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Vibrationally resolved spectra have been obtained for the lowest-lying cationic staBss A ?A,

and 8282 of the water molecule reached after participator resonant Auger decay of core-excited
states. The angular distribution has been measured of the first four vibrational components of the X
state in the photon energy regions including the ©-4s, and the O 1s-2b, core excitations, and

for different portions of the vibrational envelope of the B state in the photon energy region including
the O 1s—2b, core excitation. For the X state, a large relative spread wralues of the different
vibrational components is observed across both resonances. For the B state, a very different trend is
observed for the high binding energy side and the low binding energy side of the related spectral
feature as a function of photon energy. A theoretical method based on the scattering K matrix has
been used to calculate both the photoabsorption spectrum ang tedues, by taking both
interference between direct and resonant photoemission and vibrational/lifetime interference into
account. The numerical results show qualitative agreement with the trends detected in the
experimental values and explain the conspicuous variations gB thedues primarily in terms of
coupling between direct and resonant photoemission by interaction terms of different sign for
different final vibrational states. @005 American Institute of PhysidDOI: 10.1063/1.1850898

I. INTRODUCTION ric and symmetric, respectively, combination with the H 1s

. . orbitals.
The water molecule has been extensively studied largely . L
Despite all efforts, there is still much more to learn about

because of its relative simplicity and biological importance.

The electron configuration of the ground state is well estab;his molecule. High-resolution synchrotron facilities permit
lished and can be written as the observation of vibrational structures for cationic states

) 1 reached via resonant Auger transitions. In particular, studies
16&26&1@3%1@( Al)' of the photon energy and angular dependence of the vibra-

where 1a corresponds to the O 1s orbital and, 2 largely tional excitations provide a wealth of new information about
due to the O 2s orbital. The 1lrbital is mainly associated the photoionization process and the electronic structure of
with the out-of-plane O 2patomic orbital while 1pand 332  the molecule.

are mainly in-plane O 2pand O 2p orbitals in antisymmet- Early studies of angular distributions of photoejected
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electrons from atoms and molecules concerned photoionizaolarization plane of the photons. From these data we have

tion of valence electrons in the direct ionization and autoionbeen able to extract information concerning the angular dis-

ization regions-2 By using synchrotron radiation and beam- tribution of the emitted Auger electrons.

line techniques the studies have been extended to inner-shell In order to analyze some of the experimental data we

photoemissioh® and resonant Auger emissién.Few stud- have proposed a theoretical one-step model to describe the

ies focus on resonant Auger emission of molecules and hav&sonant Auger angular distribution, taking into account both

been carried out for (,;|5 Cco/ HC12® and |\b-10 Investiga- the vibrational/lifetime interference and the interference be-

tions of angular distributions involving individual vibrations tWeen direct and resonant photoemission. The calculations

within a resonant Auger final state have so far only beerf'® shown to reproduce q_uahtatlvely the main trends with the

performed on CG*2 A photon energy dependence of the Photon energy observed in tigevalues.

angular distribution of different vibrational states has been

observed for CO when exciting to different intermediate|; ExpERIMENTAL METHODS

states? In vibrationally resolved measurements on (Ref.

11) it has been found that the angular distribution varies  The data were acquired at beamline 27SU at SPring-8

between different vibrational final states. This behavior wad!Sing a figure-8 type undulator producing hggizontglly and

attributed mainly to contributions from direct photoioniza- Vertically polarized light at different O_Veftoné_%- The light

tion, but no explicit theoretical analysis was presented. 'S mor;gchromaﬂzgd using a variable line-space plane
For valence studies, it is well known that the variation of 9ating:" The polarization was determined from a separate

the angular distribution as a function of photon energy can b xptirlmen3(8 a?d I ;\_/?s fo??ﬁ tlhat twas n:)t entlrelyl Imez?rth
substantially influenced by autoionization proce§§‘e]s7.The orthe present condition ofthe large acceplance angles ot the

. N ) oton beam. The degree of polarization is estimated for the
reason is that the autoionization resonance causes d|ffere5

enhancement and phase shift of different contributions to the ® and 0° polarization as 0.95+0.05 and 0.82+0.02. This
ap ! : IDUNONS 10 TG, accounted for in the procedure to determineghel-
complex amplitude of the relevant photoionization

8-20 . .. .
channef.”**We will show that this is also the case for the ™o gleciron spectrometer is a high-resolution Scienta

resonant Auger emission involving the core excitation.sEg.2002 instrument employing a hemispherical electron
Moreover, it is expected that resonant Auger emission Sho"énergy analyzer. The lens and entrance slit system of the
different angular anisotropy from normal Auger emission.gpectrometer are placed in the horizontal plane: the entrance
The angular anisotropy should be larger in the resonant Aug|it is parallel to the incoming photon beam direction while
ger case, where only one electron carries away angular mehe lens axis is perpendicular to it. The resulting linewidth in
mentum, in contrast with the normal Auger case where theéhe resonant Auger spectra of® was about 0.14 eV.

