
PHYSICAL REVIEW A FEBRUARY 1999VOLUME 59, NUMBER 2
Nonlinear dispersion in resonant Auger decay of H2O molecules

M. N. Piancastelli,1,* B. Kempgens,1 U. Hergenhahn,1 A. Kivimäki,2 K. Maier,1 A. Rüdel,1 and A. M. Bradshaw1
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We have measured the resonant Auger decay spectrum of the water molecule at the oxygenK edge. Strong
deviations from the expected linear dispersion of the participator lines~which correspond to single-hole
valence states! are observed. In a simplified picture the effect can be attributed to the combined effect of the
intermediate- and final-state potential curves.@S1050-2947~99!09302-6#

PACS number~s!: 33.80.Eh, 33.70.Jg, 33.60.2q
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I. INTRODUCTION

The radiationless decay of core-excited molecules has
cently been studied in several cases under conditions co
sponding to the Auger equivalent of the resonant Ram
effect @1–5#. The basic experimental feature is the measu
ment of electron decay spectra following the excitation t
particular resonant core state below the ionization thresh
with a photon bandwidth significantly narrower than t
natural linewidth of the resonance itself. In this way, it
possible to overcome the line broadening associated with
short lifetime of the resonant state and to observe spe
features that would otherwise be obscured. The main res
reported to date have been line narrowing and linear ene
dispersion in the decay spectra. Although these phenom
are expected from energy conservation, the interplay
tween the line shape of the photon band and the natural
shape of the resonant Auger lines has been shown to a
the spectra in a nontrivial way. The dispersion relation
the center of gravity of lines in the spectrum of an atom,
example, was considered both experimentally and theo
cally by Kukk et al. @2#. Linear dispersion with a unit slop
was found to be the limiting case for a narrow photon ba
width, while in the general case symmetric deviations ab
such a straight line were observed. The dispersion rela
for a molecular system will be more complicated, as ene
can also be absorbed into vibrational degrees of freed
Furthermore, the nature of the intermediate and final st
~either bound or dissociative! has to be taken into accoun
For resonant x-ray scattering~both radiative and radiation
less! from a bound molecular excited state Gel’mukhan
and Ågren @6# have predicted a wealth of phenomena,
cluding the possibility of so-called anti-Raman dispersio
i.e., the center of gravity disperses with a negative slope.
then have the result thatincreasingthe photon energy will
lower the energy of the scattered photon or, in the pres
case, of the Auger decay line.

In this article we describe the participator decay spectra
water recorded at the O 1s-4a1 and O 1s-2b2 resonances

*Permanent address: Department of Chemical Sciences and T
nologies, Universita` ‘‘Tor Vergata,’’ 00133 Rome, Italy.
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excited by a photon band much smaller than the reson
linewidth. ~Participator processes involve the electron th
has been excited and result in final states with a single h
in the valence shell. Spectator processes, where the ex
electron is not involved, result in two-hole–one-electron
nal states at lower kinetic energy.! We measure the disper
sion relationships for decay into the 1b1

21, 3a1
21, and 1b2

21

final states and demonstrate strong, previously unobse
deviations from linear behavior.

II. EXPERIMENT

A. Experimental procedure

The decay spectra have been obtained on the X1B un
lator beam line at the National Synchrotron Light Sourc
Brookhaven National Laboratory. The spherical grati
monochromator and the angle-resolving cylindrical mirr
electron energy analyzer~CMA! have been described in de
tail elsewhere@7#. The decay spectra following the O 1s-4a1
and O 1s-2b2 transitions have been recorded with 25/25-mm
slits corresponding to a photon bandwidth of approximat
210 meV. This slit setting does not provide the best poss
photon bandwidth~which would be approximately 100 meV
with 5/5-mm slits!, but has been chosen to achieve a reas
able compromise between resolution and measuring ti
Since the absorption bands are very broad~'1 eV! and do
not show any vibrational fine structure, the spectra could
recorded in rather large photon energy steps of 300 m
The CMA was set at a pass energy of 80 eV, giving
electron energy resolution of 0.7 eV, again to increase
signal. All measurements were normalized with respect
photon flux and target gas pressure.

