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Observations made in oxygenK emission of CO2 show that the symmetry selective character o
resonant x-ray emission is excitation energy dependent. Electronically dipole forbidden OK emission
lines are observed for excitation at the O1s ! pp resonance, and they are gradually reduced up
detuning the excitation energy below threshold. The occurrence of forbidden transitions is expl
in terms of dynamical symmetry breaking due to vibronic coupling, and the observation of quenc
of the symmetry breaking upon detuning as due to an effective quenching of this vibronic coup
Scattering theory applied to a few-level system is shown to account for the energy dependence
symmetry selection in the limit of narrow bandpass photon excitation. [S0031-9007(96)01834-0]
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The symmetry-selective character of resonant x-
scattering (RXS) makes resonant x-ray emission (RX
spectroscopy a powerful tool for electronic structu
investigations. The preparation of the intermediate st
by the core excitation and the dipole selection rules
the full absorptionyemission process restrict the possib
symmetries of all involved states. This has made it pos
ble to determine symmetries of unoccupied and occup
orbitals in molecules [1–4]. A complicating factor is th
role of vibronic coupling which is expected to lower th
symmetry of the system, allowing transitions which a
otherwise electronically symmetry forbidden [2,3,5,6].
correct description of this incoherent contribution is
major importance for understanding the characteris
of RXS in general, for both free molecules and soli
[6–10].

Experimental results on homonuclear diatomic mo
cules firmly established the symmetry-selective charac
of RXE spectroscopy, as recently demonstrated by m
surements on molecular oxygen [4] and nitrogen [1
where the parity selection rule strictly applies. Diatom
molecules only possess a totally symmetric vibration
mode that cannot break the electronic symmetry, and
selection rules therefore operate directly on the electro
symmetry of the states. In order to better understand
quantify the effect of the nontotally symmetric vibration
we have chosen to investigate a simple system, OK emis-
sion of CO2. As O2 is a good test case for the demonstr
tion of parity selection in resonant x-ray emission, CO2 is
an equally natural candidate to explore symmetry bre
ing. The addition of a carbon atom between the tw
oxygen atoms introduces an antisymmetric stretch m
which can couple the “dark”1s21

u 2pu and the “bright”
1s21

g 2pu oxygen core-excited states and, therefore, bre
the parity selection rule [5]. The intensity of the x-ra
0031-9007y96y77(25)y5035(4)$10.00
y
E)
e
te

or
e
si-
ed

e

f
cs
s

-
ter
a-
],
c
al
he
ic
nd
,

-

k-
o
de

ak

emission resulting from the forbidden “dark” state the
gives a measure of the magnitude of the symmetry bre
ing. The main result of the present work is that the sy
metry breaking depends strongly on the excitation ene
for narrow bandpass excitation. Thus when detuning
excitation energy below the x-ray absorption resonan
the effective vibronic coupling strength is quenched a
the symmetry selection rules apply more strictly. In co
trast to nonresonant x-ray emission [12] and x-ray a
sorption [13] the RXE method therefore allows for th
possibility to “restore” the dipole selection rules in sy
tems with dynamical vibronic coupling between electron
states of different symmetries.

A very simple illustration of the symmetry breakin
problem in CO2 is given in Fig. 1, with comparison to the

FIG. 1. A simple picture of the symmetry problem for RX
transitions in CO2 and O2. White, dashed, and black ball
denote 0%, 50%, and 100% occupied core orbital, respectiv
where “50%” means superposition of two states with core ho
on different oxygen atoms.
© 1996 The American Physical Society 5035
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O2 case. At the time of excitationst  0d the core hole
is equally distributed over the two oxygen centers keep
the inversion symmetry, which for both molecules c
be described as a superposition of two states with
and right hole localization. The vibronic coupling ov
the antisymmetric stretch mode between the close ly
gerade and ungerade (adiabatic) electronic core hole s
of CO2 leads at timet  t0 to an effective shift of
the molecular equilibrium with the inversion symmet
broken and to the localization of the core hole to the
or to the right oxygen atom [14]. For the O2 molecule,
the totally symmetric vibrational motion cannot break t
electronic symmetry, and the core-excited state remain
a superposition of two hole-states with retained invers
symmetry at all times. We note that “time” here shou
be considered as the duration time of the RXS process
correlation time between absorption and emission) wh
is determined both by the core-excited state lifetime
the inverse of the detuning frequency. The symme
breaking thus “takes time” and the degree of symme
breaking therefore critically depends on the vibratio
frequency and the duration of the RXS process.
the duration time is much smaller than the vibratio
time period, the molecule has no time to execute
antisymmetric vibration that introduces forbidden par
in the electronic wave function through the vibron
coupling.

