PHYSICAL REVIEW A 76, 032505 (2007)

Dynamic interpretation of resonant x-ray Raman scattering: Ethylene and benzene
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We present a dynamic interpretation of resonant x-ray Raman scattering where vibrationally selective exci-
tation into molecular resonances has been employed in comparison with excitation into higher lying continuum
states for condensed ethylene and benzene as molecular model systems. In order to describe the purely
vibrational spectral loss features and coupled electronic and vibrational losses the one-step theory for resonant
soft x-ray scattering is applied, taking multiple vibrational modes and vibronic coupling into account. The
scattering profile is found to be strongly excitation energy dependent and to reflect the intermediate states
dynamics of the scattering process. In particular, the purely vibrational loss features allow one to map the
electronic ground state potential energy surface in light of the excited state dynamics. Our study of ethylene
and benzene underlines the necessity of an explicit description of the coupled electronic and vibrational loss
features for the assignment of spectral features observed in resonant x-ray Raman scattering at polyatomic
systems, which can be done in both a time independent and a time dependent picture. The possibility to probe
ground state vibrational properties opens a perspective to future applications of this photon-in-photon-out

spectroscopy.
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I. INTRODUCTION

Resonant x-ray Raman scattering is used to probe station-
ary and dynamic properties of matter [1-4]. As a photon-in-
photon-out method it provides a large penetration depth and
is applicable to matter in all aggregate states and external
fields. The resonant inelastic x-ray scattering (RIXS) probes
electronic and nuclear (vibrational) inelastic loss processes.
Most work so far has focused on the investigation of the
atom specific and chemical state selective electronic struc-
ture.

The absorption and emission of soft x-ray photons are
governed by the dipole selection rules. Spectroscopy based
on these processes therefore provides a clear polarization an-
isotropy, providing information on symmetry and orientation
of electronic states. Soft x-ray spectroscopies are element
and chemical state selective, since they involve transitions
from core orbitals. In the resonant x-ray Raman scattering
process, a particular intermediate core-excited state of de-
fined symmetry is prepared by selective excitation, thus en-
hancing the former properties [5]. In a coherent one-step
scattering picture the selection rules of excitation and decay
converge to a Raman selection rule. The scattering process is
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then ruled by the symmetry of the system’s total wave func-
tion including all nuclear and electronic contributions.

Resonant x-ray Raman scattering has been applied to a
wide range of systems, including crystalline solids, surface
adsorbates, and free molecules [2,4,6,7]. Spectra of crystal-
line solids have been interpreted based on the description of
electronic states in band structure calculations [4]. Utilizing
the atom specificity, it has been possible to examine the elec-
tronic density of states (DOS) projected on the contributions
of different atoms in a compound system. This has been ex-
tremely useful in the case of surface adsorbates [1,5,8,9],
where the electronic structure of the adsorbed molecule can
be investigated suppressing the vast majority of substrate
contributions. Combined with the symmetry selectivity, this
has allowed one to study the formation of the surface chemi-
cal bond in great detail. For the case of adsorbates on metals
it has been shown that the spectral profile can fully be de-
scribed in the so-called “ground state interpretation” [8].
Here, the energy distribution of the scattering spectra is di-
rectly derived from the difference of ground state orbital en-
ergies, e.g., obtained from density functional theory (DFT)
calculations. The selectivity of the excitation is explicitly
taken into account in this model, modulating the intensity
distribution of the spectral profile [9]. In this pure electronic
interpretation, the selection rules for the scattering process
are applied only to the electronic part of the systems total
wave function.

The influence of nuclear motion on RIXS spectra has
been discussed as phonon side bands in the case of diamond
and graphite [10,11]. The vibrational loss processes are iden-
tified in an asymmetric tail of the recombination emission.
For molecules, the shaping of the RIXS bands due to
lifetime-vibrational interference has been demonstrated

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.76.032505

HENNIES et al.

[12,13]. In this case, the core hole lifetime broadening is of
the same order of magnitude as the vibrational spacing in the
core excited intermediate state which gives rise to channel
interference in the scattering process. In these works, the
vibrational effects are discussed as additional contributions
to the electronic states probed. In a general treatment of reso-
nant x-ray Raman scattering, always the changes in the com-
bined nuclear and electronic contributions to the systems to-
tal wave function have to be considered. In the scattering
profile of molecules, therefore, strong deviations from a
model accounting only for electronic symmetry selection
rules have been observed and discussed as bond length de-
pendent core hole localization [14] and breaking of elec-
tronic symmetry [15,16]. Nevertheless, here too, only the
influence of these effects on the electronic spectral structure
is discussed.

In two recent publications [17,18], the electronic and geo-
metric structure of liquids has been investigated with reso-
nant inelastic x-ray scattering. In both studies, the spectral
profile has been interpreted on the basis of calculations of the
ground state electronic structure in the adiabatic limit disre-
garding vibrational effects [19]. In particular, the low count
rate achieved for x-ray emission on light elements in todays
setups has for a long time not allowed one to interpret the
scattering spectra of a system completely in all aspects of
vibrational band formation, interference effects, and vibronic
coupling. We have recently demonstrated that in the case of
molecules, vibrational influences on the spectral profile can-
not only be considered as additional effects in the electronic
features visible in the spectra, but have to be understood as
constituting the spectral profile [20].

In the present paper, we systematically develop a com-
plete interpretation of RIXS on condensed ethylene and ben-
zene based on the consideration of electronic structure,
nuclear dynamics, and vibronic coupling. We will show how
RIXS probes the electronic ground state potential energy sur-
face in light of the excited state nuclear dynamics as an atom
specific, chemical sensitive Raman spectroscopy.

II. EXPERIMENTAL SETUP

The experiments have been performed at the Swedish Na-
tional Laboratory MAX-lab in Lund at beamline I511-1. The
beamline is equipped with an end station operated in UHV
dedicated for x-ray absorption spectroscopy (XAS), photo-
electron spectroscopy (XPS), and x-ray emission spectros-
copy (XES) measurements on adsorbate, surface and bulk
samples. The station consists of a preparation chamber oper-
ated at a base pressure of low 107'° torr connected to an
analysis chamber (at mid 10~!" torr). The analysis chamber is
equipped with a Scienta SES 200 hemispherical electron
analyzer for XPS and partial electron yield XAS measure-
ments. XES is detected with a grazing incidence soft x-ray
fluorescence spectrometer [2].