initial photoelectron can carry away some of the anisotropy  These experiments were performed under resonant Ra-
of the excitation procest?’™?® The lifetime of the core- man conditions, which means that the incident photon energy
excited state as well as vibrational/lifetime and direct-distribution, 100 meV full width at half maximutFWHM),
resonant path interference effects may also affect the angulé narrower than the lifetime width of the excited state, 155

distribution of resonant Auger emissioh. meV FWHM. Since the resonant Auger electron energy dis-
It is worth to note the following with some relevance to tribution is determined by the product of the photon energy
the present study. distribution and the lifetime broadening of the excited state,

In studies of rare gas atoﬁ'?s‘l_27 and metal vapor subnatural lifetime widths may be obtained. Also, it allows

trons has been found to be strongly affected by many€n€rgy surface.

electron interactions. For /8, it has been found that the There may be sources of error that would affect the re-
nature of the excited orbital influences the angular distribuSUlts presented below. When changing the angle between the
tion even when the symmetries of the states involved an!J;)olanzatlon plane of the photons and the spectrometer, there
alike*° A similar effect has been noted for HCI, where the 'S @ change in the phO‘OF‘ energy that n_eed_s to be compen-
angular distribution from two different intermediate statesSated for. Changing the direction of polarization can be done

having the same symmetry was found to differ. by changing the undulator gap and selecting a different over-

In the present study, we have recorded vibrationally re_tone, without changing the settings of the monochromator

and the electron spectrometer. Changing the undulator gap
solved ‘resonant Auger electron spectra ojOton and however causes the change of heat load for the optics and the
around the O 1s:4a and —2hb, resonances. The O 1s

B - ~ temperature of the grating changes. This causes the change,
—>4a12 resonance is dissociative on a femtosecond timeyt the order of tens of meV, in photon energy passing
scalé” whereas the O Ls 2b, resonance is more long lived. through the monochromator. To compensate for this energy
It displays vibrational structure at low excitation energies ghift, we frequently recorded the ion yield spectrum, before
but there are indications that it may become dissociative aind after recording the electron spectra, as well as in be-
higher excitation energi€$.The final states considered are tween. For this ion yield measurement, we have used a total-
the first three participator decay states corresponding to thien detector located upstream the electron spectrometer at the
X(1bY), A(3ah), and B1b,Y) cationic states. The measure- beamline®® Also, by checking the energy of the participator
ments have been performed at 0° and 90° relative to théuger electrons of each recorded spectrmnsitu, we have
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FIG. 1. Absorption spectrum of 0 measured in the partial electron yield
mode below the O 1s ionization threshold. The dots indicate the photon
energies at which resonant Auger spectra have been obtained.

confirmed that the photon energy is indeed the one we set.
Whenever we found the energy shift in the electron spec-
trum, we compensated it by adjusting the photon energy so
that the electron kinetic energy coincides with the one we
want. We know from several investigations that by this pro-

cedure the photon energy in any given electron spectrum is 3 534.18
constant within £20 meV at most. )

Intensity [arb. units]

X3 e 533.93

Ill. EXPERIMENTAL RESULTS

Figure 1 shows the total ion yield of @ measured over 5 XS,,-“"-\‘ 533.55
the O 1s-4a, —2b,, and —2b; resonances. The photon o R
energy scale has been calibrated by comparison with previ- \ .
ous measurements.The photon energy values at which RS 53332
electron decay spectra have been obtained are marked by i
dots. Figure 2 shows the resonant Auger spectra taken with Nooxe ol 532 93

