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Abstract

The advent of ultrashort soft x-ray pulse sources permits the use of established gas phase

spectroscopy methods to investigate ultrafast photochemistry in isolated molecules with element

and site specificity. In the present study, we simulate excited state wavepacket dynamics of a

prototypical process, the ultrafast photodissociation of methyl iodide. Based on the simulation,

we calculate time-dependent excited state carbon edge photoelectron and Auger electron spectra.

We observe distinct signatures in both types of spectra and show their direct connection to C – I

bond dissociation and charge rearrangement processes in the molecule. We demonstrate at the

CH3I molecule that the observed signatures allow us to map the time-dependent dynamics of

ultrafast photo-induced bond breaking with unprecedented details.
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Some of the most important photochemical processes in nature take place in the excited states

of organic molecules on ultrafast timescales.1,2 Thorough understanding of ultrafast photochemistry

can be achieved by gas phase spectroscopy in combination with high-level ab initio excited state

dynamics simulations. Such combined approaches work best, if the experimental and calculated

observables can be directly compared as demonstrated for time-resolved valence photoelectron

spectroscopy.3–8 Time-resolved spectroscopy of the valence electrons, however, is not able to

produce site-specific information about photochemistry, e.g. the dissociation of a specific chemical

bond. This can be achieved by soft x-ray spectroscopy of the strongly localized inner electrons.

With femtosecond soft x-ray pulses from free-electron laser (FEL) and high-harmonic generation

(HHG) sources now becoming available,9–15 well established steady-state techniques like x-ray

absorption spectroscopy, x-ray photoelectron spectroscopy (XPS), and Auger electron spectroscopy

(AES) can be employed to follow ultrafast dynamics of molecules.16–21

Both steady-state XPS and AES are element specific, since ionization edges of different elements

lie hundreds of eV apart. The core electron binding energies, which are measured in XPS, addition-

ally, show a high sensitivity to the local bonding environment of a specific atom in a molecule.22,23

Thus, time-resolved XPS can be expected to be sensitive to changes in the bonding environment

induced by ultrafast photochemistry. Photoionization of a 1s electron as in XPS leaves the molecule

with a strongly localized electron hole that typically decays within few femtoseconds via Auger

decay creating two holes in the valence. Because of the Coulomb repulsion of the two valence holes,

also time-resolved AES can be expected to be sensitive to structural changes in the molecule.16,24,25

The interplay of molecular effects accompanying core ionization give rise to valence rearrangement

between the different atoms that are of strong fundamental interest.26–29 Investigating the transition

from an intact molecule to a dissociated fragment via femtosecond-resolved XPS and AES holds

the potential for elucidating important aspects of these mechanisms.

Here, we present a theoretical investigation of the TR-XPS and TR-AES signatures of a proto-

typical process, the ultrafast photodissociation of the carbon-iodine bond in isolated methyl iodide.

This reaction has been experimentally investigated in several studies.8,19,26,27,30–32 The molecule is
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therefore an ideal benchmark for the capabilities of time-resolved XPS and AES. Photoexcitation

of methyl iodide in the ultraviolet (UV) spectral regime leads to a single electron transition from

an iodine-centered π molecular orbital (MO) to a carbon-iodine antibonding MO (π → σ∗ excita-

tion). The dipole-allowed spin-orbit coupled 3Q0+ and 1Q1 states contribute dominantly to the UV

photoabsorption. For the 260 nm to 262 nm region (absorption maximum for 3Q0+ state), the triplet

3Q0+ state accounts for 94% of the absorption intensity.33 Both states are repulsive and C – I dissoci-

ation is known to take place on a sub-100 fs timescale.26,27,30,31,34–37 The photodissociation dynamics

of methyl iodide have been experimentally investigated by XPS in a seminal study at the iodine

4d edge.19 The study identifies a time-dependent shift of the iodine 4d binding energy as the XPS

signature of C-I bond dissociation. With our present study, we theoretically investigate the XPS and

AES during photochemical C-I bond breaking in CH3I using ab initio wavepacket simulations com-

bined with a complete description of the electronic structure in the photoionization and subsequent