For the XAS, the excitation bandwidth was set to
~35 meV. For the excitation of the resonant x-ray scattering
spectra, the bandwidth of the incident photons was set to
~100 meV in the case of the ethylene measurements and
~250 meV in case of benzene. The overall instrumental
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resolution of the x-ray emission spectra was ~400 meV [full
width at half maximum (FWHM)], as determined by measur-
ing reflected light on a silicon substrate in the first order.

The x-ray absorption spectra have been recorded with the
Scienta Analyzer in constant final state mode with a pass
energy of 500 eV. In the case of the benzene measurements,
we detected electrons in an energy window of 50 eV width
centered around the carbon KLL auger. The ethylene
multilayer was found to charge too much during irradiation
with synchrotron light to be able to detect the carbon auger
properly. Therefore, we have chosen to measure the yield of
low energy electrons in an energy range of (120 eV = FEk;,
=168 eV) where charge effects were found not to disturb the
absorption spectra. For normalization purposes we measured
the photon flux simultaneously with a reference gold mesh.
The partial yield spectra shown here have been normalized
by division by the flux signal. The x-ray emission spectra
have not further been treated except for the correction to a
calibrated energy scale. A total energy calibration of the in-
coming photon energy has been performed by exciting Si 2p
electrons with first- and second-order light passing the
monochromator.

The samples were prepared by exposing a silicon sub-
strate at a temperature 7<100 K to gaseous benzene (T
=25 K for ethylene, respectively) at a pressure of P=5
% 1077 torr for 200 s (100 L). Before dosing the high purity
liquid benzene was further purified by repeated freeze-pump-
thaw cycles, gaseous ethylene (purity 2.8) was directly used.
Cleanliness of the gases was assured by checking with a
mass spectrometer. Physisorbed benzene has a sticking coef-
ficient near 1 [21], thus, our preparation conditions lead to
the formation of a ~100 ML thick multilayer of benzene
with a randomly tilted orientation of the molecules [21]. Eth-
ylene at the used temperatures forms bulk crystalline struc-
tures [22]. We do not account for any angular anisotropies
here, since the comparison between our XAS data and XAS
measured on statistically distributed gas-phase ethylene [23]
shows no difference in the resonance region.

To avoid beam damage, we scanned the samples during
the measurements. Each spectrum comprises a 15-30 min
measurement time (longer measurement times for the de-
tuned spectra). The sample was scanned with a rate of v,
=5 um/s at a spot size at sample position of estimated Ax
=50 um by Az=400 um (FWHM). The beamline delivers a
photon flux [24] of approx. 10'' photons/s at the chosen
energy and bandwidth. Photon-induced decomposition has
been reported for benzene [25] and ethylene [26], but no
cross section data appears to be available. However, we
found no indication of beam induced processes in the con-
densed layers at the irradiation rates used, as the XE spectra
did not change during the exposure to the synchrotron light.
Furthermore, the XE spectra measured here resemble data
reported from gas-phase measurements [14] or older mea-
surements in the condensed phase with less statistics [16]
and, thus, presumably lower exposure.

III. METHODICAL FRAMEWORK

The resonant x-ray scattering profile can be divided into
two qualitatively different contributions, namely, the partici-
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pator and the spectator band. In the participator band the
final electronic state f reached in the scattering process
equals the initial electronic state, which is in the present
work always the ground state 0. In the spectator band final
and initial electronic state differ from each other (f #0).

It is common and suitable in some cases to refer to these
different bands as “inelastic” (RIXS) and “elastic” (REXS)
scattering. However, such a definition is not valid in a strict
sense, because even the participator band includes inelastic
loss processes due to scattering into excited vibrational lev-
els of the electronic ground state. RIXS is governed by a
Raman selection rule operating on the total electronic and
vibrational wave function of the system [3,27]. If the Born-
Oppenheimer (BO) approximation is valid, electronic and
nuclear degrees of freedom can be separated. In this case the
scattering process follows purely electronic selection rules as
well [3,28,29]. Selection rules operating isolated on elec-
tronic and nuclear subsystems can be broken when the BO
approximation ceases to be valid. The breakdown of purely
electronic selection rules happens in the almost degenerated
core excited states of the symmetrical molecules studied
here. This motivates us to develop a formalism which takes
the symmetry breaking of the electronic subsystem during
the scattering through close lying core excited states into
account.

A. Kramers-Heisenberg formalism

We investigate the resonant inelastic scattering of an x-ray
photon at a molecule initially in the electronic and vibra-
tional ground state |0,0).

The absorption of the incident photon with energy w and
polarization vector e promotes the scatterer into an interme-
diate multimode vibrational state |v;)=IL,|v; ) of the core
excited electronic state i, coherently followed by the decay
of the excited state into the vibrational state |vp)=1II | v ) of
the final electronic state f under emission of a second photon
(w;,ey). Here v;=(v;,v;5,...,v;y) is the vector of vibra-
tional quantum numbers v, , of different modes g of elec-
tronic state i. The spectral distribution of the emitted photon
w; is accordingly given by the differential cross section for
resonant x-ray scattering [3] containing the spectral function
of the incident radiation ® and the scattering amplitude F v

O'(a) wl) E |F |2<D((1)1 w+ wfv 00t wﬂ)’ 7) (1)
fovp

The spectral function ®(w—w,7y) centered at w, with
linewidth vy (full width at half maximum FWHM, as all com-
parable values in this work) describes the energy distribution
of the spectral features. For each final electronic vibrational
state , the spectral line occurs at an energy difference
Aw,=w;—w equaling the sum of the electronic and vibra-
tional excitations w;0+ @py 00 Present in the final state. Here,
wfy denotes the difference between the lowest vibrational
levels of the electronic final and ground state, Wj i, = €,
€ivy and €;, is the vibrational energy of the v, multimode

vibrational state of the j electronic level.
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FIG. 1. (Color online) (a) The ethylene molecule with the coor-
dinate system used in our work. (b) The energy levels of ethylene
involved in the scattering process (in €V). The two inner shell or-
bitals (2a, and 2b;,) are omitted as irrelevant.

B. Multimode scattering amplitude and vibronic coupling

We outline here the resonant x-ray scattering theory for
polyatomic molecules having two equivalent carbon atoms
as it is the case for ethylene (Fig. 1). As it was already
mentioned, the separation of electronic and nuclear degrees
of freedom, simply spoken the BO approximation, breaks
down in core excited states of symmetric molecules [30].
This is generally possible in presence of quasidegenerate
core levels, more precisely, when the spacing A between core
levels of different parities is small in comparison with the
vibronic coupling (VC) interaction V: A< |V|. The excita-
tion of asymmetric vibrational modes Q, mixes core excited
states of different parities. This nonadiabatic mixing leads to
a localization of core holes [3,30,31] and, hence, to the vio-
lation of pure electronic selection rules in x-ray Raman scat-
tering.