horizontally and vertically polarized radiation tuning over
the 4g and 2b intermediate states. The photon energies used
for this figure are marked in the partial electron yield spec-
trum in Fig. 1. The three spectral structures originate fromgi. 2. Resonant Auger spectra measured with horizontalbgted ling
participator decay involving the three lowest-lying single-and vertically (solid line) polarized radiation. The photon energy values
hole states X 1p‘t 2511 A 3a;l 2A1’ and B 1§l ZBZ. Figure correspond to the positions marked in Fig. 1.
3 shows the enlarged off- and on-resonance spectra for both
intermediate states. The spectra have been normalized to te&etching normal mode, which consists of only four peaks in
intensity of the first vibrational peak associated with thedirect photoemissioﬁ? extends over a wide energy range
O 1s— 2b, spectrum obtained for horizontal polarization. As and crosses the broad peak associated to thefal state.
can be seen, the participator decay to thg'fmal state is  In addition to the progression from the mode, one can
accompanied by extended vibrational structure while tuningobserve some weak lines originating from thg bending
over both resonances. In contrast, thg'3state resonates mode. Very few vibrational modes can be seen for this latter
when the photon energy is on top of the O-1dg, interme- mode, which implies that the molecule does not bend much
diate state while the gﬂ) final state is greatly enhanced on in the intermediate core-excited state. The extengdesym-
the O 1s—2b, resonance. metric stretching mode on the other hand shows that the
Excitations of the O—H symmetric stretching vibrational molecule exhibits much dynamical behavior during the same
mode v, are clearly observed for the outermost{itﬁinal short(a few femtosecondgime interval.
state. The number of quanta increases across both reso- The energies of the; progression are shown in Table I.
nances, which suggests that the molecular equilibrium geoniFhe vibrational constants, obtained by fitting a parabolic
etry of the core-excited state differs from that in the finalpolynomial in(v+1/2) to these data, ar@,=0.4064 eV and
state. In Fig. 4, we present a high-resolution resonant Auge®x,=0.0043 eV. These values are slightly larger than the
spectrum of the 1f final state, taken at a photon energy, valuesw,=0.396 eV andv.x,=0.0039 eV obtained from IR
535.95 eV*? tuned to the top of the O 1s2b, resonance. measurement¥, but rather close to previous values from
The vibrational progression associated with theymmetric ~ UV-photoelectron spectroscofyThe discrepancies may be

1 T T
12 14 16 18 20 22
Binding energy [eV]
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TABLE |. Vibrational energies in the resonant Augearticipatoj electron
H>O RAS band of the X1b;?) final state.
1b 102
1 Vibrational quantum number Binding ener¢gV)
@ O1s-2by 0 12.622
g .................. hv = 535.95 eV 1 13.029
g 2 13.420
% 3 13.797
= O1s-4a, 4 14.166
PC), x3 . hv=‘534.18 eV 5 14.528
£ 6 14.879
7 15.240
off resonance
- hv =500 eV
12 14 16 18 20 22 order to remove direct contributions to the intensity arising
Binding energy [eV] from this state. The first four vibrational peaks were fitted

under the assumption that the vibrational energy separations

FIG. 3. Off- resonance spectrum and on-resonance spectra obtained at phgre identical to those in Table | for each resonant Auger
ton energies corresponding to the top of the O-14g,, O 1s—2b, inter- transition

mediate states, respectively, with horizontal polarizatisalid line) and )
vertical polarizationdotted ling. The spectra have been normalized to the The resulting photoelectron asymmetry parameter for the

intensity of the first vibrational peak obtained for horizontal polarization. 1b11 final state, obtained at several points across the O 1s
—4g and—2h, resonances, is shown in Fig. 5. Apparently,

explained by the uncertainty in the line positions in the electhere is a large variation in the asymmetry for the different
tron spectra due to the extensive rotational substructure. Antibrational components. All vibrations excef,0,0 have
other source of uncertainty is the presence of thlé gmtein @ low B value across each resonance, in partlcular_for the
the case of the higher vibrational components. O 1s—4g resonance, where most values are negative. For

We have studied the angular dependence of the first four
vibrations of the 1p' final state and used the well-
established equation

0.6 1
O1s—>4a1

do Ototal B
—=——|1+—(3Pcos2+1 1
dQ  A4x 4( ) @) 0.4 | —

to obtain the photoelectron asymmetry paramgkéf
In this expression, @/d() is the differential cross sec-

tion, 6 is the angle between the detected electron and the
plane of the radiation, and P is the degree of plane polariza:
tion. For the 90° and 0° directions, values of P are 0.82 and
0.95, respectivel§? In order to obtain the relative intensities 0.2
of the structures, a linear background has been subtracte

from the data. In addition, the fitting procedure included a

T T T T T
region containing a large portion of the 3dinal state in 5323 533.3 534.3 535.3 536.3
Photon energy [eV]

8
o 0.2
m

(=]

.0 A

HoO 1 v,"=0 H,O
= RAS
—_ c 1b, final state
0 ]
€ e}
> [
£ 5,
3, =
5] =
£ £
v'=0 v'=1 v'=2
12.0 125 13.0 13.5 14.0
T T T T T T Blndlng energy [eV]
521.0 521.5 522.0 522.5 523.0 523.5
Kinetic energy [eV] FIG. 5. Top: asymmetry paramet@rderived for the first four vibrational
components A, B, C, and D of the(3b;") state in the photon energy region
FIG. 4. High-resolution resonant Auger spectrum of tr(ébgl) state, ob-  including the O 1s»4a and O 1s-2b, resonances. Bottom: resonant Au-
tained at a photon energy of 535.95 eV, corresponding to the maximum ofer spectrum for the ¥b;%) state, showing the symbols used in the top part
the O 1s—2b, resonance. for the first four vibrational peaks.
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the off-resonance spectrum as well as when tuning over the
4 intermediate state. This is, however, not the case when
18 oV tuning over the 2pintermediate state. There is a very clear
dependence on the intermediate state.