Auger decay process employing the XMOLECULE toolkit.38–40 We demonstrate that the transient

XPS signatures of bond dissociation can be considerably richer than the so far experimentally

observed linear shift in binding energy. As opposed to the aforementioned experimental study, we

are simulating carbon K-edge XPS and AES signatures. Other than the iodine 4d edge, the carbon

K-edge features do not exhibit extensive fine structure from spin-orbit coupling. This facilitates

the interpretation of time-dependent spectroscopic signatures. We show that TR-XPS is highly

sensitive to the immediate electron density redistribution during bond dissociation dynamics and

electron rearrangement upon core-shell ionization. The sensitivity to electron density redistribution

is enabled by dramatic changes in the ionization transition strength to different core-ionized states

during the photodissociation, which has been to the best of our knowledge never been considered

before. Thus, both time-resolved XPS and AES exhibit a distinct signature, when the redistribution

of bonding electron density is completed. These signals can be utilized as a probe for molecular

valence electron rearrangement accompanying core-shell ionization.

The evolution of the molecule in the transient excited state is shown in Fig. 1(a-b). Snapshots of

the reduced density of the wave packet along the C – I bond distance that is obtained by projecting

4



0fs

ρ
(r

C
I)

3Q0+1Q1 (x10)
25fs

 0  2  4  6  8

50fs

ρ
(r

C
I)

rCI [Å]
 0  2  4  6  8

100fs

rCI [Å]

(a) Snapshots of the nuclear wave packet density

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0  10  20  30  40  50  60  70  80  90

p
o

p
u

la
ti
o

n
 

t [fs]

(b) Electronic state-population

Figure 1: Wave packet dynamics of CH3I: (a) The reduced density of the nuclear wave packet on
the 3Q0+ state (solid line) and the 1Q1 state (dotted line, magnified by factor 10). (b) Evolution of
the population in the 3Q0+ and 1Q1 state.

the wave packet onto one of the electronic states and tracing out all other nuclear degrees of freedom

are shown in Fig. 1(a). Within ' 50 fs, the bond distance is increased to two times the ground state

equilibrium value. Due to the strongly repulsive potential, the wave packet stays relatively compact

throughout the first 100 fs after UV excitation. Additionally, the C – H3 umbrella motion (not shown)

brings the CH3 fragment from the tetrahedron structure to a closely planar geometry as the C – I

bond dissociates. Some of the electronic state population is transferred to the lower 1Q1 state

through non-adiabatic effects, but the molecule remains almost completely in the 3Q0+ state34 (see

Fig. 1(b)). For all considered bond lengths, the spin-orbit coupled 3Q0+ state is dominated by the

13E spin configuration. While for the considered UV wavelength spin-orbit effects are relevant for

the photoexcitation33 and for the iodine state into which the molecule dissociates, they play a minor

role for the electronic state of the corresponding methyl fragment.30,31,37,41 For the XPS and AES

due to carbon 1s ionization, spin-orbit splitting effects are smaller than 1 eV42 and thus play a minor

role. Accordingly, we neglect in the following discussion spin orbit-coupling and discuss the time

dependent spectra for the non-spin-orbit coupled 13E state.

In Fig. 2(a), we present the calculated XPS for the photo-excited CH3I molecule as a function

of bond-length assuming a photon energy of 350 eV convoluted with a fixed-width Gaussian of
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(a) XPS as a function of bond distance
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(b) XPS as a function of delay time

Figure 2: Femtosecond XPS of the UV-excited CH3I molecule (13E state) as a function of C – I
distance (a) and as a function of delay time to the initial pump step (b). The hydrogen positions have
been fixed at their equilibrium position. The incident photon energy is assumed to be 350 eV, and a
spectral width of 1 eV (full-width at half-maximum) is assumed to convolve the calculated XPS
transitions. In the upper plot, solid and dashed lines mark the difference of the initial 3E potential
energy curve to 4E and 2E core ionized potential energy curves, respectively. The upper axis mark
the center of the wave packet at selected delay times.
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1 eV full-width-at-half-maximum (FWHM). At the equilibrium geometry of the ground state, the