In the particular case of an ethylene molecule considered
here the total scattering amplitude given by the Kramers-
Heisenberg formula [3,32] is accordingly the sum of the scat-
tering amplitudes through the core excited states localized at
each single carbon atom 1 and 2 (see Fig. 2),

— 4 g
FV/’_FVf +FVf’

n) 2 (el dfn)(e dz n)< Vf| Vnn>< Vi,n 00>

IV ()0+ ah

2)

v; w = (1)0

F, is here stated for the limit of small bandwidth excita-
tion and for the case of a single vibrational mode. d;,
=(¢;|r|1s,) and d;,=(¢|r|1s,) are the electronic transition
dipole moments of core excitation and decay of the nth car-
bon in one-electron approximation. The total Franck-Condon
(FC) amplitude of the scattering for a molecule with multiple
vibrational modes contains the product of the FC amplitudes

000 =11¢ Vgl Vi g Vigl00.0) (3)
q

( Vfl vin) vi,n

of all vibrational modes g.
If the lifetime broadening I" is comparable to the energy
spacing Wil iv, of the vibrational intermediate states v;, the
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FIG. 2. (Color online) Scheme of transitions for ethylene. Vi-
bronic coupling through the asymmetric mode b3, (see text) local-
izes the core excited states at carbon atom 1 or carbon 2. The
scattering now happens through these interfering scattering
channels.

scattering occurs through different intermediate vibrational
levels v; and give rise to channel interference [33]. We will
show in the following that interference effects predominantly
determine the spectral appearance of resonant x-ray Raman
spectra.

Ethylene belongs to the D,;, symmetry group, the ground
state electronic configuration is

Core: (1ag)2(lb3u)2 = Yeores

Valence: (2b3u)2(1b2u)2(3ag)2( 1 blg)z( 1b,,)%.

In Fig. 1, we show the molecule and its energy levels in
the reference frame used in this work. Ethylene has two near
degenerate core orbitals in delocalized representation, here
referred to as ¢, They result from the linear combination
of the C 1s atomic orbitals. The highest occupied molecular
orbital (HOMO) (1b,,) has 7 character. The lowest unoccu-
pied molecular orbital (LUMO) with 7" character is the
(1b,,) orbital. The role of the VC is studied here in detail
when the photon frequency is tuned near the LUMO ;
=1b,, of gerade symmetry. The emission transitions from
occupied MOs =1by,, 1b,, 3a,, and 1b,, form the fluo-
rescence spectrum discussed here.

Localized core orbitals

1
s, =~ =(lb3, = 1ag) (4)
V2

form symmetry adapted delocalized gerade and ungerade
core orbitals 1a, and 1b3,.

The partial scattering amplitudes F 5}1) and F 5}2) differ from
each other by the FC amplitudes (vf[lvi,n)(vi,f n|0y) which
are different for carbon n=1 and carbon n=2. This difference

arises since asymmetric vibrational modes localize the core
holes. Particularly, (vy|v;, 1)(v;,1|00) # (v| v;,2)(;,2|0p)
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because the minima of the potential curve of the localized
core excited states are shifted along the coordinate Q, of the
asymmetric mode accounting for the localization in opposite
directions relative to the equilibrium position (Fig. 2). It is
instructive to express the localized core orbitals 1s, , by the
delocalized orbitals la, and 1bs, (4) to see the role of the
selection rules in the x-ray Raman scattering.

We now extract the electronic transition moments from
the scattering amplitude and average the cross section (1)
over molecular orientations and over the polarization vector
of the emitted photon. The cross section then reads

o(w,0) = >, fﬂ)|fuf.|2q)(w1 — @+ wp 00t i, y)  (5)
fovr

with the anisotropy factor

dydy (1
Lo(0) = —’9u 1+ EG cos” @ — 1)(1 =3 cos” x) |,

(6)

where y= 2/ (k;,e) is the angle between the wave vector Kk
of the emitted photon and the polarization vector of the in-
cident photon e, ¢ is the angle between the dipole moments
of the core excitation, d;;, and emission, dg;, transitions in
delocalized representation. In the studied case of the ethylene
molecule being excited into the LUMO they become d;,
=<1b2g|r| 1b3u> and

4= (ylr|1bs,), if f=g,
T deltay, if f=u.

In the scattering amplitude 7, we now have to distin-
guish the scattering through symmetric vibrational modes (S)
from scattering through asymmetric vibrational modes (A).
Contrary to the asymmetric modes with A% # A%, the FC
amplitudes of symmetric modes AS are the same for the scat-
tering channels n=1 and n=2. Due to this, the FC amplitude
AS can be extracted from the sum over n=1,2 [3,34,35],

AS(AT + P;AS)

o= wjy— w00+ 1172 |

(7

Fo

1
r 24

i

AS= H < Vf,q|Vi,q>< Vi,q|00,q>s
qZA

Ad=TT Copylvigin) v gin

qcA

0oy n=12. (8

Here, |v;,;n) is the vibrational wave function of the ¢
asymmetric mode in the core excited state with the core hole
localized on the n atom (given for two equivalent atoms). P,
is the parity of the final electronic state vy,

L f=s
7)f_{—l, f=u. ©

Equation (8) displays the ordinary electronic selection
rules for resonant x-ray Raman scattering, namely, quench-
ing of the scattering into ungerade final states, F, =0, when
Af=A%. The vibronic coupling mediated by asymmetric vi-
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TABLE 1. Excited state parameters for ethylene: vertical excita-
tion energy ("), transition dipole moments (d), cos @, Where ¢p
is the angle between the transition dipole moments of core excita-
tion and decay, and the anisotropy factor {z. 1b,, denotes the core
excited state produced by the 1s— LUMO transition, while the rest
of the states are valence excited and produced by a decay transition
from an orbital with the respective symmetry to the core hole. Only
nonzero components of the transition dipole moment are listed: d*,
&, d*.

v’ (eV) d (au.) cos ¢y {n (107° a.u.?)
1y, 283.92 0.0733¢ 1 2.558
1b4, 278.27 0.0765% -1 2.788
by, 276.55 0.0586" 0 2.254
3a, 274.97 0.0822* 0 4.435
1b,, 273.69 0.0658” 0 2.839

brational modes breaks these selection rules because there
A} # A5 due to opposite shifts of the core excited potentials
caused by localization of the core holes (Fig. 2). This effect
of the electronic symmetry breaking caused by nuclear mo-
tion is a dynamical effect and strongly depends on the dura-
tion of the scattering, determined by the detuning of the in-
cident photon energy from the absorption resonance of the
scatterer (complete discussion in Sec. V).