There are several sources of error which can affect the
determination of theB values for the different vibrational
components of the Ltstate. To compensate for the influence

Beta

resof;nce of the neighboring and partially overlapping spectral feature
related to the 3afinal state, an extended region including
this final state has been used in the curve fitting of the 1b
final state as can be seen in Fig. 4. This is done so that the
below background can be properly determined. The effect is stron-
, , , , , ,189\/ gest for the v4 peak but also the v3 is affected on top of the
535.73 535.83 535.93 536.03 536.13 536.23 536.33 O 1s to 4q and 2B resonances. The uncertainty is therefore
Photon energy [eV] higher for these two final state vibrations.
The first three components of the bending mode vibra-
H,0 tional substructure are included in the fitting. As these are
RAS well known from previous worK8 their position as well as
1b, final state intensity can be very well accounted for and therefore induce

a negligible error in the determination @f for the stretch
mode vibrations.

Any difference in efficiency due to, e.g., beam position
at the two different polarization angles can be discovered by
performing normal Auger at the two angles, normalizing to
the intensity of the radiation, and comparing the two spectra.
This provided a value of a 2% difference between the polar-

Intensity [arb. units]

16 17 18 19 20 21 izations.

Binding energy [eV] The largest source of error in the calculation of the pho-
toelectron asymmetry parameter originates in the determina-
spectral feature related to the(Bx") state(see textin the photon energy  tion of the partial cross sections of the features studied. To
region of the O 1s-2b, resonance. Bottom: resonant Auger spectrum for estimate the error for the 1binal state a fitting routine has
the B(1b,") state, showing the symbols used in the top part for the differentheen used allowing an extraction of the standard deviation

T
FIG. 6. Top: asymmetry paramet@ derived for several portions of the

portions of the peak. for each parameter used in the original fitting of each spec-

trum. This gives an error that is on the order of 10% for the

the first vibration(0,0,0, A is essentially positive and seems different fitted peaks, where the features with a low signal to
to increase gradually with increasing photon energy. Thidackground ratio are a bit higher while the on-resonance fea-
deviating behavior may be due to a contribution from directlures are lower. The final error in the determination of the
photoionization and even interference effects as previouslarameter then is on the order of £15%. If this is applied to
observed for the photoionization branching ratios ofthe graph of the 1pfinal state in Fig. 5 it is clear that the
neon*** argon?®“*®and CO* where the relative intensities general trends of the variation in tiieparameter remains the
of some final states displayed marked differences when turz@mMe.

ing the photon energy on and around the core excitation reso- D&términing the error for the Liinal state is more dif-
nance. ficult as theB parameter was found by observing how dif-

There is also a large variation of the intensity of the ferent areas of the spectral structure changed with the photon

1b51 2Bz final state as the photon energy is tuned across thgneray. Here the_ error is most Iikel)_/ larger _than for th.q 1b
O 1s— 2b, resonance. The shape of the band changes, witﬂ”a! state but this still cannot explfaun_the differences in bg-
the center of gravity of the structure shifting towards higher@vior below and above 18 eV binding energy as seen in
binding energy, as the photon energy is increases Fig. Fig. 6

2). The photoelectron asymmetry parameter obtained for this

state is shown in Fig. 6. Since this band is not clearly vibra{V. THEORETICAL METHODS AND RESULTS

tionally resolved, the asymmetry parameter was obtained by
dividing the structure into several different binding energy
sections and taking the area of each section. The center
each section is marked in the figure. As can be seen, fot
binding energies below 18 e\ varies with the photon en-
ergy in a remarkable different manner than for the highe

In the Born—Oppenheimer approximation the vibronic
&If (electronig, y (vibrationa)] wave functions for the
round, the intermediatéresonant and the final (con-
inuum) states of a resonant photoemission process in a mol-
recule can be written, respectively, as

binding energies. 19,0 =[¥)|x3 (ground, (2
As seen in Fig. 2, the electron emission associated with
the 15" final state is apparently isotropically distributed in Ir,i)=|P)x]) (resonant, (3)
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If,i) = |xpf>|le> (final). (4) nance as large as several times the linewidth of the reso-
] o o nance. The direct and resonant amplitudes add up with posi-
Following the Franck—Condo(FC) principle, we will write  tjye interference on one side of the resonance and negative
the dipole transition moments for transitions from the groundnterference on the other side; this gives origin to the well
state to the final and the resonant state, respectively, as  known asymmetry of the resonant photoemissi®ang
.18 - . .
(9, 0F[f,]) ~ (W[F[¥e), r (X3 Xf> =t,Fg (5) profile”™® The deviation from the symmetri¢Lorentzian
ol g| i "Ro 0 IR profile obtained by neglecting the direct term is rather small
A . but it may lead, anyway, to a relevant energy dependence of
~ PN =t FI
(9,0F[r,i) ~ (Wo[f[ W) g (XIXDR = LS, ®  ihe valence photoemission branching ratios, as was proved

