spectra of DF (circled) measured
for photon energy detunings of -1, 0 and +1 eV relative to
the F1s → 4σ∗ resonance energy of 687.4 eV and at an angle
of 0◦ with respect to the polarization vector of the ionizing
radiation. Theoretical simulations based on a model devel-
oped in Ref. [46] are displayed with solid lines. The spectra
are aligned to the right peak maximum of the simulations.
Additional lines are drawn through the peak maximum of
the upper and the lower spectrum as a guide for the eye.
See Ref. [46] for details. Reproduced with permission.

ment ions (see e.g. Ref. [48] and references therein)
it was argued that there is a preferential bond rup-
ture at the F1s core hole site in CF4, SiF4, and SF6.
However, the fragmentation observed in these mea-
surements could not be connected unequivocally with
nuclear motion of the intermediate core-excited state,
since the fragmentation could very likely also arise from
the Auger-final electronic state.

Triggered by these studies, Ueda et al. [49] studied
the resonant Auger decay of F1s→ a∗1 excited, ultrafast
dissociating CF4 molecules, and found that the F1s−1

atomic-like Auger line is split into two Doppler-shifted
components due to the emission of the Auger electrons
by a fragment in motion, when the electron emission
is detected along the polarization vector of the light.
Since the Doppler shift is inherently connected to the
photoabsorption process and the nuclear motion before
the Auger decay takes place, and since ultrafast frag-
mentation is initiated on the core-excited state poten-
tial surface, the observation of the Doppler splitting
constitutes a direct proof that in the case of CF4 the
asymmetric nuclear motion proceeds in the F1s-excited
state, along the direction of the polarization vector of
the incident light, leading to symmetry lowering from
Td to C3ν .

Interestingly, in comparing the results for the asymp-
totic kinetic energy value for the F fragment, as ob-
tained from the Born-Haber cycle type model of Wies-
ner et al. [46], to the average kinetic energy of the
F fragments, as estimated from the Doppler splitting,
Ueda et al. [49] found that in the case of ultrafast dis-
sociating CF4, the fragments are not fully accelerated
when the Auger decay takes place, which is in contrast
to what has been seen for the HF/DF case. This finding
suggests that the residual energy is kept in the fragment
of CF3 in the form of vibrational energy.

In the work of Kitajima et al. [50], the study of
the dynamic Auger-Doppler effect was extended to the
highly symmetric Oh molecule SF6. Fig. 19 taken from
Ref. [50] shows enlarged spectra (after subtraction of
the baseline) of the F∗ atomic-like Auger line (1s 2p6

2S → 2p4 1D) measured for five different photon ener-
gies across the F1s → a∗1g resonance in SF6. In the left
panel of this figure, the splitting characteristic of the
Doppler effect expected at the angle of 0◦ with respect
to the polarization vector of the ionizing radiation is
clearly observed. Let us focus on the 90◦ spectra where
the Doppler splitting is absent. The line profiles mea-
sured at 90◦ with respect to the polarization vector of
the light exhibit apparently a flat peak shape when the
photon energy is tuned to the vicinity of the resonance
peak (688.28 eV and 686.80 eV), and a shallow dip
appears at the centre when it is tuned on top of the
resonance (687.55 eV; cf. Ref. [50] for the correspond-
ing photoabsorption profile). These peak shapes con-
trast with the more Gaussian-like sharp peak shapes for
the corresponding F∗ atomic-like Auger lines observed
at 90◦ geometry for DF (see Ref. [46]) and CF4 (see
Ref. [49]).

As shown in the work of Kitajima et al. [50] by
profound theoretical analysis, the observed energy-
dependent flat peak shapes at 90◦ geometry contain
important information about the anisotropy of the
atomic-like Auger emission in the molecular frame. The
Auger anisotropy is found to decrease with an increase
in the F-SF5 internuclear distance, which is a natu-
ral consequence since the Auger anisotropy is a pure
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effect, in the 0! spectrum. The Doppler shift of the
kinetic energy of electrons emitted from the F" fragments
propagating in opposite directions has the opposite sign
and thus the Doppler splitting is observed in the 0!

spectrum. (Hereafter F" indicates the core-excited F
atom.) The kinetic energy of this band, ’ 656:3 eV, is
indeed very close to the energy of the Auger line, 656.5 eV,
for the 1s2p6 2S ! 2p4 1D transition of the F atom [20].

Figure 2 presents the enlarged spectra of the F" atom-
iclike Auger line, after subtraction of the baseline. Focus
on the 90! spectra where the Doppler splitting is absent.
The Doppler broadened profiles exhibit a flat peak shape
when the photon energy is tuned to the vicinity of the
resonance peak (at 688:28# 0:75 eV) and a very shallow
dip appears at the center when it is tuned to the low
energy side (at 686.8 eV). These peak shapes contrast
with the Gaussian-like sharp peak shapes for the corre-
sponding F" atomiclike Auger lines observed for the 90!

spectra of DF [14] and CF4 [15].