C. Computational details

We have simulated the spectra utilizing strict ab initio
methods based on the wave packet technique described in
[3,34,36] and the theoretical description given here. Compu-
tations of the absorption and emission transition dipole mo-
ments from the C 1s were performed in the dipole approxi-
mation and have been done within the framework of the
density functional theory (DFT) using the StoBe code [37]
and employing the PWO91 density functional for both ex-
change and correlation contributions. The transition energies
were taken directly from the ground state Kohn-Sham orbital
energies. The gradients of the core excited potential along
normal modes were computed using an effective core poten-
tial for the nonexcited carbon, thus effectively localizing the
core hole. The core excited center was described by a rather
large IGLO-III basis set [34,36].

The resonant x-ray scattering spectral profile was com-
puted making use of the scattering cross section [Eq. (5)] and
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the Franck-Condon amplitude including the treatment of the
vibronic coupling [Eq. (8)]. The spectral function ®(w,
—w,y) was modeled by a Gaussian with FWHM y=0.1 eV.
In the simulations we used the experimental angle between
the wave vector k; of the emitted photon and the polarization
vector of the incident photon e, y=35.3°. The lifetime broad-
ening (FWHM) of the core excited state was set to I’
=0.1 eV, corresponding to the estimated carbon s core hole
lifetime for ethylene [38,39]. Transition dipole moments and
energies for ethylene are collected in Table I.

The Franck-Condon amplitudes were computed in har-
monic approximation making use of the gradient F,
=dE;/Q, along the vibrational mode g in the equilibrium
geometry of the ground state. The changes of the vibrational
frequencies under electronic excitations are ignored in our
simulations. We have only taken into consideration those
four vibrational modes which were found to give significant
contribution to the XAS and RIXS spectra (see Table II). The
scattering amplitude is calculated taking into account excita-
tion of each mode up to 8 and 11 vibrational levels for core
excited and final states, respectively.

The energy scale of the computed spectra was adjusted
with respect to the experimental values by a constant offset
to match the top of the absorption resonance.

IV. RESULTS AND ANALYSIS

We first measured the absorption spectra in the region of
the carbon K edge to characterize the scattering intermediate
state for ethylene and benzene. In the following, we per-
formed RIXS at both molecules with selective excitation of
defined intermediate states.

A. Ethylene

In Fig. 3, we show carbon K-edge x-ray absorption spec-
troscopy (XAS) of condensed ethylene and theoretical simu-
lations in the resonance region. The spectrum shows an ab-
sorption resonance at 284.37 eV with fine structure. The
resonance is clearly separated from a continuum region at
higher energies with two broad resonances at 287.8 eV and
288.68 eV. We will at first discuss the resonance and turn to
the higher energy states later. We compared the spectra with
high-resolution XAS of ethylene measured in the condensed
phase [40] and in the gas phase [23]. The first resonance
represents the C 15— W*(lbzg) transition, i.e., excitation into

TABLE II. Vibrational normal modes excited in x-ray absorption and x-ray Raman scattering of ethylene.
o, denotes the vibrational frequency, F;,=dE;/dQ,, represents the gradient along the partlcular mode for the

Vertlcal core excitation 1b,, state and for decay to four final states: lu 1 g )
|1b2u1b25> The b3, mode vibronically couples core excited states of gerade and ungerade symmetry
F, (1073 a.u.)

g mode symm w, (eV) 1bs, 1by, 1by, 3a, 1b,,

3 (C-H sym. stretch) a, 0.379 1.498 0.624 —0.881 0.063 —0.784
4 (C-H asym. stretch) b3, 0.379 1.098 -0.023 0.031 0.039 0.007
5 (C-C stretch) a, 0.207 —0.498 —-1.424 0.152 -2.127 -0.522
7 (H-C-H scissoring) a, 0.165 —-0.106 —-0.701 —-0.750 0.420 -1.527
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FIG. 3. (Color online) X-ray absorption spectrum of condensed
ethylene. Thick line, experiment; thin line, simulation in the region
of the 7" resonance. Four modes are calculated (see Table II): (b)
0—0; (c) v5(0—1); (d) 60%: v3(0—1)/40%: v4(0—1); (e) 60%:
[v5(0—1)+15(0—1)]/40%: [vs(0— 1)+ v4(0—1)]; (f) 13(0—1)
+14(0—1).

an electronic state | corelb2g> The appearance of this feature
is identical in the gas phase and condensed phase measure-
ments. This affirms that the condensed ethylene in the region
of the 7" resonance can act as a model for a free molecule.
The resonance fine structure stems from vibrational excita-
tions. We also show our simulations of the XAS. Our theo-
retical simulation has shown that only four vibrational modes
are active in the scattering process (see Sec. III C). Accord-
ing to our simulations and in agreement with Gadea et al.
[23], we can assign the vibrational states: Maximum (b) cor-
responds to the zero-phonon line 0—0, (c) to the one-
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phonon excitation of an a, C-C symmetric stretch mode, (d)
contains overlapping one-phonon excitations of a b3, C-H
asymmetric stretch mode and a a, C-H symmetric stretch
mode, (e) contains the overlapping two-phonon excitations
[(0—1) C-C symmetric ® (0—1) C-H symmetric] and
[(0—1) C-C symmetric ® (0— 1) C-H asymmetric], and (f)
the two-phonon transition [(0—1) C-H symmetric ® (0
— 1) C-H asymmetric] (see caption of Fig. 3).

We have measured RIXS for selective excitation into the
vibrational states of the 7" resonance and performed RIXS
simulations at the according energies. The resonant scatter-
ing with excitation into the 7" resonance is presented in Fig.
4. Panel 1 of Fig. 4 contains the XA spectrum from Fig. 3 in
the 7" resonance region, with the vibrational progression as-
signed in the plot. Panel 2 of Fig. 4 contains experimental
RIXS spectra, taken at excitation energies indicated in the
XA spectrum by the horizontal lines. Panel 3 of Fig. 4 con-
tains the corresponding simulations. We convoluted the
simulated spectra with a Gaussian of FWHM=0.4 eV to
mimic the spectral distribution of the incident photon and the
instrumental broadening. In addition, we show the computa-
tions with only 0.1 eV broadening to illustrate the underlying
spectral structure. The RIXS spectra are displayed on an en-
ergy loss scale corresponding to the energy difference be-
tween outgoing and incoming photon.

