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Doppler Splitting of In-Flight Auger Decay of Dissociating Oxygen Molecules:
The Localization of Delocalized Core Holes
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By exploiting the core-excitation-induced dissociation of O,, we find that the Auger emission exhibits
a Doppler-like energy shift. We show this to be a manifestation of localization of the core hole and
propose that the problem of core-hole localization versus delocalization in core-hole spectroscopies may
be resolved by considering the nature of the measurement.
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In polyatomic systems, it is customary to group elec-
tronic levels as core or valence. Overlapping valence
orbitals are delocalized, as is evident for both molecular
orbitals and metal conduction bands. The situation is
less clear-cut in the case of core levels. At the infancy
of core level studies, the core orbitals were consid-
ered to be delocalized just as valence orbitals, while
early quantum computations indicated that approxi-
mate wave functions are unstable towards localization
[1]. Polyatomic and diatomic homonuclear species
were soon recognized to behave differently, with a
physical localization of the core holes being possible
through antisymmetric vibronic coupling in the case
of polyatomics [2], while this mechanism is absent
for homonuclear diatomics, such as O,. Using third-
generation synchrotron radiation facilities for x-ray
Raman experiments, the localization problem has been
readdressed, and severa studies hint at delocalization
effects in core holes [3—7]. In particular, resonant x-ray
emission or scattering experiments provide evidence that
the inversion symmetry selection rule is maintained for
x-ray scattering of O, and N, [3,4]. Although it was
shown that the x-ray scattering tensor is invariant with
respect to localized and delocalized representations (or
to any unitary transformation between these represen-
tations), arguments regarding localization were still put
forward on the grounds of the role of the measurement
itself [8,9]. Thus the x-ray emission experiments on O,
and N, conducted in Refs. [3,4] favored a delocalized
representation of the core-hole states. This means that
this core-hole state of O, cannot be described with only
one localized core hole in a nonentangled state; O*O
(* indicates a core excitation), but must be treated as
a coherent superposition of the O*O and OO* states,
an entangled state. The increasing O-O distance upon
dissociation does not change this; the pair of fragment
atoms must still be described by an entangled state.
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X-ray emission is not the dominant decay channel of the
core-hole states in low-Z atoms; the majority of the de-
caystake place by an Auger mechanism, in which an elec-
tron is emitted. It was recently predicted [10] that large
Doppler effects may be apparent for Auger electrons as-
sociated with atomiclike peaks [11-17]. Such peaks are
attributed to resonant x-ray Raman scattering (RXS) for
which ultrafast dissociation along the core-excited state
potential leads to Auger decay in one of the dissociation
products, as schematically shown in Fig. 1. Such an elec-
tronic Doppler shift, p - v, can exceed the core-hole life-
time width I" by several times due to a large speed v of
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FIG. 1. A schematic representation of the formation of
“molecular” and “atomic” contributions to the Auger spectrum
by the combined resonant Auger decay and molecular dissocia-
tion processes. Some selected quantities used in Eq. (1) are also
indicated.
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the dissociating fragments and a large momenpuafithe  persists during the lifetime of the core hole, at least for the
Auger electron. “moleculat fraction [3]. What happens when the core-

In the present paper we report new experimental data oexcited molecule dissociates? In Fig. 2 the resonant Auger
the same core-excited state of @s in Ref. [3]. We have spectrum recorded using a photon energy corresponding
observed a Doppler-like splitting of the Auger electronto the Ols to o* absorption maximum is shown, together
lines from dissociating oxygen molecules. This constitutesvith an enlargement of the energy interval containing the
a strong argument for a localized description of the coremain Auger transition of Oatomic fragments. (The other
hole states, in apparent contradiction with the x-ray Ramahatomic' Auger lines identified in Refs. [21] and [22]
experiment on @ which favored a description with two exhibit the same behavior. The present line was selected
coherently superposed core holes [3]. as it has high intensity and does not overlap with other

The experiments were performed at the new l|411spectral features.) This spectral feature has been measured
beam line at MAX-LAB in Lund, Sweden [18]. Consis- with the electron-energy analyzer parallet)(@nd perpen-
tent results have been obtained in two different sets oflicular (90) to the polarization direction of the exciting
experiments. radiation, coinciding with the direction of preferential