and the Coulomb coupling between resonant and final corRY an experimental and theoretical investigation on resonant

tinuum states as photoemission around a core-excited state of @®ef. 47
. . and recently recognized also for atofiig? following the
(iHIE ) ~ (W Heied o g (X XDR = VIFT, (7)  pioneer measurements on &r.

We already pointed out that, as well as the ionization
wheret is an electronic transition dipole moment aRds an  pranching ratios, thg parameter is given by a ratio of linear
overlap between vibrational wave functions. In EG®—~7)  combinations of partial waves amplitudes. Depending on
the subscripts andR indicate that the integrations are per- symmetry selection rules, some of these amplitudes will have
formed, respectively, on the electronic and nuclear COOI’dia resonant' energy dependent contribution for photon ener-
nates, whileR, indicates that the nuclear coordinates aregies around the core excitation, giving origin to an energy
fixed at the equilibrium geometry of the ground state. Thegependenp. Again, as in the case of the branching ratios, it
assumption of a negligible dependence from the nuclear ggs the presence of a ratio in the expression of the molecular
ometry in the FC re%ig)n is well justified, in the present CON-properties, the anisotropy parameter in the present case,
text, both fort andV. _ o which amplifies the effect of the interference between direct

The amplitude for the direct photoemission processang resonant amplitude. Therefoge which is practically
(away from any resonangés proportional totiFgj. For the  constant for photon energies far away from the core reso-
calculation of the angular distribution parameggrthe elec-  nance where the direct ionization is dominant, turns out to be
tronic final state in the continuumy) is conveniently de-  gyrongly energy dependent for detunings from the resonance
composed in partial waves anlis obtained as a ratio of g |arge as 1 eV, where the resonant contribution to some

linear combinations of dipole transition moments betweery,tia| wave amplitudes still remains larger or comparable to
ground state and partial waves, i.e., a linear combination of,e direct contribution.

partial waves amplitudedsg.For a given final vibrational state In order to verify quantitatively the hypothesized effect

f . . gf . . ; ) - . -
[xj), the vibrational factog; is the same for each one of B of both vibrational/lifetime interference and interfer-
these dipole transition moments; as a consequence it does NQice petween direct and resonant photoemission, we consid-
affect the ratio and thug, in the Born-Oppenheimer ap- a4 4 one-step theoretical model for resonant photoemission
p_rOX|r_nat|on, results to have the same value for each fln"ﬁlncluding one or two(i=1,2) vibronic states corresponding
vibrational state. In the case of high photoelectron energy, he same electronic core resonafidemerged in the high

for instance for photon energies in the region of core exc'taénergy continuddifferent partial wavesdue to the ioniza-

tions, the dipole transition moments for valence ionizationtion of a valence sheff leaving the molecule in a specific
have a weak energy dependence. Fhparameter for direct vibrational statej. The interaction of a number of discrete

valer]ce ionization is a]most constant, in a range of a few eVstates and a number of continua can be conveniently de-
for high photon energies away from the resonance.

The situation is diff i th t val scribed, from a computational point of view, by a theoretical
e situation is different in the case of valence resonanFnethod based on the scattering K-matrix approach projected

photoemission, e.g., at photon energies close to that of 8n a basis set, which has already been extensively applied to

core_—excned Stf_ite’ beca_luse a res_onant amplitude adds to at'ﬁ% simulation of molecular photoionization in the low en-
can mterfgre with the direct amplltude_- of E@). The reso- ergy region‘fg’SOThe main quantities needed for such a simu-
nant amplitude that can be shortly written as lation are the electronic and vibrational matrix elements in
t,FIV FIf ® Egs. (5)—7). The electronic quantities at fixed ground state
—Lw—wn T geqme_try, namely, core excitation ener@&—EQ), valenge
ionization potential(E;—Eg), resonant(t,) and final(t;) di-
for a single vibronic resonanééhas evidently a vibrational pole transition moments, Coulomb couplifig;) and partial
factor different from that of the direct amplitude in E®),  wave phase shifts, have been compuednitio for H,O in
and it is strongly energy dependent by the denominatorthe static-exchange approximation by a one-center expansion
wherew is the photon energyy,; =E; —Eg is the excitation on a basis set of 1 functiong® (STOCOS that, having an
energy and’ the linewidth of the vibronic core-excited state. oscillating factor, are particularly efficient for the description
Considering that the resonant amplitude on top of a cor@f continuum states even in the high energy region consid-
resonance is typically 10-100 times larger than the direcered here'>?In the calculation the core-excited state O 1s
amplitude, its contribution to the total photoemission ampli-— 2b, and the valence ionization channel;ilwere consid-
tude, despite the decreasing factor due to the denominatagred. In what concerns the vibrational quantities, we avoided
can remain relevant in an energy region around the resceomputationally demanding calculations that would be be-
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yond the scope of the present theoretical model of resonaimstead of normal Auger decay, of a triatomic molecule, Eq.
photoionization, and adopted reasonable values for the vibrg9) may not be applied in a straightforward way. In fact, the
tional energy of the resonant state and for the vibrationameasured values of asymmetry parameters change across the
overlaps F that must be seen as parameters that make thesonance, whereas E(Q) predicts a constant value for a
model valid in a wider context. For the factoFsin Eqs. resonance.