The spectral profile consists of the two above discussed
distinct bands, namely, the spectator (—14 eV=Aw,
=<-5eV) and the participator (Aw,=0). The experimental
RIXS data and the theoretical simulations both show strong
excitation energy dependence. We first turn to the experi-
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FIG. 4. (Color online) RIXS of ethylene at the C K edge in the region of the C 1s— 7" resonance. Panel (1): Absorption spectrum with
partly assigned vibrational states; (2): RIXS spectra (exp.) with excitation at the energies indicated; (3): Simulated RIXS at the according
energies. RIXS spectra are plotted vs the energy difference of outgoing and incoming photon Aw;=w;—w. The experimental spectra are

arbitrarily scaled to equal maximum height.
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mental data (Fig. 4, panel 2). When exciting below the reso-
nance energy (a), an isolated, nearly symmetric peak cen-
tered at 0 eV energy loss with FWHM of 0.4 eV and two
broad features at —7.8 eV and —9.4 eV can be seen. The
feature centered at 0 eV is the participator band which cor-
responds to scattering into the electronic ground state (|0)
— [Ygelbag) —0)). The features at —7.8 eV and -9.4 eV
belong to the spectator band and correspond to scattering
into electronically valence excited final states (|0)
— |1 b2g) —[3ay 1by,) and [1b7,1b,,)). We have tenta-
tively assigned the corresponding states following our simu-
lations and in agreement with Gunnelin er al. [14] and
Triguero et al. [41] as marked in the figure.

When increasing the excitation energy, two qualitatively
different effects can be observed (see Fig. 4): a broadening of
the features that is asymmetric toward lower energies, and
the appearance of additional features. After resonant excita-
tion on top of the electronic resonance (b), the peak at 0 eV
becomes asymmetric toward lower energies. Exciting into
the higher vibrational resonances [4(c)-4(g)], this feature
splits into two contributions, one staying at 0 eV and one
moving toward lower energies with increasing excitation en-
ergy. The lower energy fraction decreases in intensity with
increasing excitation energy compared to the part at 0 eV.
The features representing the valence electronically excited
final states |1bfg11b2g> and |3a;11b2g> broaden and merge
when increasing the excitation energy to the electronic reso-
nance (b) and further to the first vibrational level (c). They
become increasingly asymmetric and their center of gravity
moves toward lower energies. Increasing the incident photon
energy to higher vibrational levels (d)—(f) not only changes
the appearance of the states visible with detuned excitation:
Additional features show up, assigned to the valence excited
final states [1b711b,,) and |1b5,1b,,). These features gain
intensity with increasing excitation energy.

Our strictly ab initio simulations (panel 3 of Fig. 4) of the
resonant x-ray scattering at ethylene agree well with the ex-
perimental spectra, both in the participator region corre-
sponding to scattering into the electronic ground state as in
the spectator region with valence electronically excited final
states. By comparison of experiment and theory we see that
the experimentally observed spectral distribution is com-
posed by bands of close lying vibrational loss features. As a
function of excitation energy these bands broaden and the
intensity is strongly redistributed within each band. They
move their center of gravity and even shape a bimodal struc-
ture in some states. The single vibrational peaks visible in
the simulations cannot be resolved in the experiment. Nev-
ertheless, upon convolution of the simulated peaks with the
experimental broadening we obtain a nearly perfect resem-
blance of the experiment. This is nicely reflected in the for-
mation of special features in the spectra, e.g., the sharp ridge
at —7.8 eV in the Fig. 4(f) spectra that can be found in both
experiment and simulations. Simulations for an energy value
detuned by -2 eV from the resonance position, where we
have no experimental data for comparison, show that for this
hypothetical detuning, the spectator band at 0 eV collapses
completely and only a single elastic scattering line remains,
whereas the spectator final states are always formed by bands
of multiple vibrationally excited states.
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FIG. 5. (Color online) RIXS of ethylene at the CK edge in the
Rydberg region. Panel (1): Absorption spectrum; (2): RIXS spectra
(exp.) with excitation at the energies indicated, plotted vs the en-
ergy difference of outgoing and incoming photon Aw;=w; — . The
inset shows nonresonant calculations from Ref. [41]. The spectra
are arbitrarily scaled to equal maximum height.

We now turn to scattering at energies in the Rydberg or
continuum region (Fig. 5). A comparison of the higher en-
ergy region in the XAS (Fig. 3) with data published by
Gadea et al. [23], Rabus et al. [42] shows significant differ-
ences between gas phase and condensed ethylene. Our spec-
tra agree with the condensed measurements published before
[40]. In the region above 287 eV, the gas-phase molecules
show several discrete resonances, whereas in the condensed
case only two very broad states remain. The Rydberg states
here overlap due to van der Waals interaction of the closed
packed molecules and the fine structure quenches and broad-
ens [43]. RIXS spectra measured after excitation into the
Rydberg region are depicted in Fig. 5, panel 2. The excitation
energies are indicated in the XA spectrum in panel 1 by the
horizontal lines.

The participator peak (Fig. 5) around Aw;=0 eV is at first
(a) quite strong, although weaker as on resonant excitation
into the 7. The reason for this is to be found in the smaller
overlap of the Rydberg orbitals with the C 1s wave function
in comparison with large overlap (7" |r|ls) between ls and
the LUMO. With increasing excitation energy the intensity
of this peak then decreases due to the decrease of the transi-
tion matrix element for higher Rydberg states. Exciting de-
tuned (a), the peak is clearly asymmetric and on top of the
first resonance (b), the formation of a second band centered
at =-0.6 eV can be seen. After increasing the excitation en-
ergy further it again becomes symmetric. This is a clear evi-
dence for participator contribution into this feature, in con-
trast to a pure inelastic scattering process.

For a tentative assignment of the emission from the va-
lence orbitals, respectively, scattering into electronically ex-
cited final states, we have inserted purely electronic XES
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FIG. 6. (Color online) X-ray absorption spectrum of condensed
benzene.

calculations of gas-phase ethylene from Ref. [41]. We ob-
serve emission from the 2bs3,, 1by,, 3a,, 1by,, and 1b,,, elec-
tronic orbitals, roughly equally strong for all excitation ener-
gies. The experimental spectra show only weak excitation
energy dependence and resemble the nonresonant calcula-
tions as well as the nonresonant x-ray emission spectrum
(XES) of ethylene [14] very closely. The only remarkable
difference can be found in the intensity of the 15, P which is
stronger here in the condensed layer measurements com-
pared to both calculations [41] and experiment [14] in the
gas-phase case. This orbital can also be denoted as the TCH,
orbital and accounts for the CH bonding. Tuning the excita-
tion energy into the rising flank (a) of the Rydberg region, all
final states are well separated. Scattering on top of the two
broad resonances, these final states broaden and smear out,
while after excitation above (d) they again separate. When
exciting at the second broad resonance (c), the emission from
the 1b;, orbital is found to be slightly enhanced above the
others.