Let us consider the atomiclike Auger emission in the
resonant photoemission. The process consists of photo-
absorption and decay:

photon $!% & AF ! AF" ! e'$E% & A'F&; (1)

where A ( SF5, and ! and E are the photon and Auger
electron energies, respectively. The photoabsorption takes
place at the internuclear distance R0 between F" and A,
whereas the decay from the core-excited state c takes
place at R ) R0 & !R with a displacement !R. Then,
from the energy conservation law, !& E& Ef$R% ) !&
E0$R0% holds, where ! is the kinetic energy release and E0
and Ef are the energies of the initial ground state 0 and
the Auger final state f. As we discuss later, the decay c !
f may take place before the fragment reaches the disso-
ciation limit (R ! 1). Then the kinetic energy release !
may depend on R.

We define the angle " between the momentum k of the
Auger electron and the velocity vector v of the F" atom.
Then k * v ) kv cos", with k )

!!!!!!

2E
p

; atomic units are
used through the paper unless indicated. The velocity v is
related to the kinetic energy release, ! ) m2

Fv
2=$2#%;
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FIG. 2. Doppler profiles of the F" atomiclike Auger line
emitted in the directions parallel and perpendicular to the
polarization vector. The spectra are recorded across the F 1s !
a"1g resonance of SF6 for five different photon energies.
Baselines are subtracted.
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FIG. 1. Electron spectra of SF6 recorded for parallel (dots)
and perpendicular (solid lines) polarizations. The measure-
ments are carried out at seven different photon energies across
the F 1s ! a"1g resonance, as indicated by the arrows in the
right panel, where the total ion yield spectrum is displayed.
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FIG. 19. Doppler profiles of the F atomic-like Auger line
of F1s-excited SF6 emitted in the directions parallel and
perpendicular to the polarization vector of the ionizing ra-
diation. The spectra were recorded across the F1s → a∗

1g

resonance of SF6 for five different photon energies. Base-
lines are subtracted. See Ref. [50] for details.

molecular effect [50].
In all works discussed so far within this section, we

have seen that resonant Auger decay of core-excited
molecules undergoing ultrafast dissociation may lead
to a Doppler shift of the emitted electrons, depending
on the direction of the electron emission relative to the
dissociation axis. In the work of Kugeler et al. [51] fur-
ther light was shed on this process by an angle-resolved
electron-fragment ion coincidence experiment on O1s
→ σ∗ core-excited O2. This spectroscopy technique has
the potential to reveal further details of the intramolec-
ular relaxation dynamics, which are otherwise hidden
to non-coincident measurements. Indeed, with their
experiment, Kugeler et al. [51] could show that a sig-
nificant fraction of the autoionizing electrons emitted
in the atomic region undergoes scattering on the other,
neutral fragment atom after emission and that electron
transfer between the two fragments is possible even af-
ter dissociation and the primary autoionization. Simi-
lar findings were very recently reported by Prümper et
al. [52] for the polyatomic CH3F system.

levels. Further support for this interpretation can be

gained from the fact that the (O1s)�1 2R�
u 3pr state is

known to have quite some valence-like character (see

[14,15]) and hence will influence primarily the participa-

tor region; in contrast, the (O1s)�1 4R�
u 4pr state is of

much stronger Rydberg character (cf. [14]) and hence
is expected to be dominant in the spectator region.

There is still clearly room for some involvement of

other components, connected for example to the 2R�
u

state, and interaction between quartet and doublet cou-

pled states, but it seems to be less important for the

interpretation of the present spectra as we will see below.

In general, theoretical calculations would be needed to

cast light onto the possibility of a coupling between
the 4R�

u and 2R�
u states and in order to, for example, as-

sess the strength of such a coupling.

Note that although the integrated intensities are the

same when comparing various parts of the spectra ob-

tained at 541.80 and 541.97 eV, the peak profiles differ

to varying degrees. This behaviour is expected as a result

of substantial differences in the Franck–Condon factors

for transitions from the m = 0 and m = 1 intermediate
states.