One can thus introduce a concept of time by regard
the extreme cases of exciting on resonance, respecti
far from resonance (in analogy with resonant and n
resonant photoemission). In the latter case we are dea
with a prompt process (Raman scattering), whereas on
onance the lifetime of the resonant state determines th
teraction time (resonant Raman scattering). Tuning a
from resonance shortens the duration of the RXS proc
and one probes preferentially transitions associated
shorter lifetimes. Thus, vibronic symmetry breaking w
be less and less effective.

A qualitative explanation behind the quenching
symmetry breaking can be obtained also from a tim
independent picture. We consider the double differen
cross section for RXS,

ssv, v0d 
X
f

v0

v
jFf j2Fsv0 1 vf0 2 v, gd , (1)

whereF is the normalized spectral function of the exci
tion radiation centered at frequencyv and with the width
g. The scattering amplitudeFf is given by the resonan
term in the Kramers-Heisenberg formula,

Ff  avv0
X

i

k fjD0jil kijDjOl
v0 2 vif 1 iG

, (2)

using atomic units and standard notations. This amplit
describes the absorption of the initial and the emiss
of the final x-ray photons with frequenciesv and v0,
respectively. vif is the resonance energy for transitio
5036
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between intermediate and final states, and2G is the lifetime
width of the intermediate states.

We consider the envelope of excited state vibratio
levels hij to have an effective widthD. We consider
also the detuning energyV defined as the difference
between the excitation photon energyv and the center
of that vibrational envelope. When the detuning ener
is much larger than the effective width of the absorpti
band, V ¿ D, the denominator can be removed fro
the sum in the RXS amplitude in Eq. (2). This mea
that the summation over intermediate vibrational levelshij
can be made completesSi jil kij  1d and the scattering
amplitude takes the simple form

Ff ~ k fjD0DjOl . (3)

It thus becomes independent of (the symmetry brok
intermediate state, and restores the “quadrupole selec
rules” of the x-ray scattering tensor [1]. The sam
operation can be carried out if the lifetime width is larg
G ¿ D, in which case the resonance x-ray transition th
also will be symmetry purified.

The expression for the scattering amplitudeFf , Eq. (3),
can be equally well obtained in a time-dependent rep
sentation of the RXS amplitude. The wave packet exci
from the ground state at timet  0 decays to the final
molecular states at different timess0 # t # `d. The par-
tial RXS amplitude corresponding to the timet is pro-
portional to the phase factor expsiVt 2 Gtd. When the
lifetime broadening or the detuningV is large, only a
partial amplitude (att  0) of the sudden transition give
significant contributions toFf . Contributions from decay
events att fi 0 are negligibly small, due to a large damp
ing factor exps2Gtd whenG is large or because the facto
expsiVtd is oscillating fast when the detuning frequenc
is large. The quantitytc  1y

p
V2 1 G2 thus character-

izes the “suddenness” or “duration” of the RXS process
Figure 2 shows the detuning spectra referring to re

nant excitation to the first unoccupied level,2pu, of CO2

giving the forbiddenjgl  1s21
u 2pu

1Pg and allowed
jul  1s21

g 2pu
1Pu core-excited states. The spect

consist of two peaks; the high-energy peak derives fr
transitions to the forbiddenj fsudl  j1p21

g 2pul 1Pu

final state and the low-energy peak to the allow
j fs gdl  1p21

u 2pul 1Pg final state (configuration state
splitting and contribution from the weak4sg emission can
be neglected [17]). As seen in the figure, the high-ene
peak receives significant intensity in violation of the s
lection rule, and appears quite like the nonresonant x-
emission spectrum of CO2 [17]. Thus, the core-excited
state cannot be described as a purej1s21

g 2pul 1Pu

state, but must be mixed with thej1s21
u 2pul 1Pg state.

By detuning the energy it is clear that the spectrum b
comes symmetry purified. The experiments were p
formed at beam line 7.0 at the Advanced Light Source
Berkeley [15,16], and are described in full in Ref. [17
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FIG. 2. OxygenK 2pu resonant x-ray emission spectra
CO2 with different detuning energies below the2pu resonance.

We estimate the resolution of the monochromator
spectrometer in these measurements to be approxim
0.65 and 1.0 eV at full width half maximum, respective

We apply a five-level model to the symmetry-breaki
problem examining the qualitative difference betwe
broad-band and narrow-band limits for the excitat
functions; see Fig. 3. The five-level system consid
the O 1s transitions to the unoccupied2pu molecular
orbital and the following decay transitions to the ungera
and gerade final states, resulting in the high-energy
low-energy peaks, respectively. Initially, the molecule
in the grade ground state. Without vibronic coupling t
two intermediate core-excited states,jgl  j1s21

u 2pul
and jul  j1s21

g 2pul, are eigenstates of the unpe
turbed electronic HamiltonianH0. These two state
can be assumed to be degenerate with negligible
ergy splitting s.0.005 eVd. Of the two final states
jfsudl  j1p21

g 2pul 1Pu and jfsgdl  j1p21
u 2pul 1Pg,

only the latter can be reached by dipole transitions
cause the absorption transition to the dark, gerade, sta
forbidden by the dipole selection rules.