B. Benzene

The benzene molecule has Dg, symmetry and its elec-
tronic configuration in the ground state is

Core: (La;)*(Ley,) (1e0)* (152,)* = Prores

Valence: (261u)4(2€2g)4(3a1g)2(2b1u)2(1b2u)2
X (3elu)4(1a2u)2(362g)4(] elg)4~

The HOMO (le;,) is a  orbital. The lowest unoccupied
molecular orbital (1e,,) has 7" character.

Carbon K-edge XAS of condensed benzene is presented
in Fig. 6. As in ethylene, we can separate the resonance with
a maximum at 284.85 eV and a higher energy region with
two broad features around 287.5 eV and 288.8 eV. We again
discuss the resonance region first. We compared the spectra
to XAS reported for condensed [40] and free [44] benzene
with similar result as for ethylene. The shape of the C ls
— ' (le,,) resonance agrees for condensed and gas phase
with our measurement, backing our preparation and the
model function of the condensate for the isolated molecule in
the 7" resonance region. Our spectrum resolves all reported
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FIG. 7. (Color online) RIXS of benzene at the CK edge in the
region of the C 1s— 7" resonance. Panel (1): Absorption spectrum
with partly assigned vibrational states; (2): RIXS spectra (exp.) with
excitation at the energies indicated. RIXS spectra are plotted vs the
energy difference of outgoing and incoming photon Aw;=w-w.
The spectra are arbitrarily scaled to equal maximum height.

features except for a small state right above the absorption
maximum reported by Ma et al. [40]. The fine structure rep-
resents the vibrational progression of the 7" resonance. Fol-
lowing the discussion summarized by Rennie et al. [44], we
can assign (b) to the 0—0 transition and (c) to a e;, CH
bend and to an e, ring stretch and deformation. (d) com-
bines the former modes with an a;, C-H stretch mode.
Figure 7 shows the resonant scattering data for condensed
benzene. For comparison, we again show the XA spectrum in
panel 1 and indicate the excitation energies with horizontal
lines. The spectral distribution of the outgoing photons
changes strongly with excitation energy. For scattering into
the electronic ground state, we observe a behavior very simi-
lar to ethylene. Excitation detuned from the electronic reso-
nance (a) gives rise to a single, slightly asymmetric peak at
0 eV (elastic peak). The 0 eV feature broadens and becomes
more asymmetric when tuning the excitation energy on top
of the resonance (b) and into the first level of the vibrational
progression (c). Upon excitation with higher energies [lines
(d)—(g)], it splits into two contributions, one staying at 0 eV
and one moving toward lower energies similar to the ethyl-
ene case. The intensity of the moving fraction decreases with
increasing excitation energy. The region of valence excited
final states between —16 eV and -3 eV were compared to
data published [16] and electronic simulations from Ref. [41]
for a tentative assignment of the spectral features as labeled
in the plot. Due to the multitude of valence orbitals in ben-
zene, these features convolute several final states.
According to dipole selection rules applying for the ab-
sorption of a photon only a core hole in orbital le,, can be
created under excitation of a core electron into the LUMO
le,,. Emission transitions filling this particular core vacancy
are only allowed from the occupied MOs 2e¢,,, 2b,,, 1b,,,
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FIG. 8. (Color online) Scheme of allowed RIXS transitions in
benzene under core excitation into the LUMO 7"(le,,). Dashed
lines show symmetry forbidden transitions, which become allowed
by vibronic coupling after excitation of the indicated vibrational
modes Q.

and 3e;,. However, due to vibronic coupling these pure elec-
tronic selection rules are over-ruled: The activation of vibra-
tional modes with by,, b,,, and e, symmetry “opens” tran-
sition channels from the occupied MOs 2e,,, 3a;,, 3e,,,
le,, while coupling to mode e,, allows the emission transi-
tion from the la,, MO (see Fig. 8). Exciting detuned from
the resonance (a), we see two broad peaks: The first at
-9.4eV we assign to the [1b;'1e,,), |2b1ule2u> and
|3€1u1€zu> final states, the other peak at —7.4 eV is assigned
to |1ay le,,) and |3e2 le,,). Upon excitation on top of the
resonance (b) and w1th higher energies [lines (c)-(g)], these
two features change their shape and width and their relative
intensity ratio. The states represented by these features show
different excitation energy dependence; the changes in peak
shape and in relative intensity reflect this. Upon resonant
excitation into the vibrational progression [lines (b)—(g)], ad-
ditional features show up. They increase in relative intensity
to the other features with increasing excitation energy. We
a551gn the features at —14.4 eV to |2¢;1e,,), at —=12.6 eV to
3a;,1ey,) and at =5 eV to [lej, 1e2§ The intensity ratio
between the peaks at —9.4 eV and —7.4 eV is roughly 4:1
below resonance (a). On top (b) and above resonance [lines
(c)—(g)], the peak at —7.4 eV gains relative intensity and the
ratio alters to about 2:1. In agreement with the increasing
intensity at —7.4 eV, we conclude that this intensity change
reflects an increase of scattering into the “electronic symme-
try forbidden” |1a;, 1e,,) and |3e2 le,,) final states.

The higher energy part of the XAS spectra (Fig. 6 and
Fig. 9, panel 1) reflects the condensed case [45] missing
some fine structure visible in the gas phase [44]. Comparing
to Rennie er al. [44] we assign the peak at 287.5 eV to the
broadened 3s Rydberg state and the peak at 288.8 eV to the
W*(lbzg) excitation. In benzene, the ionization potential low-
ers below the C-H" resonance [43].

RIXS under excitation into the Rydberg states is displayed
in Fig. 9. The inset shows nonresonant XES calculations [41]
of the gas-phase case in the adiabatic limit neglecting
changes in the vibrational wave function and allowing for a
tentative assignment of the spectral features. In benzene,
stronger variations of the relative intensity of the peaks with
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FIG. 9. (Color online) RIXS of benzene at the CK edge in the
Rydberg region. Panel (1): Absorption spectrum; (2): RIXS spectra
(exp.) with excitation at the energies indicated, plotted vs the en-
ergy difference of outgoing and incoming photon Aw;=w;— . The
inset shows nonresonant calculations from Ref. [41]. The spectra
are arbitrarily scaled to equal maximum height.

the excitation energy can be observed as compared to ethyl-
ene, whereas the separation and width of the features do not
change noticeable. Upon excitation into the region of the 3s
Rydberg resonance at 287.5 eV [lines (a)—(c)], the 7 (le,,)
peak at —7 eV is enhanced compared to the other features
and compared to the nonresonant gas-phase calculations. Ex-
citing around the W*(lbzg) resonance at 288.8 eV, the peak at
-9 eV (lay, or 3e,,) is enhanced over the others and com-
pared to the calculations.