C1s binding energy is ' 292 eV for the singlet ground state. After excitation into the 13E state,

the C1s binding energy lowers to ' 290 eV. The center of the XPS band observed at ' 290 eV

increases slightly with bond length up to an internuclear distance of 3 Å. A satellite feature that

can be attributed to valence shake-up is seen very weakly at equilibrium bond distance (2.2 Å) at

photoelectron energy ' 300 eV. For larger bond distances this satellite feature becomes stronger

and its binding energy decreases. For interatomic separations larger than ' 3 Å, the initial weak

satellite feature, which is at this bond distance at ' 295 eV, becomes dominant and the original

photoelectron line vanishes. While for the equilibrium bond distances very small splitting between

doublet and quadruplet final electronic states is seen, at bond distances > 3.5 Å, distinct quadruplet

and doublet features with an energy separation of ' 1.9 eV occur. Due to their larger multiplicity,

the two final quadruplet states (solid lines in Fig. 2(a)) dominante the TR-XPS with a relative

strength twice as large as the corresponding doublet states. The TR-XPS spectrum resulting from

the time-dependent wave packet (Fig. 1) is shown in Fig. 2(b). In this time-resolved spectrum,

we have neglected the effect of the relatively small hydrogen motion that has little impact on

the resulting x-ray spectra. The similarity of time and distance-dependent XPS showcases direct

mapping onto the dissociation reaction coordinate. As can be seen, at a time delay of ' 20 fs the

position of the dominant photoelectron spectral line shows a pronounced jump that is connected

with the wave packet being located at bond distances around 3 Å.

The spectral position of the photoelectron lines follow the difference of the potential energy

curves of the excited and core ionized potential energy curves shown in Fig. 3. The jump in the

XPS at a bond length ' 3 Å is a consequence of the bond-length dependency of the core ionization

cross-section to the different core-hole states. This is clearly illustrated in Fig. 4, which shows

the swap in the individual photoionization cross sections for the two involved final core-hole

states of quadruplet spin multiplicity. The lower core-ionized state 14E, which is dominantly

populated through core shell ionization at equilibrium bond length, describes a redistribution of the

valence electron density that screens the created core hole. It is instructive to realize that this lower
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Figure 3: Potential energy curves of UV-excited CH3I molecule (13E state) and carbon-core-ionized
states with different valence configuration (only states of irreducible representation E with doublet
and quadruplet symmetry are shown).

carbon-core ionized state, which can be seen as a satellite for photoionization at large interatomic

distance, corresponds to an asymptotic dissociation into I+ and a core-excited CH3 radical. The

same counter-intuitive dissociation character of core hole states, where the charge is located on the

atom that has not been core-ionized, has also been reported for CO.43 On the contrary, the upper

core-ionized quadruplet state 24E corresponds to an asymptotic dissociation into neutral I and a

core-ionized CH3 cation. The electron density change accompanying core ionization of the initial

photoexcited state is illustrated in the iso-surface plots in Fig. 4 for selected C – I distances. The blue

iso-surface (electron density increase) around the carbon atom and the red iso-surfaces (electron

density decrease) covering the hydrogen atoms clearly reflect the contraction of the valence electron

density in the methyl moiety illustrating the screening of the core-hole. Additionally, one can see a

shift of valence electron density involving the iodine atom that is qualitatively different for the two

considered core-ionized states. The 13E → 14E transition tends to shift electron density from the

iodine towards the methyl moiety. In contrast, density change due to the 13E → 24E transition is
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Figure 4: Cross-sections for photoionization from the excited state 13E to the carbon core-ionized
14E and 24E states as a function of inter-atomic separation. The upper axis indicates the center
of the nuclear wave packet for selected delay times. The blue dashed line shows the sum of both
transitions. For selected distances, iso-surface plots show the electron density change associated
with the core ionization. The blue color indicates electron density increase, the red color indicates
electron density decrease upon core ionization. For the limiting cases (not dissociated/ fully
dissociated), we depict the corresponding valence orbital occupation scheme.
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for small bond lengths characterized by a reshuffeling of σ density. For larger bond lengths, it shows

almost no impact on the iodine atom. We note that the here discussed core-ionized or core-excited

CH3 fragments are in transient states that will further charge up via Auger decay.

