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Nonlinear dispersion in resonant Auger decay of HO molecules
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We have measured the resonant Auger decay spectrum of the water molecule at thekorggen Strong
deviations from the expected linear dispersion of the participator limdsch correspond to single-hole
valence statgsare observed. In a simplified picture the effect can be attributed to the combined effect of the
intermediate- and final-state potential curvigs1050-294{®9)09302-6

PACS numbseps): 33.80.Eh, 33.70.Jg, 33.60q

I. INTRODUCTION excited by a photon band much smaller than the resonant
linewidth. (Participator processes involve the electron that
The radiationless decay of core-excited molecules has réias been excited and result in final states with a single hole
cently been studied in several cases under conditions corr@ the valence shell. Spectator processes, where the excited
sponding to the Auger equivalent of the resonant Ramarlectron is not involved, result in two-hole—one-electron fi-
effect[1-5]. The basic experimental feature is the measurenal states at lower kinetic energyWWe measure the disper-
ment of electron decay spectra following the excitation to asion relationships for decay into thé1!, 3a;*, and b, *
particular resonant core state below the ionization thresholfinal states and demonstrate strong, previously unobserved
with a photon bandwidth significantly narrower than thedeviations from linear behavior.
natural linewidth of the resonance itself. In this way, it is
possible to overcome the line broadening associated with the
short lifetime of the resonant state and to observe spectral Il. EXPERIMENT
features that would otherwise be obscured. The main results
reported to date have been line narrowing and linear energy
dispersion in the decay spectra. Although these phenomena The decay spectra have been obtained on the X1B undu-
are expected from energy conservation, the interplay beator beam line at the National Synchrotron Light Source,
tween the line shape of the photon band and the natural linBrookhaven National Laboratory. The spherical grating
shape of the resonant Auger lines has been shown to affentonochromator and the angle-resolving cylindrical mirror
the spectra in a nontrivial way. The dispersion relation forelectron energy analyzé€CMA) have been described in de-
the center of gravity of lines in the spectrum of an atom, fortail elsewherg¢7]. The decay spectra following the G-#a;
example, was considered both experimentally and theoretand O Is-2b, transitions have been recorded with 25/2%
cally by Kukk et al.[2]. Linear dispersion with a unit slope slits corresponding to a photon bandwidth of approximately
was found to be the limiting case for a narrow photon band210 meV. This slit setting does not provide the best possible
width, while in the general case symmetric deviations abouphoton bandwidti{which would be approximately 100 meV
such a straight line were observed. The dispersion relatiowith 5/5-um slits), but has been chosen to achieve a reason-
for a molecular system will be more complicated, as energyable compromise between resolution and measuring time.
can also be absorbed into vibrational degrees of freedonSince the absorption bands are very br¢ad eV) and do
Furthermore, the nature of the intermediate and final statesot show any vibrational fine structure, the spectra could be
(either bound or dissociatiyenas to be taken into account. recorded in rather large photon energy steps of 300 meV.
For resonant x-ray scatteringpoth radiative and radiation- The CMA was set at a pass energy of 80 eV, giving an
les9 from a bound molecular excited state Gel'mukhanovelectron energy resolution of 0.7 eV, again to increase the
and Agren [6] have predicted a wealth of phenomena, in-signal. All measurements were normalized with respect to
cluding the possibility of so-called anti-Raman dispersionphoton flux and target gas pressure.
i.e., the center of gravity disperses with a negative slope. We Electron decay spectra have been measured in the photon
then have the result thatcreasingthe photon energy will energy range 532.9-537.1 eV, which includes the three most
lower the energy of the scattered photon or, in the presenintense below-threshold resonances at 534.1, 535.9, and
case, of the Auger decay line. 537.1 eV, assigned as transitions from the ©ctre level to
In this article we describe the participator decay spectra ofhe empty statesa}, 2b,, and 2,, respectively. The en-
water recorded at the Osi4a; and O Is-2b, resonances ergy calibration has been made on the basis of electron-
energy-loss spectroscopy measuremdBis The photoab-
sorption curve has been reported in the literature and the
*Permanent address: Department of Chemical Sciences and Tecspectral assignment made by comparison with calculated
nologies, UniversitaTor Vergata,” 00133 Rome, Italy. terms[9]. The first two states are assigned to a mixture of