For the assignments of the resonant Auger spectra,

it is useful to consider also Fig. 4, which shows a com-

parison between the spectrum recorded at 541.80 eV

and the non-resonant normal Auger spectrum ob-

tained using a photon energy of 650 eV. These spectra

are strikingly similar; the main features and fine struc-

ture are reproduced. The main exceptions are that the
lines in the 34–38 eV binding energy range (cf. Figs. 2

and 3) seem to be missing in the normal Auger spec-

trum, and that the resonant spectrum recorded at

541.80 eV is displaced by approximately 1 eV towards

higher kinetic energy compared to the normal Auger

spectrum. According to [8], the majority of the lines

in the normal Auger spectrum are associated with

the (O1s)�1 ð4R�
u Þ core-hole state, except for the lines

at 492.99 and 501.69 eV, which are associated with

the (O1s)�1 2R�
u core-hole state. Thus, if the intermedi-

ate 541.80 eV state of the resonant spectrum is as-

sumed to be (O1s)�1 ð4R�
u Þ 4pr (m = 0), as motivated

above, then the final states are largely the same as in

the normal Auger spectrum, and can be assigned

accordingly. Remaining additional structures in the

resonant spectrum can be explained by assuming that
the spectator electron has a certain probability for

excitation and deexcitation to different levels of the

npr Rydberg series during the decay process. This cor-

responds to relaxation processes well known from XPS

as readily explained in terms of the so-called Manne–

Åberg model [30], and that were accounted for earlier

in a model used to interpret atomic resonant Auger

spectra [20].
Adopting this relaxation model for molecules, it is

fairly straightforward to identify several Rydberg series

with consistent quantum defects in the present spectra.

The energies of the series members are given in Table

1 and are indicated in Fig. 5. As can be seen, in this

interpretation the dominant lines numbered 5, 7 and
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Fig. 4. The resonant Auger electron spectrum recorded at the photon

energy 541.80 eV plotted on a kinetic energy scale in comparison to the

normal Auger electron spectrum obtained at the photon energy 650 eV.

Table 1

Energies, assignments and effective quantum numbers for the Rydberg states identified in the resonant Auger spectrum recorded at hm = 541.80 eV

Line Kinetic energy (eV) Binding energya (eV) Transition Effect. quantum no. n*

1 506.62 36.8 ð4R�
u 4prÞ ! ðW3DuÞ 3pr 2.66

2 505.46 37.9 ð4R�
u 4prÞ ! ðB03R�

u þ B3PgÞ 3pr
3 503.02 40.4 ð4R�

u 4prÞ ! ðW3DuÞ 4pr 3.65

4 502.02 41.3 ð4R�
u 4prÞ ! ðB03R�

u þ B3PgÞ 4pr
5 501.54 41.9 ð4R�

u 4prÞ ! ðW3DuÞ 5pr 4.65

6 500.66 42.7 ð4R�
u 4prÞ ! ðW3DuÞ 6pr 5.65

7 500.42 42.9 ð4R�
u 4prÞ ! ðB03R�

u þ B3PgÞ 5pr
8 497.52 45.9 ð4R�

u 4prÞ ! ðC3Pu þ 13R�
g Þ 5pr

9 495.86 47.6 ð4R�
u 4prÞ ! ð23PuÞ 5pr

10 494.44 48.9 ð4R�
u 4prÞ ! ð23R�

g Þ 4pr
11 492.94 50.4 ð4R�

u 4prÞ ! ð23R�
g Þ 5pr 4.58

12 492.16 51.2 ð4R�
u 4prÞ ! ð23R�

g Þ 6pr
a Final state.
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FIG. 20. The resonant Auger electron spectrum recorded
at the photon energy 541.80 eV plotted on a kinetic energy
scale in comparison to the normal Auger electron spectrum
obtained at the photon energy 650 eV. See Ref. [53] for
details.

RESONANT AUGER DECAY NEAR
THRESHOLD

Sorensen and coworkers [53] performed recently a
study where O1s → Rydberg excited resonant Auger
spectra of O2, recorded at the photon energies 541.80
and 541.97 eV (see e.g. Ref. [53] for the corresponding
absorption curve), were compared to the normal Auger
spectrum of O2 recorded well above the O1s ionisation
thresholds at the photon energy of 650 eV. Interest-
ingly, the resonantly excited electron spectra revealed
in the inner valence region above 35 eV binding energy,
which is governed by spectator decay, quite some rem-
iniscence to the ordinary Auger electron spectrum as
exemplary shown in Fig. 20.

Based on this finding, an interpretation of the reso-
nant Auger electron spectra was made in terms of Ry-
dberg series in the cation converging towards the dica-
tionic ionisation limits. The interpretation involves a
relaxation model introduced earlier for atomic resonant
Auger spectra [54]. The assignments of the resonant
spectra assume that the relevant intermediate neutral
states at 541.80 and 541.97 eV governing the Auger
decay are essentially the ν = 0 and 1 vibrational com-
ponents of the (O1s)−1 (4Σ−u ) 4pσ Rydberg state, and
reasons for this assumption are given in Ref. [53].