The characteristic valence electron changes following core ionization can be directly understood

from the configurational mixing in the valence electronic structure as a function of interatomic

separation. While the photoexcited 13E state is for all bond distances characterized by a π → σ∗

excitation, the two core hole states 14E and 24E show a mixing of core-hole configurations involving

an additional σ → σ∗ excitation that reflects the tendency in the core ionized states to screen the core

hole via shifting valence electrons from the iodine atom towards the methyl moiety. At equilibrium

bond length, the 14E state is dominated by the core-ionized π → σ∗ configuration. The core

hole leads to a somewhat stronger bond and, thus, to a slightly less dissociative potential energy

curve compared to the initial valence excited state 13E. Accordingly, the core-electron binding

energy slightly increases with C – I distance (see Fig. 2(a)). This observation of strengthening of

a bond through a core hole has been observed for a number of other core ionized molecules.43

With increasing bond length, the configurational mixing of the 14E core-hole state is shifted more

and more towards an additional σ → σ∗ excitation, which becomes dominant for bond length

> 3 Å. Due to this change in configurational character the photoionization from the initial π → σ∗

excited state is depleted. The higher-lying 24E core-ionized state is for small bond distances

dominated by the additional σ → σ∗ excitation resulting in a potential energy curve that is even

more repulsive than the initial 13E excited state (see Fig. 3). This is also indicated by the lowering

of the respective photoelectron binding energy with inter-atomic distance (see Fig. 2(a)). The

configurational character of this state changes with bond length in the opposite way: At the Franck-

Condon region it describes a σ → σ∗ shake-up and for bond length > 3 Å it is characterized by

the main C(1s−1), π → σ∗ configuration (i.e. without additional σ → σ∗ excitation). Accordingly,

photoionization from the initial π → σ∗ excited state increases with bond length.

From this finding we can directly connect the jump in the XPS with the suppression of the

inter-atomic valence electron rearrangement in the context of core-hole screening. These dynamics
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can also be understood with the classical over-the-barrier model of charge migration26,44 (see

the supplementary material for details). According to this model, the electron transfer from I

to CH3
+[1s−1] is forbidden, when the internuclear distance is larger than the critical distance

Rc = 3.3 Å, which is consistent with the observed critical distance of Rc ' 3.0 Å in the XPS

(Fig. 2(a)).

Strong sensitivity with respect to bond dissociation is also seen in the TR-AES that is shown in

Fig. 5(a+b). Because of the multitude of different pathways resulting in densely lying Auger lines,

a complete interpretation of all the lines and their bond distance dependence is tedious. There is a

general trend for most of the Auger lines to show a shift to higher energy with increased inter-atomic

separation. This effect can be attributed to the possible larger spatial separation and thus smaller

Coulomb repulsion of the two valence holes in the final dicationic states that dissociate into two ion

pairs. Around 3 Å, many lines show a discontinuity that is a consequence of the discussed swap in

the photoionization cross sections (Fig. 4). Above 3.5 Å, the Auger lines seem to vary very weakly

with interatomic distance. At these bond-lengths, the Auger decay in the CH3 fragment seems to be

almost unaffected by the iodine fragment.

In the following we focus on the Auger line resulting in the fastest Auger electrons. Typically,

these fast Auger electrons are rather isolated from other Auger lines, because they represent low

energetic dicationic states, where the density of states of the dication is rather low compared to

higher excited dicationic states. In general, fast Auger electrons are therefore easier to identify

with specific dicationic electronic states. As shown in Fig. 5(a+b), the Auger spectrum exhibits a

satellite feature above 270 eV that becomes stronger around a C – I distance of 3 Å and vanishes

again for larger bond lengths. At equilibrium bond length ' 2.2 Å, this Auger line is found at

energies ' 277 eV and its energetic position lowers with increasing C – I distance. Our calculation

indicates that this Auger transition can be attributed to the decay of the higher-lying core-ionized