A. Experimental procedure
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FIG. 1. O Is photoabsorption curve of the water molecule mea- 4
sured in the partial electron yield mode. The three maxima corre- b3 3a} ! (b)
spond to the O 4-4a;, O1s-2b,, and O k-2b, transitions, re- 4 e :. .
spectively. The vertical bars indicate the photon energy values a 536.48 eV. %+ vos
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which decay spectra have been measured.
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antibonding molecular orbitals and Rydberg states, while the & l'.
third is a pure Rydberg state. In Fig. 1 we show an absorp- ¢
tion curve obtained in the partial electron yield mode. The =
vertical bars indicate the photon energy values at which de- 1 s3s558ev
cay spectra were recorded. We plan to give a detailed de .5 -
scription of the decay spectra including the spectator lines -
elsewherd 10].
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Figures 2a) and 2b) show the participator i; *, 3a; *, Kinetic energy (eV)
and 1b, ' lines for three photon energies spanning the O
1s-4a, transition[Fig. 2(@] and the O %-2b, transition FIG. 2. Decay spectrgpointy measured in the photon energy

[Fig. 2(b)]. These final states are also populated to somé&anges of théa) O 1s-4a; and(b) O 1s-2b, excitations. The solid
extent by direct photoionization, as can be seen from thdéines rgpresent the resu!t of a least-squares fit of three gymmetric
nonvanishing intensity outside the resonances. The spectatfgussians to the experimental data. The bold dashed lines are a
lines at lower kinetic energy are not shown. The bold dasheg_“'de to the eye connecting peak maxima at different photon ener-
lines highlight the relative shift in kinetic energy. There are9'€S:
some variations in the relative intensity of the peaks that are
related to the symmetry coupling between intermediate anthree participator lines. Although the participator lines might
final states and will be discussed elsewhgi@]. Here we  exhibit an asymmetry resulting from their vibrational enve-
emphasize the deviations from linear dispersion. In particulopes, these effects are obviously too small to be significant
lar, in Fig. 2a) all three peaks remain initially at almost in our spectra. The straight lines are not fits to the experi-
constant kinetic energy while the photon energy is change#hental points, but rather connect the first and last points in
by 600 meV but then disperse with a slope of unity when theeach plot. In all these cases, their slope turns out to be unity,
photon energy is further increased. Whereas tbgllfea- as expected for photon energies where there are no resonant
ture in Fig. 2b) also shows this “normal” behavior, i.e., its transitions into valence states.
kinetic energy changes linearly with unit slope, thbgi We notice that the 111’1 state exhibits almost linear en-
peak shows an increase in kinetic energy of 1.2 eV when thergy dispersion with unit slope over the whole photon energy
photon energy is increased by 430 meV, but then decreaséange, but with a weak deviation near the photon energy
in kinetic energy when the photon energy is further in-region of the O %-4a, resonance. The situation is quite
creased. different for the &; ! and the b, * states, for which there is
Plots of kinetic energy versus photon energy for all pho-a marked deviation from linear dispersion in the photon en-
ton energies measured are shown in Fig. 3. The vertical err@rgy ranges corresponding to the G-4a; and O Is-2b,
bars are set ta-0.15 eV, largely due to the fact that kinetic- transitions. In particular, we note that for thdagll partici-
energy steps of 0.1 eV were used to record the spectra. Hofpator line there is even a region of dispersion with a slope
zontal error bars due to thermal drift are negligible with re-greater than unity followed by one with negative slope, i.e.,
spect to the photon energy steps used. The values of thim the latter case, increasing the photon energy gives rise to a
kinetic energy at the peak centers have been obtained bydecrease in the energy of the decay line. We checked the
fitting procedure using three symmetric Gaussians for th@ossibility that the deviations from unit slope were due to the
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[13]. The main findings are that the state is unstable along
the asymmetric stretch coordinate, while th&, state has
bound potential curves for symmetric and asymmetric bond
elongation. Bond angles are similar to the ground state in
both cases. We might thus expect the first core-excited state
to decay by hydrogen abstraction, possibly on a time scale
that is comparable to electronic decay. The geometries of the
first three ionic states of water have also been calculated
usingab initio methodq 14]. Strong changes in geometry are
expected for the 8, ' and 1b,! states, the first one being
linear and the other bent to 55.%ompared to 104.5° in the
ground state A bond elongation by about 0.13 A is also
predicted for the b, * state.

