
PRL 95, 163002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
14 OCTOBER 2005
Nonadiabatic Effects in Resonant Inelastic X-Ray Scattering
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We have studied the spectral features of resonant inelastic x-ray scattering of condensed ethylene with
vibrational selectivity both experimentally and theoretically. Purely vibrational spectral loss features and
coupled electronic and vibrational losses are observed. The one-step theory for resonant soft x-ray
scattering is applied, taking multiple vibrational modes and vibronic coupling into account. Our
investigation of ethylene underlines that the assignment of spectral features observed in resonant inelastic
x-ray scattering of polyatomic systems requires an explicit description of the coupled electronic and
vibrational loss features.
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Resonant inelastic x-ray scattering (RIXS), also known
as x-ray Raman scattering (RXS), has evolved into a
widely used spectroscopic tool to study the electronic
structure of matter [1–3]. This development has been
promoted by the rapid evolution of high brilliance soft
x-ray sources. The Raman selection rule in this photon-in/
photon-out spectroscopy gives a high degree of polariza-
tion anisotropy and reveals symmetry-information of the
systems under investigation. This is also true for the optical
dipole transitions underlying the separate x-ray absorption
and emission steps. Soft x-ray spectroscopies are element
and chemical state selective. In the case of RIXS, these fea-
tures are strongly enhanced due to the selective excitation
of a particular intermediate core-excited state of defined
symmetry.

In general, RIXS probes electronic and nuclear (vibra-
tional) inelastic loss processes. In particular, the scattering
process is governed by the total symmetry of the coupled
nuclear and electronic wave functions. Therefore, strong
deviations from a case assuming purely electronic symme-
try selection rules have been observed [4,5]. Some studies
have addressed the vibrational contributions to the spectral
profile, e.g., vibrational broadening [6,7] and lifetime vi-
brational interference effects [8].

The investigation of condensates and liquids has re-
cently drawn great attention, most prominently the de-
tailed picture of hydrogen bonding in aqueous systems
[9,10]. The depth information necessary for such studies
makes RIXS ideally suited. In these systems both the
geometric configuration and the electronic structure are
under debate. The interpretation of the RIXS presented
there bases upon the calculation of the electronic spectral
states in the adiabatic limit for different molecular con-
figurations which result from molecular dynamics simu-
lations. RIXS spectra, however, contain coupled elec-
tronic and vibrational loss features. In this work, we aim
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to disentangle the electronic and vibrational contribu-
tions to RIXS spectra and investigate the interplay of elec-
tronic structure and nuclear dynamics. We have studied
RIXS spectral features of condensed ethylene, with vibra-
tional selectivity, in an exemplary way both experimen-
tally and theoretically. We have chosen ethylene as a test
system due to its unambiguously characterized electronic
and geometric structure [11]. We find in our joint experi-
mental and theoretical investigation that explicit consid-
eration of both the electronic and vibrational loss features
is needed to assign spectral states. This is of general
relevance for the interpretation of RIXS of any polyatomic
system.

The experiments were carried out at MAX-lab, Sweden,
on beam line I511-1. Bulk layers of condensed ethylene
have been prepared by dosing 100 L onto a p-doped silicon
substrate cooled to �25 K. The grazing incidence x-ray
spectrometer [3] was operated with 0.4 eV bandwidth (full-
width-half-maximum FWHM, as all comparable values in
this work) in the direction perpendicular to the incident
beam axis in magic angle geometry to the electric field
vector of the incident radiation. The x-ray absorption spec-
tra (XAS) have been measured with a Scienta SES-200
analyzer in constant final state mode. The excitation band-
width was set to 35 meV for the x-ray absorption measure-
ment and to 100 meV for RIXS.

The ethylene (C2H4) molecule has D2h symmetry
and the electronic ground state j0i configuration is
�1ag�2 �1b3u�

2 �2ag�2 �2b3u�
2 �1b2u�

2 �3ag�2 �1b1g�
2 �1b1u�

2.
Ethylene has two symmetry adapted, near-degenerate core
orbitals ( core:1ag; 1b3u), which result from the linear
combination of the atomically localized C 1s orbitals.
1b1u is the highest occupied molecular orbital (HOMO)
and the 1b2g is the lowest unoccupied molecular orbital
(LUMO), also called the ��. The HOMO-LUMO separa-
tion is �7 eV.
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In our simulations of the resonant x-ray scattering am-
plitude F�f , we have included the treatment of multiple
vibrational modes and vibronic coupling based on the
methods described in Refs. [2,12]. The scattering ampli-
tude F�f for ethylene is described by the equation (in a.u.):
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@� � 0:1 eV is the lifetime broadening of the core-
excited state, P f � �1 the parity of the final electronic
state (	 gerade;� ungerade), �i � ��i;1; �i;2; . . .� is the
vector of the vibrational quantum numbers of all modes
of the ith electronic state, and !i�i;j�j is the electron-
vibrational transition energy. We have separated the prod-
uct of the Franck-Condon (FC) amplitudes ��NA�n ��f; �i� �Q
q�Ah�f;qj�i;q; nih�i;q; nj00;qi of NA asymmetric vibra-