quadruplet state 24E into the dicationic 13E state. The change of energetic position of this Auger

line is dominated by the strongly repulsive curve of the core-ionized 24E state. The dicationic 13E

state associated with this Auger channel dissociates into I+ and CH3
+. Thus, this Auger channel is
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(a) AES as a function of bond distance
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Figure 5: Femtosecond AES of UV excited and carbon-core ionized CH3I molecule as a function of
photoelectron binding energy and C – I bond length. The hydrogen positions have been fixed at their
equilibrium values. The incident photon energy is assumed to be 350 eV, and a spectral width of
1 eV (full-width at half-maximum) is assumed to convolve the calculated Auger transitions. Figure
5a shows the full scan as a function of bond length and Auger electron energy. Figure 5b shows the
high energy part of the Auger spectrum for selected bond lengths.
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accompanied with a transfer of a valence electron to the iodine atom. Analogous to the blocking of

charge transfer in the XPS the intensity of this Auger line becomes therefore weaker with increasing

bond length.

Via ab-initio modelling of XPS and AES, we have demonstrated here the power of element

and site-specific soft x-ray spectroscopy for investigation of photoinduced bond dissociation, a

fundamental process in photochemistry. We show at the example of methyl iodide that carbon

1s time-resolved x-ray photoelectron spectra exhibit a distinct jump in between the initial core

ionization potential of the CH3I molecule and of the reaction product CH3. As we discuss in the

Supp. Information, the jump is clearly preserved when finite time resolution of the experiment

is taken into account. We connect this jump to the point in time and space (3.0 Å and 20 fs), at

which molecular charge redistribution upon carbon core ionization is blocked. The large sensitivity

of XPS can be understood from the fact that the creation of a core hole is accompanied with

screening effects in the valence shell, which lead to rearrangement of valence electrons from the

electron-rich iodine atom to the CH3 moiety. The reported behavior also reveals that the production

of I+ fragments should show a strong sensitivity with delay time resulting from the different degree

to populate the two different states through carbon core ionization. Thereby, our calculation present

an interesting explanation of the bond-distance dependence of the molecular charge rearrangement

mechanism upon x-ray ionization.26,27 In comparison to our simulated XPS, the information content

from time-resolved valence photoelectron spectroscopy is fundamentally different. The only such

study on CH3I in the literature employs insufficient probe photon energies to follow the bond

dissociation to the photoproducts.8 With sufficient probe photon energy, we can, however, expect to

observe features, which correlate with the lowest cationic states of the photofragments CH3 and I*,

to smoothly evolve on the dissociation coordinate from their binding energies in CH3I towards their

binding energies in the fragments.45,46 Instead, our simulated XPS provides exclusive information

on the evolution of the valence electronic structure of the emerging CH3 fragment. Moreover, the

valence photoelectron spectrum can not be expected to exhibit such a drastic change in the partial

ionization cross-sections as we observe in the XPS. The TR-AES shows a remarkable sensitivity to
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C – I bond length. Although the spectrum is overall very crowded, particular features shift by more

than 5 eV, which should result in a clearly observable signal in a time-resolved AES experiment. It

is remarkable that in such a pump-probe experiment, specific transient features are only visible in a

region of intermediate C – I bond distance. Within a UV-pump-x-ray-probe scheme, this feature

could be used as a sensitive indicator for a specific dissociation step.

While the predicted phenomena have not yet been fully resolved experimentally,19 a confirmation

of our predictions is well within the range of capabilities at current free electron laser facilities.

We, furthermore, do not see any reason why they should be confined to our specific benchmark

molecule and expect them to be general signatures of valence electron rearrangement during bond

dissociation. With the help of the here reported spectral fingerprints of bond-breaking and new

achievements in providing short and accurately controlled x-ray pulses, we expect time-resolved

x-ray photoelectron spectroscopy and time-resolved Auger electron spectroscopy to become an

enormously useful tool to investigate ultrafast photochemistry.