522 =
Ill. INTERPRETATION

}_II r We now turn our attention to possible explanations for the
¥ observed nonlinear dispersion effects. As the shape of all
three participator lines will be determined by the unresolved
vibrational envelopes, changes in the degree of vibrational
excitation while tuning through the resonance could give rise
33'1 to a change in the center of gravity. One phenomenon that is
B known to influence the final-state vibrational distribution is
' ' ' ’ T lifetime-vibrational interferencélLV1) (see, e.g.[15]). We
54| (@ ki attempt to make plausible below, however, that the occur-
II rence of LVI is not necessary, at least not for a shift in the
_ Ii center of gravity to occur. Additionally, in the case of a
Iﬁ dissociative intermediate state, electronic decay and nuclear
522 - =i L motion might take place on similar time scales. A time-
I dependent treatment of the electronic decay on the repulsive
1 1 1 1t potential-energy surface would then be necessary; in this
II 1bl situation any kind of energy exchange between the nuclear
520 e B N A and electronic degrees of freedom is conceivable. Although
533 534 535 536 537 an explanation in these terms might describe completely the
Photon energy (eV) present phenomenon, this treatment is clearly beyond the
FIG. 3. Dispersion curves for the three participator lines corre->COP€ of thIS_ am_CIe' we will therefor_e explore some recent
sponding to théa) 1b; %, (b) 3a;*, and(c) 1b,* final states. The ideas from t|m_e-|ndepende_nt scatfte_rlng _theory to S.hOW th_at
straight lines connect the first and last data points in each plott,her('_} are pOSS'P'_e meChan'sms_ giving rise to nonlinear dis-
corresponding to linear dispersion with unit slope. persion of participator Auger lines for the cases of both
bound and dissociative intermediate states.

. . _ L .. Resonant x-ray scattering with a bound ground state, a
apparatus by performing a numerical simulation in the spirilyissociative intermediate state, and a bound final state
of Kukk et al.[2]. Symmetric deviations about the diagonal (bound-continuum-bound docb transitign$ have recently
by about 250 meV maximum amplitude were found, whichpaan considered by Gelmukhanov andrén [16]. These
can contribute, but are not sufficient, to explain our observaegits can be applied to resonant Auger decay as well. A
tions. o _ main finding is that the excitation probability to the interme-

_On examining the appearance of the absorption features iiate state as a function of energy resembles the shape of the
Fig. 1 we note that there is no resolved vibrational fine strucy qund-state vibrational wave function in real space, a result
ture, as has been reported several times in the literature f@fat has already been shown less rigorously by Herzberg
both isolated and condensed water molecules; see €.947] This is because the maximum excitation probability
[9,11]. Schirmeret al.[9] remark that both states are likely corresponds to the energy of the vertical transition from the
to be dissociative on the basis of their calculations. Ultrafasbround-state equilibrium point. The excitation probability at
dissociation following the O 4-4a, excitation has in fact qher ground-state configurations will peak at other excita-
been suggested fromHyield measurements on condensedyjon energies since the slope of the intermediate-state poten-
water[11,12. Some evidence as to the nature of these coregy| ais0 leads to differences between the potential curves at
excited states can also be obtained by analogy with valencgnese points. Thus differences in the spatial coordinates are
excited HO. The features can be compared to héB;  mapped to differences in energy and further to differences in
state corresponding to excitation of a nonbondimg &lec-  excitation probability. If we assume the evolution time on
tron into the 4, level and to the dipole-forbidden excitation the potential surface to be short compared to the electronic
into the (1b1‘12b2) A, state. Potential curves of these statesdecay time, the same mechanism will apply to decay. Stated
have been calculated using configuration-interaction methods terms of energies, this requirement means that the effec-
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& P P P It is mainly localized on the oxygen atom with lone-pair

: character, while the other two participator lines are related to

; ) p - ) the two bonding O-H orbitals. We can therefore assume that

~  hoton energy Photon energy Photon eneray the 1b; ! state couples least effectively to the resonances, so
thatbcb transitions are unimportant compared to direct tran-

sitions. As the geometry changes along the transition path
are also small, no obvious mechanism for strong vibrational
excitations viabbbtransitions exists as well. The behavior of
the other two lines is more complex. On the;4esonance a
nearly vanishing slope is observed for both. Since the latter
is most likely to be dissociative, this could provide an ex-
ample for thebcb transition path. However, for very fast
dissociation a background signal from decay events between
the dissociative parts of the potential curves should be ob-
Vibrational normal coordinate Q servable. No such features seem to be obvious in the spectra.
This conforms with the notion that dissociative forces in the
FIG. 4. Sketches of the possible interplay between the potentiajfa1 excited state are indeed not so large, a fact that leads to
curves of a dissociative intermediate state and a bound final statghe anomalous dispersion. There is no shift of the potential
Two left insets: excitation probability and average vibrational quan--,rves between the ground and final states along the anti-
tum number(v) for the “excitation-times-decay” probability(v) symmetric stretching coordinafd4]. Detuning away from
must be compared with the average vibrational quantum numper the resonance should thus sample different regions of the