Electron decay spectra have been measured in the ph
energy range 532.9–537.1 eV, which includes the three m
intense below-threshold resonances at 534.1, 535.9,
537.1 eV, assigned as transitions from the O 1s core level to
the empty states 4a1 , 2b2 , and 2b1 , respectively. The en-
ergy calibration has been made on the basis of elect
energy-loss spectroscopy measurements@8#. The photoab-
sorption curve has been reported in the literature and
spectral assignment made by comparison with calcula
terms @9#. The first two states are assigned to a mixture

ch-
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PRA 59 1337NONLINEAR DISPERSION IN RESONANT AUGER . . .
antibonding molecular orbitals and Rydberg states, while
third is a pure Rydberg state. In Fig. 1 we show an abso
tion curve obtained in the partial electron yield mode. T
vertical bars indicate the photon energy values at which
cay spectra were recorded. We plan to give a detailed
scription of the decay spectra including the spectator li
elsewhere@10#.

B. Experimental results

Figures 2~a! and 2~b! show the participator 1b1
21, 3a1

21,
and 1b2

21 lines for three photon energies spanning the
1s-4a1 transition @Fig. 2~a!# and the O 1s-2b2 transition
@Fig. 2~b!#. These final states are also populated to so
extent by direct photoionization, as can be seen from
nonvanishing intensity outside the resonances. The spec
lines at lower kinetic energy are not shown. The bold das
lines highlight the relative shift in kinetic energy. There a
some variations in the relative intensity of the peaks that
related to the symmetry coupling between intermediate
final states and will be discussed elsewhere@10#. Here we
emphasize the deviations from linear dispersion. In parti
lar, in Fig. 2~a! all three peaks remain initially at almos
constant kinetic energy while the photon energy is chan
by 600 meV but then disperse with a slope of unity when
photon energy is further increased. Whereas the 1b1

21 fea-
ture in Fig. 2~b! also shows this ‘‘normal’’ behavior, i.e., it
kinetic energy changes linearly with unit slope, the 1b2

21

peak shows an increase in kinetic energy of 1.2 eV when
photon energy is increased by 430 meV, but then decre
in kinetic energy when the photon energy is further
creased.

Plots of kinetic energy versus photon energy for all ph
ton energies measured are shown in Fig. 3. The vertical e
bars are set to60.15 eV, largely due to the fact that kinetic
energy steps of 0.1 eV were used to record the spectra. H
zontal error bars due to thermal drift are negligible with
spect to the photon energy steps used. The values of
kinetic energy at the peak centers have been obtained
fitting procedure using three symmetric Gaussians for

FIG. 1. O 1s photoabsorption curve of the water molecule me
sured in the partial electron yield mode. The three maxima co
spond to the O 1s-4a1 , O 1s-2b2 , and O 1s-2b1 transitions, re-
spectively. The vertical bars indicate the photon energy value
which decay spectra have been measured.
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three participator lines. Although the participator lines mig
exhibit an asymmetry resulting from their vibrational env
lopes, these effects are obviously too small to be signific
in our spectra. The straight lines are not fits to the exp
mental points, but rather connect the first and last points
each plot. In all these cases, their slope turns out to be un
as expected for photon energies where there are no reso
transitions into valence states.

We notice that the 1b1
21 state exhibits almost linear en

ergy dispersion with unit slope over the whole photon ene
range, but with a weak deviation near the photon ene
region of the O 1s-4a1 resonance. The situation is quit
different for the 3a1

21 and the 1b2
21 states, for which there is

a marked deviation from linear dispersion in the photon
ergy ranges corresponding to the O 1s-4a1 and O 1s-2b2

transitions. In particular, we note that for the 1b2
21 partici-

pator line there is even a region of dispersion with a slo
greater than unity followed by one with negative slope, i.
in the latter case, increasing the photon energy gives rise
decrease in the energy of the decay line. We checked
possibility that the deviations from unit slope were due to

-
-

at

FIG. 2. Decay spectra~points! measured in the photon energ
ranges of the~a! O 1s-4a1 and~b! O 1s-2b2 excitations. The solid
lines represent the result of a least-squares fit of three symm
Gaussians to the experimental data. The bold dashed lines a
guide to the eye connecting peak maxima at different photon e
gies.
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1338 PRA 59M. N. PIANCASTELLI et al.
apparatus by performing a numerical simulation in the sp
of Kukk et al. @2#. Symmetric deviations about the diagon
by about 250 meV maximum amplitude were found, whi
can contribute, but are not sufficient, to explain our obser
tions.