In the experiment, electrons from thel©core level alignment of the molecules. The 8pectrum reveals two
of the oxygen molecules were excited to the, (o*) peaks, separated by 0.75 eV, whereas the f@ctrum
level [19,20]. Such a neutral, core-excited intermediateconsists of a single peak, situated in between the two
state subsequently undergoes Auger decay, in which a v&° peaks (the asymmetry of the 9peak towards lower
lence electron fills the @ hole, and another valence elec- kinetic energies is most likely due to Auger decays oc-
tron, the Auger electron, is expelled from the molecule.curring during the dissociation process; see, for instance,
This process is very rapid, and the lifetime of the core-Ref. [27]). The observed behavior can be understood only
excited state is of the order of 3 fs. However, anotheiby assuming localization of the core holes. In theé 90
competing process can take place, namely dissociation afase, the two dissociation directions are symmetric with
the molecule. Thels!30, state is strongly antibond- respect to the measurement direction, and the Doppler
ing, and causes dissociation on the same time scale as th#fect is not manifested as a splitting. In the dase, the
core-hole lifetime [21,22]. As a result of these two paral-two O atoms take off in the direction of the polarization
lel and competing processes, the experimentally observedector. Such a dissociation gives the atom containing
resonant Auger spectrum will contain contributions fromthe core hole velocity either in the direction towards
decays occurring both in the;®nolecule and the O atom; the analyzer, or away from it, see Fig. 2, resulting in a
see Fig. 1. The Auger decay is faster than the dissocid@oppler shift of the observed kinetic energy.
tion: the fraction of'atomic’ decays has been estimatedto As a first approximation, it is possible to use a
be around 10% of all decays [21,22]. Using the core-holesimple classical model, taking into account the angular
clock model of Ref. [23], this indicates a characteristic dis-
sociation time of 7 fs.

The resonant photoabsorption is orientationally selective
[8,24,25]. The resulting partial alignment constitutes a
key point for the present experiment. In this case we
specifically consider a core excitation to an unoccupied
o molecular orbital by linearly polarized radiation. The
transition dipole moment;, is then parallel to the molecu-
lar axisn. The absorption cross section is proportional to
cogh, whered is the angle between the molecular axis — _* F— T T
. . . 480 - 490 500 510 _ 520 530
and the polarization vecter. Molecules aligned parallel to e =~
the polarization vectoe will thus be preferentially excited = n
[19,26]. This results in the creation of a partially aligned
(parallel toe) ensemble of core-excited molecules within
the overall random collection of molecules [8,24]. The
partial alignment persists sufficiently long, since the Auger
decay and dissociation processes occur on a time scale
approximately100Xx shorter than the period of rotation 900 O=-0
around the molecular axis. In the excitation step the two O+O
oxygen atoms are completely equivalent. The core hole 4915 4920 4925 493.0 4935  494.0
may be created on either of them with equal probability, Electron kinetic energy (eV)
and the core-excited state has 1o be wreated as a COher(ﬁ'&. 2. The Auger lines resulting from the main Auger transi-

superppsition of the T and O_O states. tion in oxygen atoms following the dissociation of @easured
As discussed, the x-ray emission from the same coreparallel and perpendicular to the polarization direction of the
excited state has been used to show that the delocalizati@sciting radiation.
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dependencies of the excitation probability and the atomistate, approximately 3 fs. The Doppler splitting may
velocity component in the measurement direction, tahus be used to obtain detailed information about atomic
analyze the results. The experimentally obtained Doppledynamics on the very low femtosecond time scale.
splitting of 0.75 eV then yields a value of 8 eV for the The description based on classical theory can be
kinetic-energy release in the core-excitation-inducedjiven a quantum mechanical treatment within the frame-
dissociation, a value which is in excellent agreementwork of resonant x-ray scattering, RXS, which also
with what is expected from calculated potential energycovers the nonradiative Auger decay. When the reso-
curves [26]. This corresponds to a rate of increase ohant x-ray scattering process takes place in an oriented
the O-O distance of 14 kyts or 0.14A/fs, which may homonuclear diatomic molecule, the scattering cross
be compared to the ground state equilibrium interatomisection profile of the atomiclike resonance contains
distance of 1.27A and the lifetime of the core-excited two peaks corresponding to two counterpropagating
| atoms [10]