(.)f the d.'reCt tr.ans't'onssna'ght line in the plot ofv)). Top insets: potential curves and lead to higher vibrational excitations, in
linear dispersion curvédashed and effects expected from resonant analo to examples for lifetime vibrational interference
vibrational quanta distributiofsolid). In an exact picture, the solid £15] 9y P

curve would join smoothly with the dashed one at the edges of th .
. Y 9 For the 2, resonance decaying to theb;Ll state, the

depicted region due to the effect of the direct transition probability. g e :
anomalous dispersion is strongest. Under the assumption of a

tive width of the resonance should be broad compared to theound intermediate state, the relation between the appropri-
lifetime broadening. Thébch) scattering probability is then ate vibrational frequencies and the experimentally observed
proportional to the square of the product of two harmonic-slope given in[6] can be invoked. Using 372 meM4] for
oscillator functions, multiplied by the photon bandpass forthe 1b, * state, we arrive at 245 meV for thé23p excited
energy conservation. Nonlinear dispersion is possible, andtate. This conforms with the expectation of a relatively
even probable, because harmonic-oscillator wave functiongeakly bound-state potential curve. However, if we assume
of higher quantum number have their maximum amplitude the lifetime broadening of the resonance to be 150 meV,
further away from the equilibrium position. For strong de- identical to that of the O 4 hole state in BHO [18], then the
tuning from the vertical frequency, the decay probability tovibrational fine structure would have been visible in the ab-
higher vibrational levels is then enhanced, which in turn re-sorption spectra of Schirmet al. [9] without an additional
duces the emitted electron energy. The situation is sketchdaroadening mechanism.
in Fig. 4, which highlights that deviations from linear disper-
sion similar to the ones observed here are possible by that
mechanism. Strong effects are expected for a shallow
(weakly dissociatingintermediate-state potential curve and  In conclusion, we present in this paper spectra showing
for a large spacing of the final-state vibrational levels. strong deviations from linear energy dispersion of features in
Even this explanation might not be completely sufficientthe decay spectrum of the core-excited states of the water
since water is a polyatomic molecule with three vibrationalmolecule. The effect cannot be explained alone by the con-
normal coordinates: It can decay along one normal coordivolution of the photon band and the line shape of the reso-
nate, but be perfectly stable with respect to the other twonanceq2]. Rather, it is attributed either to the presence of
This implies that, in the case of excitation of one of thedissociation taking place on the same time scale as the elec-
stable modes in the final state, the problem must indeed bgonic decay or to the interplay of the intermediate state with
seen as a scattering process viaaundintermediate state. the bound initial and final states. In the first case, the change
Applying the theory for bound-bound resonant x-ray scatterin slope of the dispersion curve can be related to an energy
ing (bbb transitions [6], the slope of the dispersion curve partitioning between the outgoing electron and the H atom or
would, in a first approximation, be dependent on the differ-proton, which begins to move simultaneously with electronic
ence in the intermediate- and final-state vibrational energieglecay. In the second case, it would be due to the varying
Anomalous dispersion is again possible for intermediate finagnergy separation between the intermediate state and the fi-
states having vibrational spacings much smaller than in theal states, as different regions of the potential-energy curves
final state[6]. are probed by the absorption process. It is also possible that
We now briefly discuss the results in Fig. 3 in the light of both effects occur. The latter model can be related to recent
these models. Theb];1 participator line seems to show lin- theoretical results on radiative x-ray scatterigl6], which,
ear dispersion of unit slope within the limits of the experi- strongly simplified, state that anomalous dispersion effects
mental error over the whole range investigai€ih. 3a)]. are possible for intermediate states having shallow potential
This can be tentatively explained by the nature of this statecurves compared to the final state.

<V>

x decay)

probability

(excitation
Potential energy Eqg (Q)

IV. CONCLUSION
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