On examining the appearance of the absorption feature
Fig. 1 we note that there is no resolved vibrational fine str
ture, as has been reported several times in the literature
both isolated and condensed water molecules; see
@9,11#. Schirmeret al. @9# remark that both states are like
to be dissociative on the basis of their calculations. Ultraf
dissociation following the O 1s-4a1 excitation has in fact
been suggested from H1 yield measurements on condens
water@11,12#. Some evidence as to the nature of these co
excited states can also be obtained by analogy with vale
excited H2O. The features can be compared to theÃ 1B1
state corresponding to excitation of a nonbonding 1b1 elec-
tron into the 4a1 level and to the dipole-forbidden excitatio
into the (1b1

212b2) 1A2 state. Potential curves of these sta
have been calculated using configuration-interaction meth

FIG. 3. Dispersion curves for the three participator lines cor
sponding to the~a! 1b1

21, ~b! 3a1
21, and~c! 1b2

21 final states. The
straight lines connect the first and last data points in each p
corresponding to linear dispersion with unit slope.
it
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@13#. The main findings are that theÃ state is unstable along
the asymmetric stretch coordinate, while the1A2 state has
bound potential curves for symmetric and asymmetric bo
elongation. Bond angles are similar to the ground state
both cases. We might thus expect the first core-excited s
to decay by hydrogen abstraction, possibly on a time sc
that is comparable to electronic decay. The geometries of
first three ionic states of water have also been calcula
usingab initio methods@14#. Strong changes in geometry a
expected for the 3a1

21 and 1b2
21 states, the first one bein

linear and the other bent to 55.7°~compared to 104.5° in the
ground state!. A bond elongation by about 0.13 Å is als
predicted for the 1b2

21 state.

III. INTERPRETATION

We now turn our attention to possible explanations for
observed nonlinear dispersion effects. As the shape of
three participator lines will be determined by the unresolv
vibrational envelopes, changes in the degree of vibratio
excitation while tuning through the resonance could give r
to a change in the center of gravity. One phenomenon tha
known to influence the final-state vibrational distribution
lifetime-vibrational interference~LVI ! ~see, e.g.,@15#!. We
attempt to make plausible below, however, that the occ
rence of LVI is not necessary, at least not for a shift in t
center of gravity to occur. Additionally, in the case of
dissociative intermediate state, electronic decay and nuc
motion might take place on similar time scales. A tim
dependent treatment of the electronic decay on the repul
potential-energy surface would then be necessary; in
situation any kind of energy exchange between the nuc
and electronic degrees of freedom is conceivable. Althou
an explanation in these terms might describe completely
present phenomenon, this treatment is clearly beyond
scope of this article. We will therefore explore some rec
ideas from time-independent scattering theory to show
there are possible mechanisms giving rise to nonlinear
persion of participator Auger lines for the cases of bo
bound and dissociative intermediate states.

Resonant x-ray scattering with a bound ground state
dissociative intermediate state, and a bound final s
~bound-continuum-bound orbcb transitions! have recently
been considered by Gel’mukhanov and A˚ gren @16#. These
results can be applied to resonant Auger decay as wel
main finding is that the excitation probability to the interm
diate state as a function of energy resembles the shape o
ground-state vibrational wave function in real space, a re
that has already been shown less rigorously by Herzb
@17#. This is because the maximum excitation probabil
corresponds to the energy of the vertical transition from
ground-state equilibrium point. The excitation probability
other ground-state configurations will peak at other exc
tion energies since the slope of the intermediate-state po
tial also leads to differences between the potential curve
these points. Thus differences in the spatial coordinates
mapped to differences in energy and further to difference
excitation probability. If we assume the evolution time o
the potential surface to be short compared to the electro
decay time, the same mechanism will apply to decay. Sta
in terms of energies, this requirement means that the ef

-
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PRA 59 1339NONLINEAR DISPERSION IN RESONANT AUGER . . .
tive width of the resonance should be broad compared to
lifetime broadening. The~bcb! scattering probability is then
proportional to the square of the product of two harmon
oscillator functions, multiplied by the photon bandpass f
energy conservation. Nonlinear dispersion is possible, a
even probable, because harmonic-oscillator wave functi
of higher quantum numberv have their maximum amplitude
further away from the equilibrium position. For strong d
tuning from the vertical frequency, the decay probability
higher vibrational levels is then enhanced, which in turn
duces the emitted electron energy. The situation is sketc
in Fig. 4, which highlights that deviations from linear dispe
sion similar to the ones observed here are possible by
mechanism. Strong effects are expected for a shal
~weakly dissociating! intermediate-state potential curve an
for a large spacing of the final-state vibrational levels.