Methods

Quantum dynamics of CH3I photodissociation

In order to describe the non-Born-Oppenheimer nuclear dynamics triggered by photoexcitation of

methyl iodide, we performed a five-dimensional quantum dynamics simulation using the multi-

configuration time-dependent Hartree (MCTDH) method47 reproducing the results of Ref. 34. In

this work, the numerical procedure demonstrated to faithfully reproduce the branching ratio of I/I*

and quantum states distribution of dissociation products. Since it is well described elsewhere,34,47

we here only give a brief overview.

A set of coordinates is used to describe the processes depicted in Fig. 6, the C – I dissociation,

C – H vibration, H3 – C – I bending, umbrella motion of CH3 and wagging of I atom. In the chosen

coordinate space, rI is the major coordinate characterizing the dissociation process. Motion of

θH and rH are driven naturally by the recoil of C-I dissociation. θI is crucial to break the C3v
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symmetry of the molecule to enable the non-Born-Oppenheimer coupling between the valence

excited states, which leads to the formation of excited and ground state iodine atoms, and φ plays

minor role. The initial state of the wave packet of the UV excited CH3I molecule is prepared by

sudden excitation approximation following the Franck-Condon principle.34 The employed potential

energy surfaces for the 3Q0+ and 1Q1 state are based on ab initio spin-orbit configuration interaction

calculations.34,48

Figure 6: Coordinates set R = {rI , rH , θI , θH , φ} for the five-dimensional quantum dynamics.

The time-dependent wave function of the CH3I molecule is represented as

χ
(
Q1, · · · , Qp, t

)
=

N1∑
j1=1

· · ·
Np∑
jp=1

Aj1···jp(t)

p=6∏
κ=1

ϕ
(κ)
jκ

(Qκ, t)

=
∑
J

AJΦJ , (1)

for our case Np = N6 = 2, where R = {rI , rH , θI , θH , φ} = (Q1, · · · , Q5) and Q6 denotes the

discrete basis of the electronic degrees of freedom. The function ϕ(κ)
jx

(QK , t) are the time-dependent

single particle function (SPF) basis that forms a co-moving cover of the wave packet. The equation

of motion used to propagate the SPF and the expansion coefficients AJ in time follow from the
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Dirac-Frenkel variation principle as

iȦJ =
∑
L

〈
ΦJ |H|ΦL

〉
AL , (2)

and

iϕ̇(κ) =
(

1− P (κ)
)(

ρ(κ)
)−1
〈H〉(κ)ϕ(κ) , (3)

where the vector notation ϕ(κ) =
(
ϕ
(κ)
1 , · · · , ϕ(κ)

Nk

)T
has been used. Further details on the MCTDH

method and the the definitions of the mean field 〈H〉(κ), the density matrix ρ(κ) and the projector

P (κ) can be found in Ref. 47.

Femtosecond XPS and AES of the photodissociating molecule

For simplicity, we discuss the resulting XPS and AES without the effect of spin-orbit interaction. As

discussed in the result section, the most dominantly populated 3Q0+ state can be associated almost

purely with a non-spin-orbit coupled 13E state. The resulting XPS might be blurred due to splitting

of the final, core-ionized states. We estimate the effect of splitting due to spin-orbit splitting to

be smaller than 1 eV.42 Given the additional spreading of the spectra due to the spatial extend of

the vibrational wave-packet on the dissociating potential energy curves, spin-orbit splitting details

will most-likely be hidden within a broad peak of the individual photo- and Auger electrons. The

spin-orbit coupling therefore does not involve any characteristic changes in the XPS and AES and

for our discussion it is therefore sufficient to neglect spin-orbit interaction.

For a given molecular geometry, the photoionization cross section of the initial electronic state

I can be calculated as

σI(ω) =
∑
F

σI→F (ω) =
4

3
απ2ω

∑
F

δ(EF − EI − ω)
∑

M=−1,0,1

∣∣∣〈ΨN
F |d̂M |ΨN

I 〉
∣∣∣2 , (4)

where α is the fine structure constant, ΨN
I and ΨN

F are the initial and final molecular eigenstate

with energy EI and EF , respectively, ω is the photon energy, and δ(Ef − EI − ω) a function that
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determines the shape and position of the line. The many-electron dipole-matrix element in Eq. (4)

is given by

〈ΨN
F |d̂M |ΨN

I 〉 =
∑
i,j

〈ΨN
F |c
†
icj|ΨN

I 〉〈i|d̂M |j〉, (5)

where 〈i|d̂M |j〉 is the dipole moment operator, ci and c†i are fermionic operators that annihilate and

create an electron, respectively, and the sum over i and j runs over a complete set of one-particle

basis functions.