tional modes, that lead to the localization of the core
hole in the nth carbon atom from the product of the FC
amplitudes for the corresponding symmetric vibrational
modes ��N�NA���f; �i� �

Q
q 6�Ah�f;qj�i;qih�i;qj00;qi. The

scattering cross section for monochromatic excitation is
then given by the equation:
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! and !1 are the frequencies of the incident and scattered
photons. The anisotropy factor �f0 � �d2
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�3cos2’f0 � 1��1� 3cos2��
 depends on the angle � �
35:3� between the polarization vector of incident photon
and the momentum of the scattered photon (set to the
experimental value). The anisotropy factor also depends
on the angle ’f0 between the transition dipole moments of
core excitation di0 and emission dfi.

Computations of the valence and virtual transition mo-
ments were performed in the dipole approximation and
have been done within the framework of the density func-
tional theory (DFT) using the STOBE code [13]. The tran-
sition energies were taken directly from the Kohn-Sham
orbital energies. Numerical analysis of the FC amplitudes
reveals that only four in-plane vibrational modes, three ag
(C-C stretch, H-C-H scissor, and C-H stretch), and one b3u
(C-H asym. stretch), give major contributions to the x-ray
absorption and RIXS spectra; therefore, only these four
modes were taken into account in the simulations. The FC
amplitudes have been computed in the harmonic approxi-
mation without consideration of changes in the vibrational
frequencies due to the electronic excitations.

In Fig. 1, panel 1 we show the vibrationally resolved
x-ray absorption spectrum of ethylene at the �� resonance,
corresponding to the excitation of a j �1

core1b2gi electronic
state. We can directly assign this vibrational fine structure
in agreement with literature [14,15] to the ag C-C stretch
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vibration and to the b3u C-H asymmetric stretch vibrational
mode. We measured RIXS spectra with the excitation
energy tuned onto the vibrational modes of the first core-
excited electronic state j �1

core1b2gi.
The RIXS spectrum consists of two qualitatively differ-

ent contributions, namely, the participator or ‘‘elastic’’
band (j0i ! j �1

core1b2gi ! j0i) and the spectator or ‘‘in-
elastic’’ band (j0i ! j �1

core1b2gi ! j 
�1
f 1b2gi) with  f �

1b1u; 1b1g; 3ag; 1b2u, denoting valence electronic states.
The participator scattering channel leads to the electronic
ground state with energy loss features due to vibrational
excitations (purely vibrational Raman), while the spectator
channel is the scattering to electronically excited final
states which is accompanied also by vibrational excitations
(vibronic Raman). For clarity of presentation we show the
participator RIXS in Fig. 1 and the spectator RIXS in Fig. 2
separately.

Both experiment and theory display a strong dependence
of the participator band [Fig. 1, panels (2) and (3)] on
excitation energies. For scattering with an incident energy
below the resonance energy [Fig. 1(a)], we see mainly a
single resonance centered at 0 eV energy loss. This is what
is usually referred to as the elastic peak which is the only
feature in this channel in the case of single atoms. When
exciting on top of the resonance and into higher levels of
the vibrational progression [Fig. 1(b)–1(f)], the participa-
tor profile becomes increasingly asymmetric toward lower
energies and a band of inelastic loss features becomes
observable. This band moves its center of gravity to lower
energies with increasing excitation energy. For the limit of
high positive detuning from the electronic resonance we
observe decreasing intensity of the vibrational loss fea-
tures. The cross section for scattering into vibrational
excited final states is thus significantly enhanced upon
resonant excitation.