, 1 1 }
U(n) U'n,ple dz()l |: (AE -p- V)2 + T2 (AE + p- V)2 + T2 (1)

AE = E — w. is the Auger electron kinetic energy rela
tive t0 w., where w.. = U;(®) — Us(*) represents the When the Auger electron is emitted perpendicular to the
resonant energy of the Auger decay transitior f in molecular axis the RXS profile collapses to a single peak
the dissociatedatomic’ region between the core excited (see Fig. 2), sincg - v = 0. Since the Doppler shift

i and finalf states. Usind\U = U;(Ry) — U;(«), the ki- is equal to zero in this case, one cannot distinguish be-
netic energy release in the dissociation may be written asveen equivalent atoms in the, @olecule. Unaffected by

Q) + AU — AE. Letting u represent the reduced massthe asymmetric 90measurement, the entangled molecu-
of the two oxygen atoms, the magnitude of the resultdar O°O + OO" state develops into the dissociated but en-
ing velocity v of each atom in the dissociative region is tangled O <~ O + O < O* state.

givenbyv = /(Q + AU — AE)/2u (directed along the The asymmetric Omeasurement, on the other hand, vio-
molecular axim). This speedy depends on the detuning lates the symmetry of the partially oriented @+ OO*

Q = w — w( of the incident photon frequeney relative  system and selects only one configuratioriOOor OO,

to the resonant frequency of the photoabsorption transitiodepending on the Auger electron energy and the direction
wo = U;(Rg) — Ey[10]. HereE, is the total energy of the of p. The asymmetric measurement process can thus be
molecule in the ground state, abg(R) is the interatomic ~ said to disentangle the state. It is important to stress that
potential. The anisotropy of RXS due to the Auger decaythe outcome of Eq. (1) does not depend on a choice of
is included in the prefactos, ,. The interference of the representation-localized or delocalized-for the core-
scattering channels through the core-hole states localizezkcited state. Rather, the change from the entangled to
on different atoms is neglected here. This approximatiorglisentangled state representations, with an accompanying

reproduces the gross spectral features of RXS [10]. destruction of the quantum correlation, must be associated
Equation (1) shows immediately that the RXS spectrunto the special measurement technique employed [28].
has a double-peak structure Studies of x-ray emission following B to o™ excita-
tion in O, showed that selection rules, resulting from core-
AE = *pv, plle (2) excited states of andu symmetry, are maintained [3,9].

In the interpretation, the x-ray emission experiment se-
when the analyzer selects Auger electrons propagating paects a delocalized representation. This means that this
allel toe. It is easy to see that the Doppler shift is equalcore-hole state of ©cannot be described with only one
to zero,p - v = 0, whenp Le. In this case the RXS pro- localized core-hole in a nonentangled statéOd* indi-
file has a one-peak structure. The distinction between twgates a core excitation), but must be treated as a coherent
detector orientationp || e andp Le can thus be used for superposition of the @ and OO states, an entangled
a direct experimental evidence of the Doppler effect. state. Out of an infinite number of representations it is the

The double-peak structure of the RXS profile is anonly one which gives scattering through independent and

experimental evidence of the core-hole localization on anoninterfering core-excited state channels. This implies a
particular atom. Wherp || v, atoms moving in opposite certain coherent superposition of the core holes, at vari-
directions—v andv will have different“Doppler labels  ance with the present case.
(Doppler shifts):—p - v andp - v. In this case only the The core-hole states can thus exhibit coherent or inco-
“towards (or“away’) atom is in resonance with the Auger herent behavior, depending upon the type of measurement.
electron, while the partial cross section for the other atonHow can these two, apparently mutually exclusive, behav-
is close to zero [see Eq. (1)]. Thus thBoppler labels iors be described in one model? In a time-independent
allow one to select contributions to the RXS cross sectiomescription of the process, the core hole is delocalized
from the core-excited state with the core hole localized abetween the atom atoms. This may be described as an
a certain atom [10]. entangled OO + OO" state. Even at large internuclear
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