(5)«7) we made the assumption, justified by the different  There can be several reasons for this, the most obvious is
nodal structure of the vibrational functions, that, even for thethat a resonant Auger process may not be described as a
same final electronic state, they may have a different sign fotwo-step process, i.e., the basic assumption of(8x.It can
different vibrational resonant statéslt can be pointed out be noted that Kuklet al** have reported unphysical values
that the occurrence of vibrational overlaps of opposite sign irof ¢, in the case of CO. This molecule is cylindrically sym-
the resonant photoionization of CO by decay from differentmetric and one might therefore suggest that it is mainly the
vibrational levels of the C ls: 7* state has been verified “one-step” character of the resonant Auger process that
experimentally in a recent investigatibh, where the makes Eq(9) not valid: they ascribed the breakdown of the
vibrational/lifetime interference, but not the interference be-two-step model to the contribution from the direct photoion-
tween direct and resonant path, was explicitly considered iization, as well as the vibrational/lifetime interference.

the interpretation of the large variations observed in the an-  \We need then to analyze the present experimental data
isotropy parameter. As will be shown in the following sec- adopting a more sophisticated one-step theoretical model that
tion, the relative sign of factors, more than their effective describes correctly the symmetry of,® and that includes
absolute value, is relevant in the modulationgfor photon  poth vibrational/lifetime interference and interference be-
energies close to the vibrational resonances by a complexveen direct and resonant photoemission; this was done by
mechanism including both types of interference effects.  the calculations described in the preceding section. The pro-
posed model has a general validity but let us consider it
focused on the interpretation of the energy dependenge of
for the 1t{1 channel in the region of the O 1s2h, reso-

In the present experiment, the final states are the sam@ance, because in this case different final vibrational states
but with changing photon energy we reach these final stateare very well resolved, as shown in Fig. 4, and the clearly
via different intermediate states. As the present results shodifferent energy dependence for each one of such vibrational
(see, e.g., Figs. 2 and 3, in particular, what concerns thétates was easily measured.
1b,”* final state, different intermediate states result in dif-  Let us start by considering a single intermediate vibronic
ferent angular distributions of the emitted electrons. We dea$tate coupled to the partial waves describing the ionization of
with two intermediate states of different character, onethe valence shell leaving the ion in a specific vibrational
(O 1s—4a) is dissociative on an ultrafast time scale and thestate. By this model, we will not take into account, of course,
other (O 1s—2by,) is bound, perhaps becoming dissociativeany vibrational/lifetime interference, but the interference of
at higher energies. The substantial differences in the anguldhe direct and the resonant photoemission path will be prop-
distributions of the emitted electrons, in particular of theerly treated’ The photoemission from the 1orbital, with
1b;" final state, can be attributed to the intermediate statescontributions from 1p'—e, (direct, 1bj*—ep (direct,

It is well known that there is a selectivity that comes into 1b11—>sa2 (direct+resonant is considered explicitly in this
play in the core excitation process, since the linearly polarmodel, while an “effective” linewidth of the resonance is
ized light will be preferably absorbed by those moleculesobtained by the coupling to an effective continuum repre-
having the excited orbital aligned to the polarization axis. Asenting all the other possible decay paths. The results of the
core excitation tends to produce an excited molecule with &-matrix calculations for this model are collected in Fig. 7,
definite symmetry and orientatithand the angular depen- where, as well as in the other figures mentioned in the fol-
dence of the excitation can be measured using angular réswing, the full line gives the photoabsorption cross section
solved ion yield measurements. Auger decay also contains it&rbitrary unitg, the dotted line gives the ﬂ)photoemission
own angular distribution that depends on the symmetry ofross sectior(arbitrary unit3 and the heavy full line gives
the final state. The angular distribution of the emitted electhe 1@1,8 parameter as a function of photon energy. The
tron in resonant Auger decay would then reflect both theseelative photon energy is defined taking the lowest-lying
effects. Knowing this, it has been proposed to calculate theesonance as origin.
angular dependence of the Auger decay using the simple Results of calculations using different vaIuequff (“‘p”
expression means positive, “n” negative, and 2 indicates a doubled