Even this explanation might not be completely sufficie
since water is a polyatomic molecule with three vibration
normal coordinates: It can decay along one normal coor
nate, but be perfectly stable with respect to the other tw
This implies that, in the case of excitation of one of th
stable modes in the final state, the problem must indeed
seen as a scattering process via abound intermediate state.
Applying the theory for bound-bound resonant x-ray scatt
ing ~bbb transitions! @6#, the slope of the dispersion curv
would, in a first approximation, be dependent on the diffe
ence in the intermediate- and final-state vibrational energ
Anomalous dispersion is again possible for intermediate fi
states having vibrational spacings much smaller than in
final state@6#.

We now briefly discuss the results in Fig. 3 in the light
these models. The 1b1

21 participator line seems to show lin
ear dispersion of unit slope within the limits of the exper
mental error over the whole range investigated@Fig. 3~a!#.
This can be tentatively explained by the nature of this sta

FIG. 4. Sketches of the possible interplay between the poten
curves of a dissociative intermediate state and a bound final s
Two left insets: excitation probability and average vibrational qua
tum number̂ v& for the ‘‘excitation-times-decay’’ probability.̂v&
must be compared with the average vibrational quantum numbevd

of the direct transitions~straight line in the plot of̂ v&!. Top insets:
linear dispersion curve~dashed! and effects expected from resonan
vibrational quanta distribution~solid!. In an exact picture, the solid
curve would join smoothly with the dashed one at the edges of
depicted region due to the effect of the direct transition probabil
e
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It is mainly localized on the oxygen atom with lone-pa
character, while the other two participator lines are related
the two bonding O-H orbitals. We can therefore assume
the 1b1

21 state couples least effectively to the resonances
that bcb transitions are unimportant compared to direct tra
sitions. As the geometry changes along the transition p
are also small, no obvious mechanism for strong vibratio
excitations viabbb transitions exists as well. The behavior
the other two lines is more complex. On the 4a1 resonance a
nearly vanishing slope is observed for both. Since the la
is most likely to be dissociative, this could provide an e
ample for thebcb transition path. However, for very fas
dissociation a background signal from decay events betw
the dissociative parts of the potential curves should be
servable. No such features seem to be obvious in the spe
This conforms with the notion that dissociative forces in t
4a1 excited state are indeed not so large, a fact that lead
the anomalous dispersion. There is no shift of the poten
curves between the ground and final states along the a
symmetric stretching coordinate@14#. Detuning away from
the resonance should thus sample different regions of
potential curves and lead to higher vibrational excitations
analogy to examples for lifetime vibrational interferen
@15#.

For the 2b2 resonance decaying to the 1b2
21 state, the

anomalous dispersion is strongest. Under the assumption
bound intermediate state, the relation between the appro
ate vibrational frequencies and the experimentally obser
slope given in@6# can be invoked. Using 372 meV@14# for
the 1b2

21 state, we arrive at 245 meV for the 2b2/3p excited
state. This conforms with the expectation of a relative
weakly bound-state potential curve. However, if we assu
the lifetime broadening of the resonance to be 150 m
identical to that of the O 1s hole state in H2O @18#, then the
vibrational fine structure would have been visible in the a
sorption spectra of Schirmeret al. @9# without an additional
broadening mechanism.

IV. CONCLUSION

In conclusion, we present in this paper spectra show
strong deviations from linear energy dispersion of feature
the decay spectrum of the core-excited states of the w
molecule. The effect cannot be explained alone by the c
volution of the photon band and the line shape of the re
nances@2#. Rather, it is attributed either to the presence
dissociation taking place on the same time scale as the e
tronic decay or to the interplay of the intermediate state w
the bound initial and final states. In the first case, the cha
in slope of the dispersion curve can be related to an ene
partitioning between the outgoing electron and the H atom
proton, which begins to move simultaneously with electro
decay. In the second case, it would be due to the vary
energy separation between the intermediate state and th
nal states, as different regions of the potential-energy cur
are probed by the absorption process. It is also possible
both effects occur. The latter model can be related to rec
theoretical results on radiative x-ray scattering@6,16#, which,
strongly simplified, state that anomalous dispersion effe
are possible for intermediate states having shallow poten
curves compared to the final state.
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