In the case of vibronic coupling the two intermedia
core-excited statesjgl and jul are mixed by the antisym
metric vibrational mode, with an effective vibronic co
pling U. Since the unperturbed intermediate statesjgl
and jul are assumed degenerate, the new mixed st
which are eigenfunctions of the total HamiltonianH 
H0 1 U, are localized completely to the different oxyg
d
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FIG. 3. Five-level system interacting with an exciting field o
frequencyv and a scattered field of frequencyv0.

atoms (atoms 1 and 2),

j1l 
1

p
2

sjgl 1 juld , j2l 
1

p
2

sjgl 2 juld . (4)

The vibronic couplingU eliminates the degeneracy an
leads to that the energy eigenvalues of the new sta
in Eq. (4) are split by2l, where l  kujUjgl is the
dynamical vibronic coupling parameter.

The relative intensities of the “forbidden” and “al
lowed” transitions are given by the ratio of the integr
cross section which is proportional to the area of the re
vant x-ray emission peak [18]. The broad-band,g ¿ D,
and narrow-band,g ø D, limiting cases for the excita-
tion function have qualitatively different outcomes for th
symmetry-breaking problem.

For broad-band excitation, the spectral functionF

[Eq. (1)] can be considered constant, and the intens
ratio of the “forbidden,” high-energy peak and the “a
lowed,” low-energy peak is then given by

r 
d02

fsudg

d02
fsgdu

x , (5)

where

x 
slyDd2

2 1 slyDd2
, 0 # x # 1 . (6)

The notations d0
fsudg  k fsudjD0jgl and d0

fsgdu 
k fsgdjD0jul correspond to the dipole matrix elemen
for emission. Whenl  0, i.e., when the dynamical
vibronic coupling can be neglected,x becomes equal
to zero. Thus in this limiting case only transitions t
the gerade final state are allowed. WhenlyD ¿ 1,
i.e., when the vibronic coupling is strong,x  1 and
the ratio only depends on the matrix elements for t
emission. We would in this strong dynamical vibron
coupling case expect approximately the same ratio
in the nonresonant spectrum, and the information ab
the parity of the unoccupied orbital to which the co
electron is promoted is thus lost. The result, Eqs. (5) a
(6), for the broad-band limit qualitatively agrees with th
frequency-independent analysis of Cederbaum [5].
5037
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FIG. 4. Ratio between high- and low-energy peaks of
resonant OK emission spectra as a function of detuning ener

For narrow-band excitationsg ø Dd, on the other
hand, the spectral functionF can be replaced by a
d function in energy. The initial and final photo
frequencies then connect through energy conserva
v  v0 1 vf0. The RXS cross section can again
presented in the form of Eq. (5) but with a different val
for the parameterx . The important difference to the cas
of broad-band excitation, Eq. (6), is that thex function
now depends on the incoming photon frequency,

x 
l2

V2 1 D2
, 0 # x #

µ
l

D

∂2

. (7)

One can see from this equation that dynamical vibro
coupling effectively vanishessx  0d in the limit where
the detuning is large.

The ratio between experimental intensities of the hig
energy and low-energy spectator peaks are plotted ve
the detuning energy, measured from the vertical abso
tion energy, in Fig. 4. We note a gradual decrease in
intensity ratio. The solid line is the prediction based
our simple five-level model assuming an effective broa
ening 2D of 1.4 eV, corresponding to the width of th
x-ray absorption vibrational band.

The five-level model thus describes the experimen
findings satisfactorily, even though the model effective
takes into account the vibrational structure only via tw
parameters,l andD. It is relevant here to point out tha
ab initio calculations accounting for the real structure
the dynamical vibronic coupling operatorU, using many-
channel vibronic coupling and multiconfiguration theo
also predict the symmetry purification and other vibro
5038
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ically resolved features of the resonant x-ray emissi
spectrum of CO2 in a quantitatively correct way [17].

In summary, we have experimentally verified, throug
observation of “forbidden” peaks in RXE spectra of CO2,
that dynamical vibronic coupling leads to an effectiv
breaking of the inversion symmetry. In particular, w
show that the magnitude of this dynamical symmet
breaking is strongly dependent on the excitation ener
when a narrow bandpass excitation source is used,
that detuning leads to a quenching of the symme
breaking making the forbidden peaks weaker. We ha
applied scattering theory and a simple few-level mod
system to explain the symmetry purification. The theo
shows that the dynamical vibronic coupling effective
vanishes in the limit of large detuning and that in th
limit the transitions between the initial ground state an
the final states can be regarded as sudden. Dynam
vibronic coupling is of importance for core-excited state
in polyatomic molecules and solids. The results presen
here are of great significance to resonant x-ray emiss
studies, and also of relevance to resonant photoemiss
studies.

The experiments were performed at the ALS
Lawrence Berkeley Laboratory operated by DOE und
Contract No. DE-AC03-76SF00098.
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