The simulations of the participator band are depicted in
panel (3) of Fig. 1. We obtain good agreement with the
experiment when the simulated spectra are convoluted with
a Gaussian of � � 0:4 eV which mimics the total instru-
mental broadening and excitation bandwidth. Within this
envelope we also show the vibrational progression with
only � � 100 meV broadening. The spacing of the vibra-
tional states corresponds to the electronic ground state
vibrational modes. The intensities of the vibrational loss
features are governed by the Kramers-Heisenberg scatter-
ing amplitude [Eq. (1)]. The lifetime vibrational interfer-
ence influences strongly the spectral profile [16]. In
particular, we find both in experiment and theory that the
detuning � � !�!i0;00 of the incident photon energy
from the electronic �� resonance leads to only a single
spectral line. The origin of this collapse of the vibrational
structure is the shortening of the scattering duration [17]
�eff � 1=

������������������
�2 	�2
p

with increase of j�j. A short scatter-
ing duration will not allow the nuclear wave packet to
dynamically evolve [2,18], thus effectively suppressing
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FIG. 1 (color online). Participator RIXS of ethylene at the C K edge (final state is electronic ground state). Panel (1): C 1s! ��

absorption spectrum; (2) RIXS spectra (expt.) 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 �! � !1 �!.
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vibrational motion during the scattering and letting vibra-
tional contributions to the spectral profile vanish.

The physics of the formation of the spectator scattering
channel is rather different from the participator scattering
channel. The spectator channel corresponds to scattering
into four different electronic final states: j1b�1

1u 1b2gi,
j1b�1

1g 1b2gi, j3a�1
g 1b2gi, and j1b�1

2u 1b2gi. The scattering

to the ungerade final states (j1b�1
1u 1b2gi, j1b�1

2u 1b2gi) is
forbidden according to the parity selection rules.
However, the experiment as well as the theory (Fig. 2)
show the breakdown [19] of these selection rules when
exciting resonantly into the �� and its vibrational progres-
sion [Fig. 2(b)–2(f)]. The origin of this effect is the mixing
of near-degenerate gerade and ungerade core-excited states
(j1b�1

3u 1b2gi, j1a�1
g 1b2gi� by the activation of the ungerade

b3u vibration, effectively localizing the core-excited state.
We clearly can see the restoration of the selection rules for
large detuning [Fig. 2(a)], i.e., the quenching of the sym-
metry forbidden transitions. This ‘‘purification’’ of the
spectator spectrum happens due to the shortening of the
scattering duration, leaving no time for the b3u vibration
to mix the core-excited states with different parities [5].
If the detuning is sufficiently large, the spectator RIXS
[Fig. 2(a)] is restricted to the electronic final states
j3a�1

g 1b2gi and j1b�1
1g 1b2gi.

Taking vibronic coupling into consideration, our theo-
retical approach can fully describe all spectral features
in the RIXS spectra (Fig. 2). In particular, the nominal
adiabatic transition, defined by the purely electronic tran-
sitions, can become very small in comparison to the vibra-
tionally excited final states. Taking spectra in Fig. 2(d)–
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2(f) as an example, we can illustrate how crucial it is to
take the full vibronic spectral profile into consideration in
the interpretation of experimental RIXS. For the electroni-
cally excited final states, we observe vibrational progres-
sions extending over 2 eV� 4 eV, with a bimodal vibra-
tional envelope. Moreover, the spectral shape of each ex-
cited final state changes with photon energy [Fig. 2(d)–
2(f)] significantly and differently for each of them.

In summary, we have studied RIXS spectral features of
condensed ethylene with vibrational selectivity, both ex-
perimentally and theoretically. The theoretical model of
the inelastic scattering process takes multiple vibrational
modes and vibronic coupling into account. We have ob-
tained excellent agreement between experiment and simu-
lations for the purely vibrational spectral loss features in
the RIXS participator channel, reaching the electronic
ground state as a final state. We have also observed the
coupled electronic and vibrational loss features of the
spectator RIXS channel, reaching electron-hole final states
combined with vibrational excitation. We have disen-
tangled these contributions and investigated the interplay
of electronic structure and nuclear dynamics in an exem-
plary way. We find the excited electronic final states to split
significantly into broad vibrational bands with a compli-
cated, partly bimodal, envelope structure. This goes be-
yond the spectral distribution expected from an adiabatic
model, where vibronic effects are only implicitly treated in
a broadening of states. In conclusion, we find that the
explicit consideration of coupled electronic and vibrational
states in the one-step theory of resonant inelastic x-ray
scattering is required to fully assign RIXS spectral states
of ethylene.
2-3



FIG. 2 (color online). Spectator RIXS of ethylene at the C K edge (final state is valence electronic excited). Panel (1): C 1s! ��

absorption spectrum; (2) RIXS spectra (expt.) 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 �! � !1 �!.
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