V. DISCUSSION

Both ethylene and benzene show very similar effects in
the RIXS. We will jointly discuss both molecules to work out
the analogies and differences. The RIXS scattering depends
strongly on the excitation energy. In the 7" resonance region,
even small variations of the incident photon energy have big
influence on the scattering profile. In the energy region
>2 eV above the resonance, the variations are smaller but
still significant. The simulations cover the region of the ab-
sorption resonance only. We will first evaluate the 7 region
and then discuss how the interpretation can be extended to
the region of continuum excitation. The scattering simula-
tions reflect the experimental data in high detail. In the fol-
lowing discussion, we will, thus, jointly discuss both data
sets and not distinguish between experiment and calcula-
tions.

A. Dynamics of x-ray Raman scattering

In both the participator region of scattering into the elec-
tronic ground state and the spectator region of valence elec-
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tronically excited final states we observe strong excitation
energy dependences. To understand the differences underly-
ing detuned and resonant scattering we invoke the scattering
duration time concept [3,46]. The duration time 7 of the scat-
tering process is defined by [48]

T=1/ \/92+(g)2. (10)

Here () is the detuning of the excitation energy (w) from the
top of photoabsorption. The time scale of the nuclear motion
is defined by the period of vibration 27/ @,. In the limit of
large detuning () the total scattering time becomes very
short, effectively not leaving time for the vibrational wave
packet to evolve in the scattering intermediate state. In this
case, excitation and decay follow each other suddenly and
the nuclei cannot move in between. In the immediate decay
after excitation, the initial probability density of the ground
state is unchanged projected on the final state. This is equiva-
lent to a direct transition from the initial to the final state. In
other words, large detuning () (or large lifetime broadening)
corresponds to fast Raman scattering.

This effect is reflected in the asymptotic expression for
the scattering amplitude (8) in the limit of fast scattering
[3,34,35]:

( Vf| 0p)

~ T
5= 2@ty T

Tw, < 1, (11)

here valid for molecules with two equivalent atoms. The gen-
eral expression for the resonant x-ray Raman scattering am-
plitude (2) in the limit of fast scattering is

- M(ﬂ(el 1) (e 1)|0),

1. (12
5T Qa2 o, < 1. (12)

In general the fast scattering is not affected by vibronic
coupling in the core excited state and the scattering follows
to the electronic selection rules for the scattering tensor.
These selection rules are given by the quadrupole operator
(e;-r)(e-r) in the matrix element between ground and final
electronic states.

Thus, in the case of detuned excitation (fast scattering),
the formation of the spectrum can be understood as a result
of a direct Franck-Condon transition from the ground state to
the final state, (vf|00), because the nuclear wave packet in
core excited state has not time to spread during the scatter-
ing: |¢/t))=|0,). For the limit of fast scattering we can now
distinguish different effects in the participator or “elastic”
channel and the spectator or “inelastic” channel. In the par-
ticipator decay the final state is the electronic ground state.
The potential surfaces of initial and final state strictly coin-
cide and according to the Franck-Condon principle only a
single line corresponding to the 0 — 0 transition is observed
<Vf|00>=5vf,00' This is the so-called collapse effect [3,35].
For the valence excited final states in the spectator channel,
the potential surfaces of the ground and final states do not
generally coincide. Except for the special case where they
do, transitions into vibrationally excited states are always
possible, (v;|0p) # 8,0,
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On resonant excitation {1=0, the scattering duration time
7 becomes sufficiently large for the nuclei to move on the
potential surface of the core excited intermediate state. Now
the nuclear wave packet in core excited state has time to
spread and it differs from the initial wave packet: |i(1))
#)0,). In this case scattering through the intermediate vibra-
tional levels |v;) of the core excited state becomes important
and the scattering spectral profile (i.e., the intensity of the
observed spectral features) is affected strongly by channel
interference between scattering over different vibrationally
excited intermediate states.

B. Vibronic coupling

So far we have discussed the change in shape and width
of the vibrational bands belonging to a specific electronic
final state as a function of excitation energy. In both systems,
ethylene and benzene, we see an additional effect which we
have not yet accounted for. In both molecules additional va-
lence excited final states show up upon excitation into higher
lying states of the LUMO’s vibrational progression. These
are the electronic symmetry forbidden ungerade final states
|1b7,1b,,) and [1b501b,,) in the case of ethylene and the
final states [2e3,1es,), [3a7,1es,), [1ay,1es,), [3e5,1e5,), and
|1e]§1e2u> in case of benzene. To explain this behavior we
turn to the discussion of the selection rules applicable for
electronic transitions. If only the electronic wave function is
considered, the x-ray Raman scattering would follow the se-
lection rules for the scattering tensor [3]. In the case of the
ethylene molecule scattering is only allowed into those final
states where the total parity of the electronic wave function is
not changed with respect to the ground state. Since the
ground state is totally symmetric and has gerade parity, only
gerade final states would be allowed. In ethylene this is the
case for the [157,1b,,) and the |3a,'1b,,) final states. In the
case of benzene (Dg), group) the selection rules are different
[3] and scattering is symmetry forbidden into the ungerade
and some gerade final states (as discussed above). The al-
lowed final states are [2¢])1e,,), [2b7 1e,,), [1b501e,,), and
137 ey,

Nevertheless, the experiment shows also resonant scatter-
ing into the final states that are “symmetry forbidden.” The
reason for this is the vibronic coupling mixing electronic
core excited states with different symmetries when the ap-
propriate vibrational modes are activated. The core excitation
into these symmetry forbidden core excited states opens new
emission channels. However, both experiment and theory
show that such a “symmetric breaking” happens only when
the photon frequency w is tuned close to a symmetry break-
ing vibrational mode. In the limit of large detuning || we
converge to the case of pure electronic selection rules. This
can easily be understand for the special case of ethylene from
Eq. (11), because there the scattering amplitude vanishes
(F, =0) for all ungerade final states f=u. This equation
demonstrates the general phenomenon, a restoration of the
electronic selection rules in fast scattering [given by general
expression for the RXRS amplitude of fast scattering (12)].
The effect is confirmed nicely by both experiment and simu-
lations.
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FIG. 10. (Color online) Participator channel: Purely vibrational
inelastic x-ray scattering (soft x-ray vibrational Raman) at C,H, at
the 7r resonance maximum at 284.37 eV (compare Fig. 4). The
vibrational modes 3, 4, and 5 (Table II) contribute to the spectra: (a)
0—0; (b) v5(0—1); (c) 93% 13(0—1)/7% v5(0—2); (d) »3(0
—1)+v5(0—1); (e) 69% 13(0—2)/20% v4(0—2)/11% [v3(0
= Drs(0—=2)]; (f) v3(0—=2)+v5(0—1).