In a follow-up work, Tanaka et al. [55] investigated
a series of resonant Auger-electron spectra excited at
ten selected photon energies across the O1s → Ryd-
berg resonances in O2 between 538.95 eV and 542.72
eV. Applying the spectator-electron shake relaxation
model from Refs. [53, 54], and using, to a large ex-
tent, the assignments for the core-excited resonances
as available from the literature, many of the observed
spectator Auger-electron final states could be assigned
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in terms of cationic Rydberg series. Vice versa, the res-
onant Auger-electron spectra were used for consistency
tests of the literature assignments for the core-excited
intermediate Rydberg states. For some of the latter,
alternative assignments were proposed for reasons dis-
cussed in Ref. [55].

As mentioned above at the end of the section on Ul-
trafast Dissociation, and as Refs. [53, 55] indicate, the
O1s near-edge X-ray absorption region of O2 is quite
complex. In order to obtain a deeper insight, Feifel et
al. [56] investigated the valence character of this res-
onance region by means of participator Auger decay
spectroscopy, performed at selected photon energies,
and by means of partial ion yield x-ray absorption spec-
troscopy. For several of the excitation energies stud-
ied, a substantial σ∗(4Σ−u , 2Σ−u ) valence character be-
ing mixed with nsσ and npσ(4Σ−u , 2Σ−u ) Rydberg states
was found. Furthermore, an experimental indication of
a coupling between the channels associated with quar-
tet and doublet ion cores in form of a Fano interference
has been considered and discussed in this work.

In a subsequent study, Feifel et al. [57] investigated,
both experimentally and theoretically, in further detail
the O1 → σ∗ region. This work shows that core exci-
tation takes place in a region with multiple crossings of
potential energy curves of the excited states. A com-
plete breakdown of the diabatic picture for this part
of the X-ray absorption spectrum was found, which al-
lowed Feifel et al. [57] to assign an hitherto unexplained
sharp fine structure in this spectral region to bound Ry-
dberg states.

ABOVE THRESHOLD RESONANCES

While below-threshold resonances are typically de-
scribed as transitions of a core electron to an empty
state such as a virtual molecular orbital or a Rydberg
state (or a mixture of the two in more complex cases as
just discussed), the above-threshold region is character-
ized by the presence of an ionization continuum. How-
ever, resonant features are still possible, superimposed
on this continuum. In particular, a gross distinction
can be made between one-electron processes, namely
shape resonances, and multi-electron processes such as
neutral states created by the simultaneous excitation of
a core and a valence electron.

Shape resonances have been the subject of a vast and
sometimes controversial literature, and we refer to al-
ready existing review works for a detailed description of
these phenomena [58]. In particular, the effect of shape
resonances has been described on the vibrational distri-
bution of photoelectron lines, which changes sensibly at
the shape resonance energy position due to non-Franck-
Condon effects (see e.g. Ref. [59] for recent measure-
ments with state-of-the-art resolution). Here we report

FIG. 21. A comparison of the N2 K-LL Auger spectrum
after ionization through the shape resonance at 420 eV and
well above the shape resonance at 465 eV. The energies
of the final two-hole states are indicated with bars in the
figure. The sharp features indicated by arrows in the figure
arise for excitation in the shape resonance. See Ref. [60] for
details.

only one example, which concerns the appearance of
a perturbed vibrational structure due to a shape reso-
nance not in photoelectron lines, but in Auger lines [60].

Auger spectra of N2 were measured after N1s photoe-
mission at the photon energy of 420 eV (corresponding
to the shape resonance position) and at a photon en-
ergy of 465 eV, well above it. These spectra are shown
in Fig. 21 taken from Ref. [60]. The higher photon-
energy spectrum (dashed line) resembles earlier pub-
lished Auger spectra. The two spectra in Fig. 21 taken
from Ref. [60] are generally very similar, but the 420
eV spectrum has more than twice the intensity of the
off-resonance spectrum and certain features exhibit in-
tensity changes within the bands. These peaks are indi-
cated with arrows in the figure. The sharp peaks in the
420 eV spectrum appear just above an Auger feature
with vibrational structure. Peak 4 at a kinetic energy
of 359 eV is associated with the D1Σ+

u state; a sharp
peak appears when the photon energy is tuned to the
shape resonance region. Another state which exhibits
similar behavior at the shape resonance is the X-state
with two vacancies in the 3σg orbital 1Σ+

g .
Measurement of the N1s photoelectron spectrum of

N2 as a function of photon energy distinguished the ger-
ade and ungerade components and followed the cross
sections for each component separately [61]. A later
study confirmed that the shape resonance has σu sym-
metry and couples primarily to the σg channel, but
inter-channel coupling leads to resonant behavior even
in the σu channel [62]. The intensity increase in the
Auger spectrum at 420 eV reflects the increase in ion-
ization cross section due to the shape resonance affect-
ing the photoelectron channel.
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With the aid of simulations, it was shown that for
the X-state the peak arising from the superposition of
the decay from the gerade and ungerade ν = 0 lev-
els produces a ν = 0 peak with an energy of 366.9 eV.
The increased intensity in the higher-energy peak arises
from the shape-resonance induced enhancement of the
ν = 1 peaks in the core-ionized states. For the X-state
additional peaks are discerned which arise from ν = 2
vibrations in the intermediate state. The fine structure
in the Auger spectrum is analyzed taking lifetime vi-
brational interference and the existence of two separate
components in the core-ionized state into account. The
analysis is consistent with a picture where the gerade
and ungerade channels do not interfere.