B= B 9) value are presented for comparison, as discussed in the fol-

mra lowing. As mentioned before, calculations have been done
wheref,, is an alignment parameter describing the asymmefor the O 1s— 2b, core-excited state. However, the absolute
try of the molecular orientation following photoabsorption energy of the resonance is not relevant in the following dis-
while c, is the asymmetry of the Auger dec%%/This rela-  cussion and its value has been taken as energy origin in the
tionship was originally derived for cylindrically symmetric present and in the following figures. It is quite clear, from the
molecules and a prerequisite is that the excitation and deexep-left (p) graph in Fig. 7 that the presence of the resonance
citation processes can be completely separédtealstep pro- leads to a strong dependencefbdn the photon energy, with
cess. In the present case of resonant Auger deexcitationa clear asymmetry with respect to the absorption profile. A

V. DISCUSSION

Downloaded 01 Sep 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



084306-8 Hjelte et al. J. Chem. Phys. 122, 084306 (2005)

1 T T 1 T T T 1 T T T T T l T T T T T T T T T T T T T T T T T T T T

0.8
0.6
04

IIIIIIIIIIIIIIIII
II|IIII|IIII|II|

IIIIIIIIIIIIIIII

I I T T T T N e s i

0.2

IIIII
lIII
Illll

asymmetry parameter

0.8

III|IIIIIIII

0.6
0.4

lIIIIIIlIIIIIIIIIII'Illl 111
||II|I||I|IIII'IIIIII||lllll

asymmetry parameter

IIII|IIIIIIIIIIIIIIIII|IIIIIIII

IIIIIIIIIIIIIIIIII

E 1 1 1 1 I 1 1 1 1 | 1 L 1 I I 1 1 1 1
-1 -0.5 0 0.5 1 -0.5 0 0.5
relative photon energy (eV) relative photon energy (eV)

_0_2||||||||||1|||||||1

—_

FIG. 7. Results of the K-matrix calculations. The full line gives the photoabsorption cross s@ebirary unitg, the dotted line gives the Thphotoemis-
sion cross sectiofarbitrary unit$, and the heavy full line gives the }’rﬁ parameter as a function of photon energy. In the different panels “p” stays for
“positive,” “n” stays for “negative,” and “2” indicates a doubled value for the overlap between the vibrational wave functions of the resonamt eféateea
final state. The relative photon energy is defined taking the lowest-lying resonance as origin.

minimum of 8 appears on the low energy side where thecase shows a minimum on the high energy side of the
negative interference of direct and resonant amplitudes oaesonance, in agreement with a negative interference occur-
curs; this interference gives rise also to an asymmetry of theing now on that side.

photoemission profilddotted ling that is, however, hardly The effect is emphasized by using a doubled negative
visible in the figure. The result of the calculations@®fvith value (2n) for Fir].f_ In all the graphs we considered so far,

the proposed one-step model confirm that, as well as it washows a sharp variation through the resonance band, either
found for the ionization branChing ratﬂsin “participator” increasing or decreasing with the photon energy. A more
Auger decay of a molecular core resonance, also the anisepmplex behavior is obtained when the absorption band is
tropy parameter shows a strong energy dependence for relgsrmed by a number of peaks corresponding to different
tively large detuning from the resonance, due to a differentesonant vibronic states, due to the additional interference
resonant, or not resonant, behavior of the different partiahecyrring among the resonant vibronic peaks. In order to add
wave amplitude€ contributing to3. As in the case of the i ibrationaliiifetime interference effect to our theoretical

branching ratios, it is the presence of a ratio of partial Wave del we extended it to two resonant vibronic staies

amplitudes in the expression gt*° which makes the inter- _ : ; i (EON — gr— ;
ference between direct and resonant channels, that hardl 1,2) of different intensity(Fg;=0.9,Fg;=0.7) and shifted

e . o . i energy of about 0.2 eV. The results of this calculation,
affects the photoemission profile and it is practically negli- . of of
L . . . using for bothFj; and F, the same absolute value of the
gible in the absorption profile, so important for the electron ] ]

angular distribution. The details of the dependencg 6bm vibrational factor employed in the calculation shown in the