To account for the finite width of the vibrational wave-packet evolving in time and following

the arguments in Ref. 25, we employ

δ(EF − EI − ω) =

ˆ
drI exp

(
−(EF (rI)− EI(rI)− ω)2

2σ2

)
|χI(rI , t)|2, (6)

where |χI(rI), t)|2 is the time-dependent vibrational wavepacket density projected along the coordi-

nate rI and σ a parameter that accounts for additional broadening effects, e.g. finite lifetime and

spectral bandwidth of the x-ray pulse. In the following we choose σ = 1/2.355 eV.

For the calculation of the XPS, we employ the XMOLECULE toolkit.38–40 We evaluate the

transition dipole matrix element in Eq. (5) on the basis of the one-center approximation. To that

end, the final electronic state, ΨN
F , is separated into a continuum wave function φk and a bound,

core-ionized multielectron part Ψ
(N−1)
F . The respective continuum wave function describing the

photoelectron with kinetic energy k2/2 = ω − (EF − EI) is approximated with the continuum

wave function from an atomic carbon Auger decay calculation. We describe the bound electronic

structure with a CASCI(6,4)/6-311G calculation, where for the final electronic state Ψ
(N−1)
F , the

carbon core orbital is kept singly occupied. This is done employing an orbital basis obtained from a

ROHF calculation for the neutral, excited state 3E and the 4E carbon-core-ionized configuration,

respectively. Because, we use different sets of orbitals for the initial and final states, evaluation of

the transition dipole moment (Eq. (5)) requires the calculation of overlap matrices of the involved

spin configurations.40 We calculate the XPS for all the accessible core ionized states of irreducible

representation E that result from the full diagonalization of the complete active space. This results
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in the core ionized states 14E, 24E, 12E, 22E, 32E, 42E, 52E, whose potential energy curves are

depicted in Fig. 3 together with the potential energy curve of the initial UV-excited state 13E.

For the calculation of the AES, we employ the methods described in Ref. 40. The rate for the

auto-ionization of an initial core ionized state Ψ
(N−1)
I with a hole in orbital φc to a final state Ψ

(N−1)
F

with reoccupied core hole, two holes in the valence, and an Auger electron φε is given by

ΓI→F =

∣∣∣∣∣∣
∑
a<b

〈Ψ(N−1)
F |cbcac†εc†c|Ψ

(N−1)
I 〉 〈φcφε|

1

r12
|φaφb〉

∣∣∣∣∣∣
2

, (7)

where 〈φcφε|1/r12|φaφb〉 is the Coulomb matrix element for the interaction of two valence electrons

φa and φb with the continuum electron φε and the core electron φc. In Eq. (7) the sum over a < b

runs over all valence electron pairs φa and φb. We evaluate the two-electron integral matrix elements

by employing the one-center approximation.39 In this approximation the wave function for the

Auger electron, φε, is approximated with the wave function of the atomic Auger electron. The initial

state Ψ
(N−1)
I is described the same way as the bound part of the final electronic states in the XPS

calculation. The bound electronic structure of the final states is described with a multi-reference CI

calculation involving all two-valence-hole configurations out of the CASCI(6,4) reference space

employing an orbital set obtained from a ROHF/6-311G calculation for the dicationic triplet ground

state (3E). We assume that the molecular geometry is static during the short lifetime of the core

hole (' 5 fs to 10 fs). To account for the fact that we have multiple core hole states, the resulting

Auger spectrum is constructed from the product of the partial core-photoionization cross section

and respective Auger decay rate summed over all intermediate core ionized states. We convolute

the resulting Auger spectrum with Gaussian of 1 eV full-width-at-half-maximum to account for

vibrational and finite lifetime broadening effects.
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