In the following we will provide some examples of de-
cay properties of multiply excited states embedded in
ionization continua. Water is a special case, since in
the above-threshold region the photoabsorption curve
is rather flat, without pronounced resonant features.
However, in one specific experiment, namely, negative
ion yield spectroscopy, it was possible to identify a reso-
nant feature∼10 eV above the ionization threshold [63].
This feature has been related to doubly excited states,
since it is well known that there are no shape resonances
in H2O.

Electron spectra were recorded at several photon en-
ergies across the broad resonance that appeared only in
the O− yields above the threshold [64]. Fig. 22 taken
from Ref. [64], shows electron spectra, I(0◦) and I(90◦),
recorded at angles 0◦ and 90◦, respectively, with re-
spect to the polarization vector of the ionization radi-
ation, and it shows also the angle-integrated spectrum
as given by I(0◦) + 2 I(90◦). The photon energy of
550 eV corresponds to the maximum of the resonance
identified in the negative ion yield curves. The spec-
tra exhibit a broad feature at a binding energy of 32
eV, which corresponds to the electron binding energy
of inner-valence molecular orbital 2a1. Superimposed
on it, some sharp structures with vibrational substruc-
ture appear in the binding energy range between 36 and
40 eV. The relative position of the features and their
vibrational spacing are consistent with the Auger spec-
trum of the OH fragment [38]. As a further test, the
spectrum was measured at several different photon en-
ergies across the broad resonance. The broad molecular
feature at a binding energy of 32 eV changes its electron
kinetic energy linearly as a function of photon energy,
thus remaining at a constant binding energy. The elec-
tron kinetic energies corresponding to the sharp struc-
tures, on the other hand, stay constant, even though
the photon energy is changed. Such behavior is typical
of spectral features related to fragments (see the sec-
tion devoted to Ultrafast Dissociation). These sharp
peaks were assigned in Ref. [64] to the electronic decay
of the OH radical, as indicated in Fig. 22 taken from
Ref. [64]. The conclusion was that the resonant state

FIG. 22. Resonant Auger spectrum of H2O recorded on top
of the resonance at 550 eV photon energy. See Ref. [64] for
details.

at ∼ 10 eV above the threshold, evident only in the O−

yields, is dissociative, as proven by the appearance of
fragment-related spectral features.

Decay of doubly excited states above an ionization
threshold has been reported for CO [65]. The leading
configurations of the most prominent doubly excited
Rydberg states are assigned by analysis of the ion-yield
spectra and the final-state spectra. Analysis of the res-
onant Auger spectra provides an assignment of several
two-hole/one-particle final states.

The carbon K-shell ion-yield spectrum exhibits well-
resolved features arising from core to Rydberg excited
states below the carbon K edge, while above threshold
both broad resonant features and narrow well-defined
peaks have been identified in many experiments. The
broad feature at ∼ 305 eV has been assigned to the
σ∗ shape resonance, while the sharp features at slightly
lower energy are attributed to vibrational progressions
of doubly excited Rydberg states converging to satellite
states of the C1s ionization threshold.

The decay pathways of doubly excited core hole
states can be classified into several types. As these
states lie in the core-ionization continuum, they can au-
toionize into singly-ionized core hole states, which sub-
sequently decay by the normal Auger process. In addi-
tion, three different types of radiationless decay chan-
nels are possible for the core hole: participator Auger
decay, in which both of the excited electrons participate
in the Auger decay leads to singly-ionized final states
with 1 hole in the valence shell and no excited elec-
trons, i.e., a 1h-0e state. Single spectator Auger decay,
in which one of the excited electrons remains as a spec-
tator electron in its orbital during the decay, results in
a final state with two holes in the valence shell, and one
excited electron, i.e., they are 2h-1e states. These states
are also accessible via spectator Auger decay of core-
excited states. The third decay path is double spectator
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FIG. 23. Angle-independent resonant Auger spectra mea-
sured via resonant excitation of the doubly excited Rydberg
states. For comparison, the photoelectron spectrum mea-
sured on top of the σ∗ shape resonance (hν = 306 eV) is
also shown. See Ref. [65] for details.

decay, i.e., both excited electrons remain as spectator
electrons in their orbitals. The final state has a 3h-2e
configuration.