the photon energy around the resonance and, in particulal ’p panels of Fig. 7, are dlsplayed in _F'g' 8. The f‘?“r graphs
the position of the minimum depend, of course, on the mo‘PP:NP,pn.nN) refer to the different sign combinations that
lecular quantities entering in the expression of the direct am¢@n P&, in principle, realized for these two vibrational factors,
plitude [Eq. (5)] and of the resonant amplitud&g. (8)]. depending on the shape oftbé) wave function considered.
Even considering a single vibronic resonant statel) as in 1 he four graphs shoys profiles more complex than the one
the present case, a dependence from the character of the fihtained for a single resonant state and that can be compared
vibronic state through the fact®¥! remains. If the value of 10 the ones measured for the ;tbchannel through the
this factor is doubled we obtain the results presented in th® 1s—2b, band of HO. In particular the most peculiar
bottom-left (2p) graph of Fig. 7 whereB shows a deeper profiles measured for the B and D final state baffélg. 5)
minimum shifted to lower energy. Depending on the actualseem to correlate quite reasonably to the computed profiles
“shape” of|Xl-f), which can be rather complex in a polyatomic np and pn, respectively.

molecule, the sign dF{jf can also change sign for different The electronic structure of the I%°B, final state has
Adopting forF{jf the same value used for the results shown inpreviously been discussed using two different models

the top-left(p) graph of Fig. 7, but with the opposite sign, we one model, the state is assumed to be predissociated by two
get the results shown in the top-left graph of Fig. 7. In thisrepulsive state$A” and?A”.>***In the other model a conical
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FIG. 8. Results of the K-matrix calculations extended to two resonant vibronic states. The full line gives the photoabsorption crogarkicignunits,

the dotted line gives the Ibphotoemission cross sectigarbitrary unit3, and the heavy full line gives the }’r,B parameter as a function of photon energy.

In the different panels again p stays for positive and n stays for negative value for the overlap between the vibrational wave functions of tistatesandnt

of the final state. The four graplipp,np,pn,nn) refer to the different sign combinations that can be realized for the two vibrational factors corresponding to
the two resonant vibronic states. The relative photon energy is defined taking the lowest-lying resonance as origin.

curve crossing is suggested between iBg and ?A, final ~ VI. CONCLUSION
states” Previous UV-photoelectron measurements at higher
resolution such as those reported in Refs. 40 and 53 show a We have measured the angular distribution of the first
distinct vibrational structure at binding energies below 18 eVfour resolved vibrational components of the ;ibstate
whereas at higher binding energies the structure merges inteached after resonant Auger decay of the ©:¥s and the
a complex set of broad peaks. This could be indicative of th® 1s— 2b, core excitations and the trend of the angular dis-
lifetime broadening that occurs for short-lived dissociativetribution of different portions of the vibrational envelope
states as suggested in the first model. However, several ref the 1t§l state reached after resonant Auger decay of the
ports find that this model is inadequate to explain manyO 1s—2b, core excitation in water. We observe a strong
observation®°>°® and therefore rather favor the second variation on the angular distribution of emitted electrons as a
model involving a conical curve crossing with tha, state  function of which vibrational final states are reached after
via excitation of the y symmetric bending. Such a crossing resonant Auger decay for both the;ttand the 15" states in
over into the2Al state could explain the large change of thecore-excited water. For the fostate the most striking result
B parameter and suggests that the curve crossing takes plaisea large relative spread in the angular distribution parameter
around 18 eV. values for the first four single vibrational components across
The less clear picture of the energy dependencgs of both resonances. For thettstate, the different trend in the
obtained in the case of the ;L]bchanneI(Fig. 6) can be angular distribution for different portions of the vibrational
reasonably ascribed to the partial dissociative character afnvelope can be, at first, ascribed to the dissociative nature of
the 2B, state that does not allow a resolution of the indi-this final state above 18 eV binding energy.
vidual vibrational final states. However, it should be pointed ~ We have shown that the extension of the model usually
out that the proposed theoretical one-step model, although applied to describe normal Auger angular distributions to our
present focused on the analysis of the observed energy degsonant Auger case, based on a two-step description of the
pendence of in the region of the O 1s:2b, resonance, has proces<? fails to explain the observed excitation energy de-
a general validity for the description of the “participator” pendence of3. We have then proposed a more realistic one-
Auger angular distribution. In fact, it can be observed thatstep picture of the resonant photoemission process, including
also the experimental results f@rof the 15, channel in Fig.  both vibrational/lifetime interference and interference be-
6, that may, at first sight, appear different from those of theween direct and resonant path, for the calculation of the
1b;* channel in Fig. 5, can be possibly rationalized by thephotoelectron angular distribution. Since the quantitative
proposed theoretical model and it can be said that the chaagreement is not very informative and would require exten-
acter of the modulation oB with the photon energy is, in sive and time-consuming calculations, we have presented a
reality, not so different from the one observed for thg*lb numerical simulation, based on the K-matrix approach and,
channel. partially, onab initio calculations of the relevant molecular
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