This process of vibronic coupling upon resonant excita-
tion and “sharpening” of the selection rules is to be under-
stood as a dynamic process. If the scattering duration (10) is
sufficiently large—as it is the case in resonant excitation—
the symmetry breaking vibrations have enough time to dis-
tort the molecule to a nonsymmetric configuration, where the
core excited states are no longer represented in the ground
state symmetry of the molecule and, thus, the selection rules
can no longer operate on the delocalized representations.
When we detune from resonant excitation, the scattering du-
ration becomes too short for the vibrations to change sym-
metry. In a sudden scattering process, the molecular configu-
ration symmetry and, thus, the according selection rules are
conserved.

C. Purely vibrational and vibronic Raman

From the discussed dynamics of x-ray Raman scattering
we see that upon resonant core excitation vibrationally ex-
cited final states can be observed in the participator channel.
There we, thus, observe purely vibrational Raman loss fea-
tures in the soft x-ray regime, resonantly enhanced when
tuning into a molecular resonance. As it is the case for the
vibrational loss features in ordinary optical Raman spectros-
copy, this gives access to the electronic ground state potential
energy surfaces through the vibrational progression. How-
ever, resonance excitation at core level with x-rays gives
additional atom specific and chemical state selective sensi-
tivity and the local potential energy surface can be associated
to specific atomic centers and chemical environments. This
observation of purely vibrational states is in principal pos-
sible only in a photon-in-photon-out spectroscopy, where
electronically not excited final states can be reached. In Fig.
10 we show a detail of the calculated RIXS spectra of eth-
ylene. The participator band consists of distinct vibrational
lines. Only the peak at O eV corresponds to elastic scattering.
The mode analysis reveals that only those final states are
active in the scattering, where the parity of the total wave
function is conserved.

The spectator region, corresponding to scattering into
electronically excited final states, contains combined elec-
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FIG. 11. (Color online) Schematic plot of the energy dispersion
of spectator and participator and/or elastic contribution. The mark-
ers indicate the experimentally observed position of the participator
(squares) and the 3a, (circles) in ethylene (Figs. 4 and 5) as an
example. The dashed line represents Raman dispersion, the thick
solid line fixed emission energy (XES).

tronic and vibrational loss features. In the spectator channel,
we, thus, probe the vibrational properties of valence excited
final states.

D. Rydberg and continuum region

RIXS of ethylene (Fig. 5) and benzene (Fig. 9) in the
Rydberg and continuum region roughly resemble the non-
resonant XES spectra. Here the clear symmetry effects in
RIXS cannot be observed. The main reason for this is the
small spacing between gerade and ungerade Rydberg (as
well as continuum) states. Due to this the scattering does not
display the selection rules because core holes of either sym-
metry are created with comparable probability.

Comparison of the spectra for Rydberg or continuum ex-
citation (Figs. 5 and 9) with the spectral profiles (Figs. 4 and
7) near core excitation into the LUMO shows a smaller rela-
tive intensity of the participator or “elastic” band in the case
of excitation of Rydberg or continuum states. The intensity
ratio of elastic and inelastic bands is given by the square
of the ratio of absorption and emission transition dipole mo-
ments dy,/ dj%i. This ratio is small for Rydberg states because
these states are more diffuse compared to the LUMO. This
explains also why the elastic peak is smaller for higher
Rydberg states.

E. Energy dispersion

We finally discuss the energy position of the spectral
lines. The energy dispersion of the spectra is different for
resonant excitation near the LUMO and excitation in the
Rydberg region. If we only consider the 0— 0 vibrational
transition in the participator band, this feature follows the
Raman dispersion law oy(w, ;)% 8w, —w) in nice agree-
ment between theory and experiment (Fig. 11).

In the case of excitation into the Rydberg region the cen-
ter of gravity of the inelastic or spectator band is not disper-
sive similar to the off-resonant emission (XES) [3]. Our
simulations show that the dispersion of this band upon exci-
tation near the LUMO is more complicated because the cen-

032505-11



HENNIES et al.

ters of gravity of different vibrational subbands exhibit dif-
ferent dispersions. They are referred to as “vertical” and
“resonant” bands in Ref. [49]. We see from both theory and
experiment that the center of gravity of the RIXS features
follows a nonlinear dispersion under excitation near the
LUMO. Nevertheless our simulations show that each single
vibrational state still follows linear dispersion and can thus
be identified as a Raman feature.

VI. SUMMARY

We have experimentally observed and theoretically de-
scribed purely vibrational and vibronic Raman scattering in
RIXS for vibrationally selective excitation.

In both model systems, ethylene and benzene, pure vibra-
tional loss processes were identified. The energy positions of
these spectral features reflect through their vibrational pro-
gression the local potential energy surface of the system in
the electronic ground state at the atomic site of excitation. In
addition, the femtosecond intermediate state dynamics is re-
flected by the relative intensity distribution within the vibra-
tional progression. Intermediate state interference effects be-
tween scattering paths involving different vibrationally
excited intermediate states can be observed. The nature of
the scattering process changes significantly with the duration
time of the scattering. On resonant excitation, indeed, even
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in the soft x-ray regime, the scattering duration becomes suf-
ficiently large to probe nuclear dynamics with RIXS and
electronic ground state potential energy surfaces around se-
lected atomic sites can be studied.

Scattering into electronically excited final states is found
to be always accompanied by vibrational excitations. Fur-
thermore, upon resonant excitation vibronic coupling is ob-
served, leading to interference between equivalent core hole
localization channels. This opens scattering into additional
final states. Thus the interpretation of molecular systems un-
der resonant excitation needs careful consideration of all of
the described coupled electronic and vibrational processes.
With the advanced theoretical and computational treatment
presented here we are able to fully describe these processes
and model the resonant vibrational and vibronic Raman scat-
tering for the model system of ethylene.
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