Resonant Auger spectra following the decay of above-
threshold doubly excited states are shown in Fig. 23
taken from Ref. [65]. The overall shape of this spectrum
closely resembles inner-valence photoelectron spectra
obtained at photon energies around 45 eV.

Symmetry-resolved ion-yield spectra identify the
doubly excited Rydberg states at ∼ 300 eV to be of
Π character. The leading configurations for the doubly

excited Rydberg states are derived by using a simple
model to compare states with similar configurations,
and are confirmed by the analysis of the corresponding
resonant Auger spectra. The excitation of these states
can be explained by a conjugate shake-up process with
a C1s → 2π excitation accompanied by a 5σ → nsσ
shake transition.

From the resonant Auger spectra a large number
of the 2h-1e final states were assigned which are also
present in published inner-valence photoelectron spec-
tra (see Ref. [65] for the detailed assignment). There-
fore the majority of the decay processes involve one of
the above mentioned patterns, namely the formation of
2h-1e final states.

Other studies on doubly and triply excited states
above an ionization threshold have been reported for
N2 [66, 67]. In the ionization continuum above the
N1s threshold there are several resonances, identified
by symmetry-resolved absorption technique combined
with ab initio calculations [66]. The resonances at ∼
410 eV and ∼ 415 eV are assigned to doubly excited
states and the one at ∼ 419 eV, which appears only in
the 1Πu-symmetry spectrum, to a triply excited state
with a 1s → 1πg core hole ground configuration and
two valence electrons promoted into the 1πg lowest un-
occupied molecular orbital. The resonance at ∼ 419 eV
is embedded in the well-known broad N1s→ 3σu shape
resonance located between ∼ 416 eV and ∼ 422 eV and
thus has not been observed earlier in any ordinary ab-
sorption measurement.

In the experiment by Feifel et al. [67], 419 eV pho-
tons were used to excite two valence electrons simulta-
neously with a N1s core electron into the 1πg orbital
borrowing intensity via initial and/or final state corre-
lation and thus reaching a triply excited neutral inter-
mediate state. This triply excited intermediate state
predominantly decays via an Auger process to three-
hole/two-particle ionic state configurations in the broad
2σ−1g inner valence band.

Fig. 24 taken from Ref. [67], shows decay spectra
recorded at several photon energy values close to 419
eV. In all previous works, the band in the 34 - 42 eV
binding energy region is identified as the direct 2σ−1g
photoionization band. Configuration interaction calcu-
lations predict the presence of several three-hole/two-
particle states in this binding energy region. These
highly correlated configurations have, however, never
been experimentally disentangled before.

Looking more closely at Fig. 24 taken from Ref. [67],
one can see that at the isolated energy of 419 eV a
band marked by the dashed line binding energy of 37.6
eV appears in the 90◦ spectrum, showing an anistropic
electron emission behaviour of β < 2 for this band.
Correspondingly, the vibrational feature at 37.6 eV is
strongly enhanced in the 0◦ spectrum. No significant
resonant enhancement is observed for any other pho-
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FIG. 24. Angle-resolved electron spectra recorded at five
different photon energies across the N1s → 3σu shape reso-
nance. See Ref. [67] for details.

toelectron bands in the entire binding energy region
between 15 eV and 35 eV for all photon energies used
in this study.

One possible interpretation is that this behaviour is
due to the shape resonance, which is usually described
as a one-electron process, but could induce changes in
the angular distribution of final states. However, the
response of the 37.6 eV peak at 419 eV photon en-
ergy with respect to both relative intensity and angu-
lar distribution is indicative of the presence of a much
narrower intermediate state than the 3σu shape reso-
nance. The sharp resonant enhancement of this pho-
toelectron band agrees with the resonant 1Πu state as-
sociated with a triply excited configuration assigned in
Ref. [66]. Two triply excited configurations are pro-
posed, 1σ−1u 3σ−2g 1π3

g and 1σ−1u 1π−2u 1π3
g . The triple

excitation is forbidden within an independent particle
approximation. Thus the excitation process becomes
possible only via initial-state correlations, where 3σ−2g
1π2

g and/or 1π−2u 1π2
g configurations are mixed into the

ground-state configuration, and/or final-state correla-
tions, where the singly-excited configuration 1σ−1u 1π1

g

is mixed into the final-state configurations. The leading
configuration of the triply excited state is most likely
1σ−1u 1π−2u 1π3

g . The decay from the triply excited

FIG. 25. The triple excitation schemes and one of the
possible deexcitation channels leading to a three-hole/two-
particle final state of the cation (”double spectator” decay).
See Ref. [67] for details.

state is expected to be governed by the main config-
uration. Note that the Auger decay is a two electron
transition. Thus, the most favorable decay channels
should be such that one electron from the outermost
orbitals fills the created core hole whilst another elec-
tron from one of the outermost orbitals is released into
the continuum leaving the system in a three-hole/two-
particle final-state configuration. Such a decay pro-
cess would be referred as double spectator within the
independent particle model. The fact that a signifi-
cant enhancement of the single-hole main band or the
two-hole/one-particle bands was not observed strongly
confirms that the triply excited state decays into three-
hole/two-particle configurations. Such configurations
exist in the binding energy range of interest. The triple
excitation schemes and one of the possible deexcita-
tion channels leading to a three-hole/two-particle final
state of the cation (double spectator decay) are shown
in Fig. 25 taken from Ref. [67].

In conclusion, the work of Feifel et al. [67] shows that
at 419 eV photon energy the new pathway via a triply
excited resonant state enhances strongly the population
of multiply excited cationic states. This observation
shows how to preferentially probe such excited configu-
rations of cations by means of resonant Auger-electron
spectroscopy via multiple resonant excitation.

RECOIL EFFECTS

An important new phenomenon which has been ob-
served in some selected systems is the ion recoil dur-
ing photoelectron emission. Experimental work on core
ionization in CH4 and CF4 (see Refs. [68, 69] and ref-
erences therein) and valence ionization in N2 [70] has
shown that the recoil of the atom where the vacancy
is created causes non-Franck-Condon effects well above
the ionization threshold, and induces the excitation of
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vibrational or rotational modes otherwise inactive.
In general, the analysis of the vibrational distribu-

tion in core-level photoelectron spectra is based on the
Franck-Condon factors between the ground and core-
ionized states. However, there are a number of effects
that can distort the result, such as the post-collision in-
teraction (PCI) and the influence of shape resonances or
of Cooper minima. In Ref. [68], the C 1s photoemission
from methane is studied over a broad photon energy
range. The presence of non-Franck-Condon effects well
above the ionization threshold is demonstrated, and
a theoretical explanation is provided for the observed
long-range change of the intensity ratios of the various
vibrational components, based on photoelectron recoil
effects.

According to momentum conservation, during the
photoemission process a molecule receives a recoil mo-
mentum transfer from an ejected photoelectron. In a
simple model, the whole molecule receives this momen-
tum rigidly (elastic recoil). In the case of core-level
photoemission, however, the electromagnetic field in-
teracts primarily with the atom at which the core or-
bital is localized, on a time scale much shorter than the
vibrational period of the molecule. This indicates that
the molecule is unable to receive the recoil momentum
rigidly, but it is rather given to the primary electron
emitter. As a consequence, the photoelectron recoil is
similar to inelastic collision processes that lead to vi-
brational excitations [68]. Such effect increases with
increased photon energy, since the momentum transfer
depends upon the kinetic energy of the ejected elec-
tron. In CH4, a variation in the intensity ratio of the
first two vibrational peaks of the symmetric stretching
progression was observed as a function of photon en-
ergy in the range 480-1200 eV. Such finding is reported
in Fig. 26 which is taken from Ref. [68]. Furthermore,
the authors in Ref. [68] could model the experimental
spectra at a photon energy of 1050 eV by including the
excitation of vibrational modes which are not active
within a Franck-Condon picture but are related to the
motion of the core-ionized carbon atom due to the re-
coil, namely the asymmetric stretching and one bend-
ing mode. They conclude that the apparent increase
of the intensity ratios at high kinetic energies is not
due to a change in the dominant symmetric stretching
progression itself, but reflects an additional underlying
structure of other vibrational modes that appears due
to the recoil excitations. Such result constitutes a vi-
olation of the Franck-Condon principle, which states
that neither the positions nor the momenta of the nu-
clei change during the ionization event.

Although the recoil excitations give minor contribu-
tion to the overall vibrational envelope in the methane
case, in molecules where the electron emitter is sur-
rounded by heavier atoms, the modifications could be
much stronger. The extent of the effect is related to

FIG. 26. Intensity ratios of the symmetric stretch progres-
sion in C1s photoelectron spectra of methane. Solid line -
recoil model. Dashed line - prediction without recoil. See
Ref. [68] for details. Reproduced with permission.

the ratio of the mass of the excited atom versus the
molecular mass. In methane the atomic mass of the
excited atom is only slightly different from the molec-
ular mass, and therefore only a small fraction of the
recoil energy goes into internal excitation. The same
authors have reported a similar experiment concerning
CF4 [69]. In tetrafluoromethane the ratio of mass of
the ionized atom to the mass of the molecule is low,
the Franck-Condon excitation is weak, and the natural
linewidth is small. Therefore in Ref. [69] the recoil ef-
fect is shown to be much more evident in CF4 than in
methane.

In Fig. 27, taken from Ref. [69], the change in line-
shape of the C1s photoelectron line in CF4 is shown
as a function of the photoelectron kinetic energy. The
changes in the spectra as the photon energy and thus
the photoelectron kinetic energy is increased are quite
relevant. Those are mostly due to the excitation of
the antisymmetric stretching mode which is not excited
within a Franck-Condon picture.

It is apparent that recoil excitation of vibrational
modes can have a significant effect on the photoelec-
tron spectra. In CF4 at a photon energy of 400 eV
(about 100 eV above threshold) the recoil excitation is
comparable to the Franck-Condon excitation, and at
higher photon energies the recoil induced excitation is
the dominant source of the vibrational structure.

The recoil excitation, in addition to being an inter-
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FIG. 27. Carbon 1s photoelectron spectra of CF4 at the
photon energies indicated. For (a) - (i) the open circles rep-
resent the data, the heavy solid lines represent least-squares
fits to the data using theoretical predictions of the recoil-
induced vibrational excitation, and the light solid lines show
the contribution from the vibrationally unexcited state. See
Ref. [69] for details. Reproduced with permission.

esting phenomenon in itself, allows one to derive addi-
tional information on the vibrational frequencies of the
core-ionized molecule. In particular, the recoil excita-
tion involves modes that are not excited by the Franck-
Condon process. In the case of CF4 it was possible to
obtain an experimental value for the frequency of the
asymmetric stretching mode.

A different approach was used by the same authors
in Ref. [70], where the recoil effect has been observed
in valence spectra, and in which the momentum trans-
fer leads to the excitation of rotational rather than vi-
brational modes. The system under investigation is
N2, and valence photoelectron spectra are reported as
a function of photoelectron kinetic energy and com-
pared with previous fluorescence data. In particular, in
the photoelectron spectrum of N2 the apparent ioniza-
tion energy to form the B 2Σ+

u state increases linearly
with the photon energy. Rotationally resolved measure-
ments of the fluorescent decay of this state show a lin-
ear increase of rotational heating with increasing pho-
ton energy. These results are in quantitative agreement
with the prediction of the theory of recoil-induced rota-
tional excitation, indicating that the rotational heating
that has been observed previously arises primarily from
such recoil-induced excitation. Together with other re-
sults that have been reported they show that recoil-
induced internal excitation is significant in many situa-
tions, including near threshold. In Fig. 28, taken from

FIG. 28. Mean apparent ionization energy to produce the
ν=0 B-state of N+

2 as a function of photoelectron kinetic
energy. Solid circles, left-hand axis: From photoelectron
spectroscopy. Squares and triangles, right-hand axis: From
fluorescence measurements. See Ref. [70] for details. Re-
produced with permission.

Ref. [70], the rotational heating in the singly-ionized B
valence final state of N2 is shown as a function of photo-
electron kinetic energy due to the increased population
of rotational levels caused by the recoil.

An interesting point is that while for core ionization
the proposed model is based on emission from a lo-
calized atom, similar arguments hold for valence ion-
ization, where the electrons are delocalized. Both the
photoelectron spectroscopic measurements and the flu-
orescence measurements can be understood quantita-
tively in terms of a model in which the photoelectron
originates at a localized atom even though the valence
orbital from which the electron is ejected is delocalized.
These results indicate that photoelectron recoil-induced
internal excitation is a widespread phenomenon and can
have a significant effect even for energies not far above
threshold.

CONCLUSION

Recent results on core-level electron spectroscopy
and dynamics of free molecules were reviewed. The
examples given enlightened the inherent interplay of
the timescales of the Auger electron decay with nuclear
motion, and comprised ultrafast dissociation processes,
the occurrence of interference phenomena and recoil.
The capability of such studies to reveal important in-
formation on the light-matter interaction, the electronic
structure and the evolution of the short-lived states
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thus created was enlightened, and it should be regarded
as driving force for more future studies of related kinds,
both at state-of-the-art synchrotron radiation facilities
and Free-Electron-Laser sources.
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M. Bässler, R. Feifel, A. Giertz, H. Wang, K. Wiesner ,
A. Ausmees , C. Miron , S. L. Sorensen, and S. Svensson
Chem. Phys. Lett. 334, 151 (2001).

[39] I. Hjelte, M.N. Piancastelli, C.M. Jansson, K. Wies-
ner, O. Björneholm, M. Bässler, S.L. Sorensen, and S.
Svensson, Chem. Phys. Lett. 370, 781 (2003).

[40] R. Feifel, F. Burmeister, P. Salek, M.N. Piancastelli, M.
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